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FOREWORD

It has been said that the control of disease has three goals, which, in
increasing order of attraction are palliation, cure, and prevention.  For most types
of disseminated cancer, medical science has achieved only the first of these
objectives, while for some malignancies the side effects of the therapeutic agents
employed rival the disease itself in precluding a desirable quality of life.  In
contrast, those cancers of the breast and prostate that retain the hormone depen-
dency of the tissue of origin, and thus are sensitive to endocrine manipulation,
offer a more favorable situation for control. Hormone Therapy in Breast and
Prostate Cancer takes the reader on a fascinating scientific journey that illus-
trates how the combination of clinical and basic investigations has realized the
first two objectives for both of these prevalent malignancies and, with breast
cancer, the promise of being close to the third goal.

Our endocrinological tour begins with the surgeons, who, more than a century
ago, with remarkable insight at a time when estrogenic hormones were still
unknown, excised the ovaries of premenopausal women with advanced breast
cancer, causing tumor regression in some patients.  Forty-five years later, after
animal experiments had established that the growth of the prostate gland depends
on androgenic hormone produced by the testes, it was shown that removal of
these organs leads to striking remissions in most men with disseminated prostate
cancer.  Subsequently, it was found that some, but not all, postmenopausal women
with metastatic breast cancer respond favorably to excision of either the pituitary
or adrenal glands.  For those patients with tumors of the hormone-dependent
type, the remissions obtained by endocrine ablation were superior to those pro-
vided by cytotoxic chemotherapy, and, during the 1950s and 1960s, surgical
removal of the sex hormone-producing organs became the standard therapeutic
approach for treating advanced breast and prostatic neoplasia.

Despite the benefit derived from endocrine ablation in many patients with
hitherto untreatable disease, these procedures are not perfect.  Although most
prostatic cancers respond to castration, only one-third of all breast cancer pa-
tients have tumors that are hormone-dependent.  Thus, most patients with mam-
mary cancer were being subjected to a non-reversible surgical procedure that did
not help them.  Moreover, those undergoing adrenalectomy or hypophysectomy
required the continual administration of glucocorticoids for their maintenance.

As described in the chapters that follow, a combination of research in chem-
istry, biochemistry, physiology, and pharmacology has provided alternative
approaches to the therapy of breast and prostate cancer that have eliminated most
of the disadvantages associated with surgical removal of the hormone factories.
Elucidation of the pathways of estrogen and androgen biosynthesis led to the
discovery of compounds that block their production, and identification of sub-
stances from the pituitary that control the factories has permitted the develop-
ment of antagonists of their action.  The demonstration that estrogens, and later
androgens, exert their stimulatory effects in combination with specific receptor
proteins explained the ability of certain compounds to block hormone action at
the target cell level and offered a rational means for finding improved antagonists
that compete with the hormone for binding to the receptor.  Finally, analysis of
the estrogen receptor content of excised tumor specimens permitted the identi-
fication of those breast cancers that will not respond to either endocrine ablation
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or antiestrogen therapy, thus excluding the majority of patients from therapeutic
procedures that will not help them.

Not only have antiestrogens replaced surgical ablation as first-line treatment
for advanced breast cancer, as well as for adjuvant therapy at the time of mastec-
tomy, but recent clinical trials indicate that certain of these agents, such as
tamoxifen, that are tolerated on prolonged administration can prevent the occur-
rence of breast cancer, at least in high-risk individuals.  Thus, for this malig-
nancy, one seems close to achieving the third and most elusive goal of cancer
control, that of prevention.

When one surveys the development of tamoxifen and related antiestrogens as
therapeutic and, possibly, preventive agents for breast cancer, one is impressed
by the insight, fortitude, and persistence of the scientist whom we all recognize
as the father of the clinical utility of tamoxifen.  This was all the more remarkable
given the disastrous experience of others with the side effects of certain earlier
antiestrogens.  To illustrate the progress that has been made over the past thirty
years, it may be appropriate to dedicate the following thought to Craig Jordan:

"A lady with growth neoplastic
Thought ablation was just a bit drastic.
She preferred that her ill
Could be cured with a pill,
Which today is no longer fantastic."

Elwood V. Jensen
Professor Emeritus

University of Chicago

vi Foreword

Nobel Laureate Dr. Charles Huggins, founding Director of the Ben May Laboratory for
Cancer Research (left), and Dr. Elwood Jensen, his successor (right).
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There is enormous public interest in the successful use of endocrine therapy
for the treatment of cancer.  Newspapers and magazines daily extol the virtues
of one product versus another.  Tamoxifen is a household name and millions of
people are now taking hormone antagonists in one form or another.  This is the
reason for writing this book.

We have lived through a revolution of translational research that, we be-
lieve, can be used as a model for future progress.  The principle was simple—find
a target in the cancer cell and attack a critical pathway for growth.  But at the start,
there was no guarantee of success.  History is lived forward, but written in
retrospect.  We know the end before we describe the beginning and so we can
never really recapture what it was like.

Thirty years ago, when we were starting our careers in endocrinology and
pharmacology, the treatment of breast and prostate cancer was very different from
what it is today.  Patients were treated in the later stages of the disease based on
clinical observations and experience accumulated over three generations.  Strate-
gies were not mechanism-based, although translational research had been impor-
tant in defining the role of the ovaries and the testes in the growth of breast and
prostate cancer, respectively.

In the case of breast cancer, radical mastectomy was the standard of care,
with radiation therapy available to control recurrences.  Advanced breast cancer
was showing encouraging responses to combination chemotherapy, which led to
the widespread belief among the medical community (that is still held by many
today) that the appropriate cocktail of new and powerful chemotherapies would
be found that would cure cancer.  Adjuvant chemotherapy was not an option
because the concept of destroying the last micrometastasis after “curative” sur-
gery had not yet evolved into the lexicon of clinical trials.  Although hormonal
therapy had fewer side effects than any of the chemotherapies, the clinical studies
in the 1950s and 1960s had proven, to the satisfaction of nearly everyone, that
endocrine therapy was not a useful path for clinical investigation.  High dose
estrogen or androgen therapy showed advantages for about a year in one third of
postmenopausal women with metastatic disease.  Diethylstilbestrol produced
higher response rates in prostate cancer, but most patients relapsed and many had
serious cardiovascular complications caused by the therapy.  The medical and
scientific community concluded that hormonal approaches could not provide
any long-term benefits for patients.  Rather than adding high doses of hormones,
the other strategy was endocrine ablation to remove the ovaries, adrenal glands,
or the pituitary gland.  These approaches could be life-threatening and, more
often than not, did not produce any beneficial response for the patient.  Clearly,
a test was needed to predict who to treat successfully, thereby avoiding unnec-
essary surgery.
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The treatment of prostate cancer was also empiric.  Although Professor
Charles Huggins had received the Nobel Prize in 1966 for his contributions to the
endocrine control of prostate cancer, it is fair to say that basic research on prostate
cancer was at least a decade behind breast cancer research at this time.  Never-
theless, the seeds for success had been sown that would develop into a molecular
approach to drug treatment in the 1970s.

Elwood Jensen synthesized the first high specific activity tritiated estradiol
and showed that it was localized and retained in the estrogen target tissues of
immature rats.  Jensen proposed the existence of an estrogen receptor (ER) that
modulated estrogen action within different target cells.  He thus established the
molecular foundation for steroid endocrinology.  But perhaps of greater impor-
tance, he also translated this knowledge to propose that the ER assay would
predict the response of breast cancer patients to endocrine ablation.  However,
the concept that the presence of ER would predict endocrine responsiveness only
became widely accepted following an NCI conference in Bethesda in 1974.
Jensen had solved the important issue of targeting ablative therapy to those who
were most likely to respond but perhaps more important, in our view, he identi-
fied a target for rational drug discovery.  Unfortunately, in 1970, there was little
or no enthusiasm for drug development in this area.

The first nonsteroidal antiestrogen was discovered serendipitously in the
1950s by Leonard Lerner and associates at the William S. Merrill Company,
Cincinnati, but the analogs were not developed for cancer therapy because of
toxicological concerns.  One compound, clomiphene, was developed to induce
ovulation in subfertile women, but the original enthusiasm that nonsteroidal
antiestrogens would be effective “morning after” contraceptives had waned by
the late 1960s.  No one was suggesting research in antiestrogens as the way to a
successful career.  However, Arthur Walpole and Dora Richardson working at
the laboratories of ICI Pharmaceuticals (now AstraZeneca) in Alderley Park,
Cheshire, discovered a novel series of triphenylethylenes with reduced toxicity.
In the patents, it was recognized that the drugs had the potential to regulate the
reproductive cycle and to treat hormone-dependent cancers.  The latter applica-
tion alone, if it were achieved, would be a major advance as there would now be
little need for ablative surgery.  Walpole was the head of the Fertility Control
Program at ICI Pharmaceuticals throughout the 1960s and his work provided the
basis for the development of tamoxifen for the induction of ovulation and for the
treatment of advanced breast cancer in the 1970s.  Unfortunately, Walpole died
in July 1977 and never saw the full application of the results of his discoveries.
He was an outstanding individual who was responsible not only for antiestrogens
but also for the investigation of drugs that regulated gonadotrophin release.  His
contributions were essential to the progress we see today in the endocrine treat-
ment of both breast and prostate cancer.

We are, therefore, both beneficiaries of Walpole’s legacy.  Walpole played
an important role in our careers by encouraging us to develop our own ideas.  One
of us (VCJ) experienced Walpole “the PhD thesis examiner” in 1972 for a study
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of the structure activity relationships of nonsteroidal antiestrogens at Leeds Uni-
versity.  Walpole subsequently approved the resources to conduct the first labo-
ratory studies of tamoxifen (then ICI 46,474) as a treatment and preventative for
breast cancer in laboratory animals.  These studies by VCJ were conducted at the
Worcester Foundation between 1972 and 1974 so the results could be used to
support clinical trials in the United States.  Also, with the help of Elwood Jensen,
then Director of the Ben May Laboratories at the University of Chicago, studies
showed that tamoxifen blocked estradiol binding to human ER.  Walpole subse-
quently strongly supported a Joint Research Scheme between Leeds University
(VCJ) and ICI Pharmaceuticals  (1975–1979).  The results of this collaboration
identified the potential of antiestrogens with high affinity for ER and the relation-
ship between duration of tamoxifen treatment and the effectiveness of the anti-
tumor actions.  This was a key discovery for the future clinical application of
tamoxifen as an adjuvant therapy.

Dr. Arthur L. Walpole
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One of us (BJAF) was recruited to ICI Pharmaceuticals in 1972 by Arthur
Walpole to work in the Reproductive Endocrinology Group.  His leadership and
encouragement led to the discovery, with Dr. Anand Dutta, of the LHRH agonist,
Zoladex, and its depot formulation with Dr. Frank Hutchinson.  Although
Walpole also supported strongly the antiandrogen project that led to the discov-
ery of what is currently the leading antiandrogen, Casodex, sadly he did not live
to see this triumph either.

Today, tamoxifen has reached it full potential as an endocrine agent used
to treat all stages of breast cancer.  Millions of women with breast cancer have
benefited from the use of tamoxifen.  Long-term adjuvant tamoxifen therapy
is proven to save lives, and it can be estimated that 400,000 women are alive
today because of this appropriate treatment strategy.  The recognition that
tamoxifen was becoming a “treatment of choice” encouraged the subsequent
development of selective aromatase inhibitors and pure antiestrogens and pio-
neered the development of a whole new drug class: the selective estrogen recep-
tor modulators (SERMs) to treat osteoporosis and to test in the prevention of
coronary heart disease and breast cancer.

The lessons learned with tamoxifen were applied to prostate cancer with the
development of nonsteroidal antiandrogens and luteinizing hormone releasing
hormone (LHRH) superagonists to interrupt gonadotrophin release.  These latter
agents are used to treat both breast and prostate cancer.

The chapters in Hormone Therapy in Breast and Prostate Cancer describe
the laboratory and clinical development of concepts that are now successfully
applied for the treatment of breast and prostate cancer.  We are pleased to thank
our friends and colleagues who have contributed to the chapters and created a
balance of history, laboratory discovery, and clinical practice.  Our book is
offered as a foundation and guide to progress for researchers and clinicians alike.

The clinical progress during the past three decades would not have hap-
pened but for the conceptual shift in reasoning that occurred in the early 1970s.
The central role of steroid receptors in our story was the direct result of Elwood
Jensen’s seminal studies in translational research.  We are honored that Professor
Jensen generously agreed to write the Foreword for our book.

V. Craig Jordan
Barrington J. A. Furr
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1. INTRODUCTION

The reduction of circulating steroid hormones or the blockade of steroid
action in cancer tissue are primary goals in the current strategy of breast- and
prostate-cancer treatment. Antiestrogens, antiandrogens, aromatase inhibitors,
and highly potent luteinizing hormone-releasing hormone (LH-RH) agonists
(used to desensitize the pituitary gland and perform a “medical hypophysec-
tomy”) are all drugs that have been proven to be valuable cancer treatments
over the past two decades. However, the knowledge that there is a link between
sex steroids and growth of some breast and prostate tumors has taken a century
to piece together.

In 1896, George Beatson (1) reported that some premenopausal women with
inoperable advanced breast cancer could benefit from the removal of the
ovaries. Beatson based his strategy on the knowledge that the histology of
mammary tissue could be affected in rabbits or farm animals by spaying. One
could argue that these data, from a single physician, were the first successful
attempt to conduct translational research in breast cancer. In a similar vein,
Stanley Boyd at the Charing Cross Hospital could be said to have performed the
first “clinical trials overview” of the effect of oophorectomy to treat advanced
breast cancer in premenopausal women. Boyd collected information on 54
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patients who had undergone oophorectomy and found that about 30% had an
objective response to the procedure (2). This important result has defined the
response rate of advanced breast cancer to any good single agent endocrine
therapy since that time. The identification of individual tumors that were more
likely to respond to endocrine therapy did not become a clinical reality until the
1970s. In the late 1950s, Jensen discovered the estrogen receptor (ER) (3) and
proposed a predictive test for hormone-responsive breast cancer based on the
identification of ER in tumors (4) (Fig. 1). However, if the receptor is the target
for antihormonal therapy, the evolving understanding of hormone synthesis and
action has also played a pivotal role in current treatment.

The discovery of an estrogenic principle in the follicular fluid of pig ovaries
by Allen and Doisy in 1923 (5) was a major breakthrough that proved to be
invaluable in all future research endeavors in the area. Allen and Doisy estab-
lished a vaginal-cornificiation assay in ovariectomized mice to identify estro-
genic compounds (5) and Doisy subsequently crystallized the first steroid
hormone estrone in 1929 (6).

Historically, the vaginal cornification assay was important to identify synthetic
estrogens during the 1930s (7–9) and was used to demonstrate the potency of the
synthetic nonsteroidal estrogen diethylstilbestrol (DES) by Sir Charles Dodds
(10). High doses of DES were subsequently used for the successful treatment of

2 Introduction

Fig. 1. Estrogen-target tissues around a women’s body. The appreciation of the regulation
of menstrual cycle and the mechanism of estrogen action has been key to the use of nons-
teroidal antiestrogens in the treatment and prevention of breast cancer.



both prostate (11) and breast cancer (12). This work was pioneering because the
reported success of pharmacological doses of a synthetic estrogen heralded the
era of chemotherapy for cancer. The mechanism of action of DES in suppressing
growth of prostate cancer was clear: it prevented secretion of luteinizing hor-
mone from the pituitary gland, which consequently led to a fall in androgen
secretion from the testes. In essence, this produced the first medical castration.
Although the actual mechanism of action of high-dose estrogen is obscure in the
case of breast-cancer treatment, the therapeutic approach proposed by Professor
Paul Erhlich at the turn of the century that a drug could be synthesized to produce
selective toxicity on bacteria (13), now became a reality for cancer. However, a
full understanding of steroidogenesis and the control of the reproductive system
was necessary before a logical strategy of targeted drug development could be
fully implemented.

The discovery that the pulsatile release of a small peptide, known as LH-
RH, regulates the secretion of luteinizing and follicle-stimulating hormones
(FSH) was initially viewed therapeutically as a way to induce ovulation in
infertile women and stimulate spermatogenesis and androgen production in
infertile men (14). However, the finding that the pituitary gland becomes
rapidly desensitized by prolonged stimulation with LH-RH raised the possibil-
ity that contraceptive agents could be developed (14). Sustained release prepa-
rations of highly potent LH-RH agonist analogs effectively produce a medical
oophorectomy and stop ovarian-estrogen synthesis in women and testicular-
androgen synthesis in men (15). The application of sustained release prepara-
tions used to treat premenopausal breast cancer and prostate cancer is now
known to be an effective therapy, thereby avoiding surgical procedures and
endocrine ablation (16,17).

Breast-cancer incidence increases with age, but the same proportion of post-
menopausal women respond to endocrine therapy as premenopausal women.
The ovaries are the primary site for estrogen synthesis but significant levels of
estrogen are produced by postmenopausal women. The adrenal glands are an
important site for steroidogenesis. Huggins and Bergenstal (18) found that
adrenalectomy, with maintenance of patients on cortisone acetate, could cause
some regression of late advanced breast and prostate cancer. Hypophysectomy
(19,20) was also effective but morbidity was high and patients again had to be
maintained on corticoids. In fact, high doses of corticoids alone were also able
to control adrenal steroidogenesis. However, the finding that the steroid
androstenedione was converted to estrone (21,22) in postmenopausal women
and that there was significant local production of estrogens by aromatization in
breast cancers (23,24), provided a rationale to explain the efficacy of inhibitors
of aromatization as therapeutic agents in breast cancer (25–27).

If estrogen and androgen are essential to cause the growth of breast and
prostate cancer, then antagonist drugs that block hormone action would be
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valuable therapeutic agents. The discovery of antiestrogens built on the
extensive knowledge that nonsteroidal estrogens could be identified ratio-
nally (7–9). Lerner and coworkers (28) reported the first nonsteroidal anti-
estrogen, MER25 in 1958. This simple triphenylethanol had only
antiestrogenic actions and no other hormonal or antihormonal properties.
However, MER25 was too toxic for clinical use and analogues of the estro-
gen triphenylethylene were investigated. Harper and Walpole (29) reported
that ICI 46,474 (tamoxifen) was a potent antiestrogen in the rat and this was
pursued as a treatment for advanced breast cancer (30). Today, tamoxifen is
the endocrine treatment of choice for all stages of breast cancer and the first
drug to be approved (in the United States) for the reduction of the incidence
of breast cancer in high-risk women (31,32).

The world-wide success of tamoxifen encouraged a close examination of the
mechanism of action. The discovery of the ER by Jensen (3) and the proposal to
use the ER assay to identify women who were more likely to respond to a hor-
monal treatment played a fundamental conceptual role in the use of tamoxifen to
treat breast cancer. It is now known that tamoxifen is more likely to enhance the
survival of women with ER-positive tumors (31) and prevents the development
of ER-positive breast cancer (32). However, the discovery of selective ER mod-
ulation with tamoxifen and keoxifene (now called raloxifene) in the laboratory
(33,34) and the demonstration that tamoxifen and raloxifene have estrogen-like
effects on bone (35) but antiestrogenic effect on the breast has opened the door
to new opportunities for the discovery of novel compounds to treat a number of
diseases associated with the menopause such as osteoporosis, coronary heart
disease, and breast and endometrial cancers (34–37).

New knowledge about estrogen action has been advanced by the sequencing
and cloning of the ER (38–39) and the discovery of a new ER (40) that modulates
estrogen action in different tissues around the body of both males and females.
The classical ER is referred to as ERα and the new receptor is ERβ (Fig. 2). What
is particularly interesting is the fact that ERβ was discovered by examining a
cDNA library from rat prostate and that it appears to act antagonistically to the
classical ERα. The tools of molecular biology have demonstrated that the
endocrinology of the different sexes can be interrelated at the subcellular level.

Considerable effort is now focused on attempts to improve further response
rates and duration of remission in breast cancer by other endocrine maneuvres.
Depot administration of the LH-RH agonist, Zoladex, was shown to be as effec-
tive as combination cytotoxic chemotherapy in premenopausal women with ER-
positive breast cancer and was much better tolerated in the ZEBRA trial (41,42).
Combination of LH-RH agonists with tamoxifen gives greater efficacy in pre-
peri-menopausal breast-cancer patients than either agent alone (43–45).

The newer aromatase inhibitors have been shown to be at least equivalent
to tamoxifen, the gold standard in postmenopausal women with advanced
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breast cancer (46) and trials are now in progress to delineate their role in
adjuvant therapy. Building on the observations made by Harris and col-
leagues (47) over a decade ago, that epidermal growth factor (EGF) receptor
content of breast tumors was inversely correlated with ER and response to
contemporary endocrine therapy was poorest in tumors with high EGF con-
tent, new trials are evaluating EGF receptor tyrosine kinase inhibitors as
endocrine therapy in breast cancer: promising preliminary results have been
reported (48). Thus, it seems likely that we are again on the threshold of sig-
nificant improvements in therapy for breast cancer but careful and logical
clinical trials supported by strong preclinical studies are necessary to realise
this exciting potential.
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Fig. 2. The subcellular mechanism of action of estrogen in a target issue, i.e., ER-positive
breast cancer. Estrogen action is regulated by two estrogen receptors: the classical ER now
referred to as ERα and the newly described estrogen receptor ERβ. Once estrogen binds to
the receptor, the complex changes shape and dimerizes before binding to estrogen response
elements (EREs) in the promoter region of an estrogen-responsive gene. Gene translation
occurs by the binding of coactivator (CoA) molecules to the ER complex that contribute to
the transcription complex. RNA polymerase and DNA unwinding enzymes are recruited to
ensure gene transcription. Antiestrogen ER complexes could incorporate novel corepressor
(CoR) molecules to block gene transcription.



Preclinical and clinical research in prostate cancer reflects the advances
made in breast cancer, although progress has lagged behind until recently. Pro-
fessor Charles Huggins, the Nobel Laureate, was the first to reason that castra-
tion would improve the prognosis of prostate cancer by androgen withdrawal
(11). Antiandrogens that block the binding of dihydrotestoserone to the andro-
gen receptor (AR) in the prostate, and thereby prevent androgen stimulation of
prostate-cancer growth have now been discovered and developed clinically.

Cyproterone acetate was the first clinically effective antiandrogen produced
by Neumann and colleagues at Schering AG (49). It proved effective in prostate
cancer, but had a range of steroid-related side effects including liver toxicity. It
was also a potent progestin and suppressed libido. The subsequent discovery of a
nonsteroidal antiandrogen, flutamide by Neri and associates at Schering-Plough
(50) was a major step forward because this was a pure antiandrogen that had
negligible effects on libido: it still had some hepatoxicity and caused diarrhea in
some patients, but due to its short half-life had to be given three times a day. The
discovery and development of the pure nonsteroidal antiandrogens, nilutamide
(51) and Casodex (52), allowed once-daily dosing to be introduced. Casodex has
now become established as the antiandrogen of choice based on its proven effi-
cacy and its superior tolerance and half-life. Casodex (150 mg) monotherapy is
as effective as castration in Mo prostate-cancer patients but without the psycho-
logical morbidity (53). Recent results show that Casodex monotherapy is also
effective in men with early prostate cancer (54). This is consistent with preclini-
cal data showing that early endocrine intervention is superior to delayed treat-
ment (55) and with the results of an Medical Research Council clinical trial
where castration given early was better than delayed treatment (56).

Combination therapy of LH-RH agonists with pure antiandrogens was her-
alded as a major breakthrough in improving response in patients with prostate
cancer (57). Extensive trials with a range of LH-RH agonists and antiandro-
gens have given variable results and a single large trial of surgical castration
alone vs combination with antiandrogen (58) failed to show any difference
between the treatment arms. Meta-analysis of a majority of the trial data (59)
has shown a small but significant advantage for combination therapy. It is pos-
sible also that there is a greater benefit for some subgroups than others. In the
overview of these trials, it certainly appeared that pure nonsteroidal antiandro-
gens were more likely to be beneficial than cyproterone acetate.

Potent inhibitors of a 5α-reductase, like finasteride, have been shown to
reduce markedly production of the potent androgen, 5α-dihydrotestosterone,
but this is accompanied by increased concentrations of testosterone (60). Since
testosterone can also bind to the androgen receptor and effect cellular prolifer-
ation, this may explain why results with finasteride in treatment of prostate
cancer have been disappointing (61).

Just as with breast cancer, there are several new endocrine approaches being
evaluated in prostate cancer. LH-RH antagonists (62) are being used and
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appear to give comparable results to surgical castration and LH-RH agonists.
Claims that they have longer-term clinical advantages, particularly as a result
of lack of a transient initial rise in testosterone frequently seen with LH-RH
agonists, have yet to be substantiated in randomized clinical trials. LH-RH
antagonists appear to have an acceptable safety profile and histamine-releasing
effects have been eliminated in the newer agents, but clinical experience, at
present, is far more limited than with LH-RH agonists.

EGF receptors have also been found in prostate cancer (63) and EGF has
been shown to induce cellular proliferation (64). Potent inhibitors of EGF
receptor tyrosine kinase have, therefore, also been used to inhibit prostate-can-
cer growth in early clinical trials (65).

The pace of research in prostate cancer is accelerating and we can expect
significant further advances in the next few years, both in new treatment
options and effective therapies in early disease and premalignant conditions
such as prostate intraepithelial neoplasa.

2. STRATEGIES FOR THE ENDOCRINE 
TREATMENT OF CANCER

This volume describes the enormous advances that have been made in the
treatment of breast and prostate cancer by the rational application of endocrine
pharmacology. Thirty years ago, novel endocrine therapy for breast and
prostate cancer was not viewed clinically as a priority for investigation. This
perspective has changed and hundreds of thousands of patients are alive today
because of improvements in endocrine therapy. The story traces the collabora-
tion between the laboratory and clinic to provide safe and effective medicines
to aid patients with cancer. Indeed, the effectiveness of endocrine therapy has
resulted in the testing of the worth of tamoxifen as a chemopreventive in well
women (32) and its approval as the first preventive for any form of cancer.

The description of the target site specificity of steroid hormones and the reg-
ulation of steroidogenesis through the hypothalamic-pituitary axis have been
fundamental to the current strategies that can rationally regulate the flow of
steroids to a tumor site.

We believe it is appropriate to summarize the principal therapeutic strate-
gies that have proved, through clinical trials, to be successful approaches to
control tumor growth.

Most of the work was originally focused on postmenopausal patients with
metastatic breast cancer (Fig. 3). Antiestrogens bind specifically to the ER in the
breast tumor so the action of the group was a direct application of the emerging
knowledge of estrogen actions in its target tissue during the 1960s (3). In con-
trast, aminoglutethimide restricted the availability of circulating estrogen in post-
menopausal women. Aminogluthethimide blocks the biosynthesis of steroids in
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Fig. 3. The evolution of strategies for endocrine treatment of advanced breast cancer in
postmenopausal patients. Antiestrogens block estrogen action in the tumor. Amino-
glutethimide blocks steroidogenesis in the adrenal glands and the conversion of androstene-
dione by aromatase enzymes in peripheral body fat. Aromatase inhibitors are available that
block the enzyme specifically.

Fig. 4. Premenopausal women with advanced breast cancer can be successfully treated
with either LH-RH agonists (that cause a chemical oophorectomy by blocking
gonadotrophin release) or tamoxifen a nonsteroidal antiestrogen. The combination is prov-
ing to be a valuable new treatment strategy.
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the adrenal glands and blocks the conversion of androstendione to estrone by
aromatase enzymes in the peripheral body fat. Although the approach of using
aminogluthethimide was clinically successful, the incidence of side effects
focused efforts on designing more specific agents. The result is a variety of aro-
matase inhibitors that are specific for the enzyme at peripheral sites.

The antiestrogen tamoxifen has been proven to be effective in premenopausal
patients (Fig. 4) despite increases in circulating estrogen (66,67) caused by inter-
ruption of the hypothalamic-pituitary axis feedback system. The sensitivity of the
hypothalamic-pituitary axis to falling estrogen levels from the ovary causes a
reflex rise in gonadotrophins. Aromatase inhibitors are not used in premenopausal
women because the powerful action of gonadotrophins can reverse ovarian aro-
matase blockade. Another strategy, that is proving to be successful in pre- and
peri-menopausal women, is the use of sustained release preparations of LH-RH to
cause desensitization of the pituitary gland. As a result, the reduction in
gonadotrophins causes a medical oophorectomy. A combination of a sustained
release preparation of an LH-RH agonist and an antiestrogen will effectively
decrease further the availability of estrogen to the tumor as will combination of
LH-RH agonist and aromatase inhibitor.

Similar treatment strategies are used in men to control the growth of andro-
gen responsive prostate cancer (Fig. 5). LH-RH agonists/antagonists reduce
androgen availability by preventing gonadotrophin release from the pituitary
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Fig. 5. Prostate cancer can be treated with LH-RH agonists/antagonists to prevent androgen
synthesis in the testis by blocking gonadotrophin release. Antiandrogens block the direct
effects of androgens in the prostate cancer. Aminogluthethimide blocks adrenal steroidogene-
sis but is rarely used since the development of effective specific nonsteroidal antiandrogens.



gland and nonsteroidal antiandrogens specifically block androgen action in the
tumor by binding to the androgen receptor.

Overall, this volume describes the evolution of these treatment strategies.
This is a rapidly evolving story so we have chosen to contribute an updated
chapter at the end of the book.

REFERENCES
1. Beatson GT. On the treatment of inoperable cases of carcinoma of the mamma: suggestions

for a new method of treatment with illustrative cases. Lancet 1896; 2:104–107.
2. Boyd S. On oophorectomy in cancer of the breast. BMJ 1900; ii:1161–1167.
3. Jensen EV, Jacobson HI. Basic guides to the mechanism of estrogen action. Recent Prog

Horm Res 1962; 18:387–414.
4. Jensen EV, Block GE, Smith S, Kyser K, DeSombre ER. Estrogen receptors and breast can-

cer response to adrenalectomy. Natl Cancer Inst Monogr 1971; 34:55–70.
5. Allen E, Doisy EA. An ovarian hormone: Preliminary report on its localization, extraction

and partial purification and action in test animals. JAMA 1923; 81:819–821.
6. Doisy EA, Veler CD, Thayer S. Folliculin from urine of pregnant women. Am J Physiol

1929; 90:329–330.
7. Dodds EC, Lawson W. Synthetic oestrogenic agents without the phenanthrene nucleus.

Nature 1936; 137:996.
8. Cook JW, Dodds EC, Hewett CL. A synthetic oestrus-exciting compound. Nature 1933;

131:56–57.
9. Robson JM, Schonberg A. Oestrous reactions, including mating, produced by triphenylethyl-

ene. Nature 1937; 140:196.
10. Dodds EC, Lawson W, Noble RL. Biological effects of the synthetic oestrogenic substance

4:4′-dihydroxy-alpha:beta-diethylstilbene. Lancet 1938; 1:1389–1391.
11. Huggins C, Hodges CV. Studies on prostatic cancer 1. The effect of castration, of estrogen

and of androgen injection on serum phosphatases in metastatic carcinoma. Cancer Res 1941;
1:293–297.

12. Haddow A, Watkinson JM, Paterson E. Influence of synthetic oestrogens upon advanced
malignant disease. BMJ 1944; 2:393–398.

13. Baumler E. Paul Ehrlich, Scientist for Life. Holmes & Meier, New York, 1984, p 288.
14. Dutta AS, Furr BJA. Luteinizing hormone releasing hormone (LHRH) analogues. Ann Rep

Med Chem 1985; 20:203–214.
15. Furr BJA, Milsted RAV. LHRH analogues in cancer treatment, in Endocrine Management of

Cancer 2. Contemporary therapy. Stoll BA, ed. Karger, Basel, 1988, pp 16–29.
16. Blamey RW. The introduction of the LHRH agonist, goserelin (Zoladex), into clinical prac-

tice. Endocr Rel Cancer 1997; 4:229–232.
17. Kaisary AV, Tyrell CJ, Peeling WB, Griffiths K. Comparaison of LHRH analogue (Zoladex)

with orchidectomy in patients with metastatic prostatic carcinoma. Br J Urol 1991;
67:502–508.

18. Huggins C, Bergenstal DM. Inhibition of human mammary and prostatic cancers by adrena-
lectomy. Cancer Res 1952; 12:134–141.

19. Luft R, Olivercrona H, Sjogren B. Hypofysektomi pa manniska. Nordisk Medicin 1952;
47:351–354.

20. Pearson OJ, Ray BS, Harrold CC, West CD, Li MC, Maclean JP. Hypophysectomy in treat-
ment of advanced cancer. JAMA 1956; 161:17–21.

21. Longcope C. Metabolic clearance and blood production rates of estrogens in post-
menopausal women. Am J Obstet Gynecol 1971; 111:778–781.

10 Introduction



22. Hemsell DL, Grodin JM, Brenner PF, Siiteri PK, MacDonald PC. Plasma precursors of
estrogen. II. Correlation of the extent of conversion of plasma androstenedione to estrone
with age. J Clin Endocrinol Metab 1974; 38:476–479.

23. O’Neill JS, Miller WR. Aromatase activity in breast adipose tissue from women with benign
and malignant breast diseases. Br J Cancer 1987; 56:601–604.

24. Miller WR, Forrest APM. Oestradiol synthesis by a human breast carcinoma. Lancet 1974;
2:866–868.

25. Griffiths CT, Hall TC, Saba Z, Barlow JJ, Nevinny HB. Preliminary trial of aminog-
lutethimide in breast cancer. Cancer 1973; 32:31–37.

26. Cash R, Brough AJ, Cohen MNP, Satoh PS. Aminoglutethimide (Elipten-Ciba) as an
inhibitor of adrenal steroidogenesis: Mechanism of action and therapeutic trial. J Clin
Endocrinol Metab 1967; 27:1239–1248.

27. Santen RJ, Lipton A, Kendall J. Successful medical adrenalectomy with aminoglutethimide.
JAMA 1974; 230:1661–1665.

28. Lerner LJ, Holthaus JF, Thompson CR. A non-steroidal estrogen antagonist 1-(p-2-diethyl-
aminoethoxyphenyl)-1-phenyl-2-p-methoxyphenylethanol. Endocrinology 1958; 63:295–318.

29. Harper ML, Walpole AL. A new derivative of triphenylethylene: effect on implantation and
mode of action in rats. J Reprod Fertil 1967; 13:101–119.

30. Cole MP, Jones CT, Todd ID. A new anti-oestrogenic agent in late breast cancer. An early
clinical appraisal of ICI 46474. Br J Cancer 1971; 25:270–275.

31. EBCTCG. Tamoxifen for early breast cancer: an overview of the randomised trials. Lancet
1998; 351:1451–1467.

32. Fisher B, Costantino JP, Wickerham DL, et al. Tamoxifen for prevention of breast cancer:
report of the National Surgical Adjuvant Breast and Bowel Project P-1 Study. J Natl Cancer
Inst 1998; 90:1371–1388.

33. Jordan VC. Designer estrogens. Sci Am 1998; 279:60–67.
34. Levenson AS, Jordan VC. Selective oestrogen receptor modulation: molecular pharmacol-

ogy for the millennium. Eur J Cancer 1999; 35:1628–1639.
35. Jordan VC, Phelps E, Lindgren JU. Effects of anti-estrogens on bone in castrated and intact

female rats. Breast Cancer Res Treat 1987; 10:31–35.
36. Gottardis MM, Jordan VC. Antitumour actions of keoxifene and tamoxifen in the N-nitro-

somethylurea-induced rat mammary carcinoma model. Cancer Res 1987; 47:4020–4024.
37. Lerner LJ, Jordan VC. Development of antiestrogens and their use in breast cancer: eighth

Cain memorial award lecture. Cancer Res 1990; 50:4177–4189.
38. Green S, Walter P, Kumar V, et al. Human oestrogen receptor cDNA: sequence, expression

and homology to v-erb-A. Nature 1986; 320:134–139.
39. Greene GL, Gilna P, Waterfield M, Baker A, Hort Y, Shine J. Sequence and expression of

human estrogen receptor complementary DNA. Science 1986; 231:1150–1154.
40. Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson JA. Cloning of a novel

receptor expressed in rat prostate and ovary. Proc Natl Acad Sci USA 1996; 93:5925–5930.
41. Kaufman M. Zoladex (Goserelin) Vs CMF as adjuvant therapy in pre/perimenopausal, node

positive, early breast cancer: preliminary efficacy results from the ZEBRA study. Breast
2001; 10 (Suppl 1):S30.

42. Jonat W. Zoladex versus CMF adjuvant therapy in pre/perimenopausal breast cancer: tolera-
bility comparisons. Proc ASCO 2000; 19:87a.

43. Jonat W, Kaufmann M, Blamey RW, et al. A randomised study to compare the effect of the
luteinising hormone releasing hormone (LHRH) analogue goserelin with or without tamox-
ifen in pre and perimenopausal patients with advanced breast cancer. Eur J Cancer 1995;
31A:137–142.

44. Klein JGM, Beex L, Mauriac L, et al. Combined treatment with the LHRH agonist buserelin
(LHRH-A) and tamoxifen (TAM) vs single treatment with each drug alone in pre-

Chapter 1 / Regulation of Sex Steroids 11



menopausal metastatic breast cancer. Final results of EORTC study 10881. Ann Oncol 1998;
9 (Suppl 4):11.

45. Klijn JGM, Blamey RW, Boccardo F, et al. A new standard treatment for advanced pre-
menopausal breast cancer: a meta-analysis of the Combined Hormonal Agents Trialists’
Group (CHAT). Eur J Cancer 1998; 34 (Suppl 5):S90.

46. Nabholtz JM, Buzdar A, Pollak et al. Anastrozole is superior to tamoxifen as first-line ther-
apy for advanced breast cancer in postmenopausal women: Results of a North American
multicenter randomized trial. J Clin Oncol 2000; 18:3758–3767.

47. Harris AL. EGF receptor as a target for therapy and interactions with angiogenesis, in EGF
Receptors in Tumour Growth and Progression (Lichtner RB, Harkins RN, eds). Ernst Scher-
ing Foundation Workshop 19, Springer Verlag, Berlin, 1997, pp 3–17.

48. Ciardiello F, Caputo R, Bianco R, et al. Antitumor effect and potentiation of cytotoxic drugs
activity in human cancer cells by ZD-1839 (Iressa), an epidermal growth factor receptor-
selective tyrosine kinase inhibitor. Clin Cancer Res 2000; 6:2053–2063.

49. Neumann F Pharmacology and clinical uses of cyproterone acetate, in Pharmacology and
Clinical Uses of Inhibitors of Hormone Secretion and Action (Furr BJA, Wakeling AE, eds).
Bailliere-Tindall, London 1987, pp 132–159.

50. Neri RO. Clinical Utility of flutamide. J Drug Dev 1987; 1 (Suppl):5–9.
51. Ojasoo J. Nilutamide. Drugs of the future 1987; 12:763–770.
52. Kolvenbag G, Furr B. Bicalutamide development: from theory to therapy. Cancer J 1997;

3:192–203.
53. Iverson P, Tyrell CJ, Anderson JB. Comparison of Casodex (bicalutamide) 150mg monother-

apy with castration in previously untreated non-metastatic prostate cancer: mature survival
results. Eur Urol 2000; 37 (Suppl):128.

54. Wirth M, Tyrrell C, Wallace M, et al. Bicalutamide (‘Casodex’) 150mg as immediate therapy
in patients with localized or locally advanced prostate cancer significantly reduces the risk of
disease progression.

55. Furr BJA. Treatment of hormone-responsive rat mammary and prostate tumours with
Zoladex depot, in Hormonal Manipulation of Cancer: Peptides, Growth Factors and New
(anti) Steroidal Agents (Klijn, JGM, Paridaens R, Foekens JA eds). Raven Press, New York,
1987, pp 213–223.

56. MRC Prostate Cancer Working Party Investigators Group. Immediate versus deferred treat-
ment for advanced prostatic cancer: initial results of the Medical Research Council trial. Br J
Urol 1997; 79:235–246.

57. Labrie F, Dupont A, Belanger A. Complete androgen blockade for the treatment of prostate
cancer, in Important Advances in Oncology (De Vita VT, Hellman S, Rosenberg SA, eds).
Lippincott, Philadelphia, 1985, pp 193–217.

58. Eisenberger MA, Blumenstein BA, Crawford et al. Bilaterial orchiectomy with or without
flutamide for metastatic prostate cancer. New Engl J Med 1998; 339:1036–1042.

59. Prostate Cancer Trialists’ Collaborative Group. Maximum androgen blockade in advanced
prostate cancer: an overview of the randomised trials. Lancet 2000; 355:1491–1498.

60. Span PN, Voller MCW, Smals AGH, et al. Selectivity of finasteride as an in vivo inhibitor of
5α reductase isozyme enzymatic activity in the human prostate. J Urol 1999; 161:332–337.

61. Ornstein DK, Rao GS, Johnson B, et al. Combined finasteride and flutamide therapy in men
with advanced prostate cancer. Urology 1996; 48:901–905.

62. Garnick MB, Tomera K, Campion M, Kuca B. Abarelix-depot (A-D), a sustained-release
(SR) formulation of a potent GnRH pure antagonist in patients with prostate cancer: Phase II
clinical results and endocrine comparison with superagonists Lupron and Zoladex. J Urol
1996; 161(Suppl):340, Abs 1312.

63. Djakiew D. Dysregulated expression of growth factors and their receptors in the develop-
ment of prostate cancer. Prostate 2000; 42:150–160.

12 Introduction



64. Parczyk K, Schneider MR. The future of antihormone therapy: innovations based on an
established principle. J Cancer Res Clin Oncol 1996; 122:383–396.

65. Barton J, Blackledge G, Wakeling A. Growth factors and their receptors: new targets for
prostate cancer therapy. In press.

66. Jordan VC, Fritz NF, Tormey DC. Endocrine effects of adjuvant chemotherapy and long-
term tamoxifen administration on node-positive patients with breast cancer. Cancer Res
1987; 47:624–630.

67. Jordan VC, Fritz NF, Langan-Fahey S, Thompson M, Tormey DC. Alteration of endocrine
parameters in premenopausal women with breast cancer during long-term adjuvant therapy
with tamoxifen as the single agent. J Natl Cancer Inst 1991; 83:1488–1491.

Chapter 1 / Regulation of Sex Steroids 13



I PRECLINICAL ANTIESTROGENS



1. INTRODUCTION

Recognition of the involvement of estrogen in the growth of breast cancer
stemmed from observations made a century ago, when it was shown that
ovariectomy in cases of pre-menopausal breast cancer could lead to tumor
regression (1). Subsequent research in experimental models of carcinogen-
induced mammary cancer revealed that estrogen was essential for both the initi-
ation and progression of the disease. These observations, together with the
demonstration that some breast tumors had a specific binding protein for estro-
gen, the estrogen receptor (ER), and that ER status was correlated with response
to endocrine therapy, provided the rationale for the introduction of the antiestro-
gen tamoxifen in the treatment of breast cancer (2). Tamoxifen is currently the
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treatment of choice for hormone-dependent breast cancer both in advanced dis-
ease and as an adjuvant to surgery in early breast cancer. Recent overviews of
the outcome of randomized clinical trials of adjuvant tamoxifen therapy demon-
strate significant reductions in risk of recurrence, increased overall survival, and
reduced incidence of contralateral breast cancer (3,4). In addition to tamoxifen
and other nonsteroidal antiestrogens, steroidal antiestrogens have been
described (5,6) that generally exhibit pure antagonist activity, in contrast to the
partial antagonist properties of tamoxifen. Such compounds are potentially
more potent therapeutically than tamoxifen and early experience in the clinic
shows efficacy in cases where tumors are resistant to tamoxifen. Thus antiestro-
gens of various structural classes with differing tissue-specific estrogen ago-
nist/antagonist properties have an established and expanding role in the
treatment of breast cancer. The accepted basis of their clinical efficacy in breast
cancer is inhibition of estrogen-induced mitogenesis but the molecular basis of
this action has not been fully elucidated. This chapter summarizes research
from this laboratory aimed at understanding the mechanistic basis for estro-
gen/antiestrogen control of breast cancer cell-cycle progression.

2. EFFECTS OF ANTIESTROGENS 
ON CELL-CYCLE PROGRESSION

2.1 Cell-Cycle Effects In Vitro
Initial insights into mechanisms of antiestrogen action as growth inhibitory

agents came from studies on the effects of antiestrogens on breast cancer cell
proliferation in vitro. Early experiments showed that the relative cell number
and rate of thymidine incorporation into DNA of ER-positive (but not ER-
negative) breast cancer cells were markedly reduced by antiestrogen treatment
(7,8). These compounds are predominantly cytostatic rather than cytotoxic in
vitro and this is associated with arrest of cells in the G1 phase of the cell cycle,
with a resulting decrease in the relative proportion of cells synthesising DNA
(S phase, Fig. 1A) (9–13). A typical response to antiestrogens of all structural
classes is shown in Fig. 1B where MCF-7 breast-cancer cells growing expo-
nentially in 5% fetal calf serum (FCS) with a doubling time of 28 h are treated
with the steroidal pure antiestrogen ICI 182780. Little change is apparent over
the first 8 h of exposure, but the proportion of cells in S phase then falls contin-
uously to reach a minimum by 24 h. These decreases are mirrored by increases
in the proportion of cells in G1 phase. Experiments with cells synchronized by
mitotic selection demonstrate that only those cells in early-to-mid G1 phase are
susceptible to growth arrest (9,11). Cells in plateau phase, where the propor-
tion of proliferating cells is reduced, are relatively insensitive, suggesting that
only actively cycling cells are sensitive to antiestrogen (13,14). Compatible
with an antiestrogen-mediated, reversible inhibition of cell-cycle progression
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Fig. 1. Effects of estrogen and antiestrogen on MCF-7 cell-cycle phase distribution.
MCF-7 cells were growth-arrested for up to 48 h with 10 nM ICI 182780 and then treated
with 100 nM estradiol or vehicle (ethanol). Harvested cells were stained for DNA con-
tent and the proportion of cells in G1, S and G2 + M phases of the cell cycle determined.
(A) Representative DNA histograms for untreated, exponentially growing cells (Exp), cells
treated with ICI 182780 (ICI) for 59 h and cells treated with ICI 182780 for 48 h and then
rescued by estradiol for 21 h (ICI +E2). (B) Antiestrogen inhibition. Cells were treated
with 10 nM ICI 182780 (solid symbols) or with 0.1% ethanol vehicle (open symbols)
between 0–24 h. G1 (J, E); S (H, C); and G2 + M (B, G) phase. From ref. (62). (C) Estro-
gen rescue. After 48 h of ICI 182780 cells were treated with estradiol. At intervals there-
after, cells were harvested and the proportion of cells in G1 (J), S (C), and G2 + M (G)
phases determined. From ref. (17).



in G0/G1 phase are data demonstrating semi-synchronous progression into S
phase following estrogen “rescue” of antiestrogen-treated cells (Fig. 1A, 1C).
This phenomenon was first noted by Lippman and Bolan (7) and has recently
been exploited by us and others to gain new insights into estrogen control of
cell-cycle progression (15–17).

These data provide strong evidence that antiestrogens inhibit breast cancer cell
proliferation in culture by inhibiting cell-cycle progression in early to mid G1
phase. The exact state at which they are arrested, i.e., in G0 or G1, has yet to be
defined but this does not involve permanent exit from the cell cycle as estrogen
(but not several growth factors, e.g. insulin-like growth factor [IGF]-1, epidermal
growth factor [EGF] and heregulin) can re-initiate cell cycle progression.

Because the response to antiestrogens can be modulated by interactions with
steroids and growth factors, such as those present in FCS (see ref. 18 and refer-
ences therein) we have also defined the growth-regulatory actions of antiestro-
gens in estrogen-free, serum-free medium (19–21). Under these culture
conditions the proliferation of MCF-7 and T-47D cells was markedly inhibited
by nonsteroidal or steroidal antiestrogens, both being essentially cytostatic
after 24 h exposure. The concentration-dependence of growth inhibition of
these antiestrogens appears to be little affected by the absence of serum and
estrogens. As in serum-containing medium, the changes in cell-cycle phase
distribution that accompanied growth inhibition were similar for both classes
of antiestrogens with the proportion of cells in S phase falling rapidly after 9 h
to reach a minimum within 24 h. Other studies have also shown that antiestro-
gens are able to inhibit proliferation under steroid-depleted conditions
(10,22–26) and that antiestrogens inhibit cells stimulated to proliferate by
insulin (10,26), IGF-I (10), EGF (26), or transforming growth factor (TGF-α)
(10). The diversity of mitogenic stimuli inhibited by antiestrogen treatment
suggests that the molecular targets of inhibition are common to estrogen- and
growth factor-activated pathways.

Although the mechanisms by which antiestrogens inhibit growth factor-
induced proliferation in the apparent absence of estrogen are unknown, several
potential mechanisms for antiestrogen inhibition of gene expression have been
suggested that might operate under such conditions (27–29). These include: inhi-
bition of the function of unoccupied ER bound to DNA; DNA binding of antie-
strogen-ER complexes to estrogen-response elements resulting in transcriptional
interference of basal expression or expression driven by other promoter ele-
ments; and inhibition of AP-1 activity, possibly resulting from protein-protein
interactions between the antiestrogen-ER complex and Fos/Jun.

2.2 Cell-Cycle Effects In Vivo
Although growth inhibition by antiestrogens in vitro is primarily due to cell-

cycle arrest in G0/G1 phase, data obtained from breast cancer cell lines grown

20 Part I / Preclinical Antiestrogens



as solid tumors in nude mice are less clear-cut. Antiestrogen inhibition of
tumor growth in vivo has been reported to result primarily from cell loss that is
not cell-cycle-phase specific (30). To further address this issue we examined
the effects of tamoxifen on the growth and cell cycle-phase distribution of
MCF-7 cells grown as tumors in nude mice (19). Under conditions of estradiol
(E2) stimulation tumors grew rapidly. This estrogen-stimulated growth was
almost completely abolished by the simultaneous administration of tamoxifen
(Fig. 2A). However, at longer tamoxifen treatment times, slow tumor growth
became apparent, consistent with results seen in other studies in which large
MCF-7 tumors eventually re-grew in the presence of tamoxifen (31,32). Flow
cytometric analysis showed control tumors had an S phase fraction of more
than 20%, consistent with their rapid growth rate (Fig. 2B). While the differ-
ences in cell cycle-phase distribution were not as large as those observed in
vitro, tamoxifen treatment resulted in significant decreases in the proportion of
cells in S phase with a corresponding increase in cells in G1 phase (Fig. 2C).
These data clearly demonstrate that cell cycle phase-specific cytostatic effects
of tamoxifen can occur both in vitro and in vivo but do not rule out other con-
current mechanisms of growth inhibition in vivo. Although we saw no evi-
dence for tumor regression on tamoxifen treatment in agreement with others
(31,32), Brünner et al. (30) found tamoxifen led to growth inhibition and
shrinkage of MCF-7 tumors in nude mice and concluded its effects in vivo
were not mediated through a G1 phase block but rather through non-cell cycle-
phase-specific cell loss. If tamoxifen has this activity, it may be equivalent to
estrogen withdrawal, which has also been shown to result in apoptosis and
tumor regression of E2-stimulated MCF-7 tumors (33). There is some direct
evidence for apoptotic effects of antiestrogens in xenograft models (34,35) and
in primary breast cancer (36). However, it should also be noted that the extent
of tumor shrinkage induced by tamoxifen treatment in another study (32) was
no different from placebo controls suggesting tamoxifen has no cytotoxic
effect per se. Thus the relative contributions of decreased cell proliferation and
increased cell death to the antitumor activity of antioestrogens in vivo is a
major unanswered question.

3. MOLECULAR MECHANISMS OF ANTIESTROGEN
INHIBITION OF CELL-CYCLE PROGRESSION

Despite current knowledge of the effects of antiestrogens at the whole-cell
level, a precise understanding of the molecular events underlying estrogen
and antiestrogen action is not yet available, particularly with regard to effects
on cell proliferation. The effects of antiestrogens at submicromolar concentra-
tions can generally be reversed by the simultaneous or subsequent addition of
estrogen (8,12,13,37). Antiestrogen action is therefore believed to be medi-
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ated primarily through competitive binding to the ER, with direct effects on
the transactivation of estrogen-responsive genes, which in turn can subse-
quently alter the expression and activity of numerous additional gene prod-
ucts. The identity of the set of such genes specifically involved in antiestrogen
control of cell-cycle progression has yet to be fully defined, although the
action of antiestrogens to arrest cells at a point within the G0/G1 phase of the
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Fig. 2. Effects of tamoxifen on growth and cell-cycle phase distribution of MCF-7 tumors
in nude mice. Nude mice bearing MCF-7 tumors were treated twice weekly with either
estradiol or estradiol plus tamoxifen dissolved in peanut oil to a final dose of 20 (squares) or
50 (circles) mg/wk estradiol and 200 mg/wk tamoxifen. Tumor volumes were measured at
intervals (Fig. 2A). At the conclusion of the experiment, tumors were harvested for DNA
analysis. Figure 2B shows a representative DNA histogram of an estradiol treated tumor,
where ‘Mouse’ indicates cells originating from the host animal. Figure 2C shows pooled
results for the S-phase content of estradiol-treated tumors (both doses) and estradiol plus
tamoxifen-treated tumors. From ref. (19).



breast-cancer-cell-cycle focuses the search for antiestrogen target genes on
those with known activities in controlling progression through G1 phase.
Restriction of antiestrogen sensitivity to cells in early to mid G1 phase further
defines the potential genes that are the initial targets of antiestrogen action. To
date most attention has been focused on the cyclin-dependent kinases
(CDKs), their inhibitors and substrates, and the proto-oncogene c-myc.

3.1. Control of Cell-Cycle Progression
Progress through the cell cycle is governed by the sequential activation of a

family of CDKs with the consequent phosphorylation of specific substrates to
allow progression through checkpoints in the cell cycle. Since normal physiologi-
cal regulation of cell-cycle progression by extracellular stimuli, including growth
factors and steroid hormones (38–40), is mediated during G1 phase (41), the
major interactions controlling G1 progression are a central focus and these are
illustrated in Fig. 3. Key substrates of the CDKs with G1-phase specific actions
(i.e., Cdk2, Cdk4, and Cdk6) include the retinoblastoma gene product, pRB, and
the related pocket protein p107, although it is likely that other important sub-
strates remain to be identified (38). The consequence of inactivation of the pRB
protein by phosphorylation is the release of a number of bound and functionally
inactive factors including the E2F family of transcription factors (42–45). Upon
release from pRB complexes, these transcription factors activate transcription of
genes whose products are required for S-phase progression (42–45). CDK activity
is subject to multiple levels of regulation. Since CDKs are inactive in the absence
of cyclin binding, cyclin abundance is a major determinant of cyclin-CDK activ-
ity (46). Each cyclin is thus typically present for only a restricted portion of the
cell cycle, and cyclin induction is an integral part of mitogenic signaling. Alter-
ation of cyclin abundance is sufficient to alter the rate of cell-cycle progression
since overexpression of the principal G1 cyclins, cyclins D1-3 or E, accelerates
cells through G1 and conversely, inhibition of their function by antibody microin-
jection prevents entry into S phase (38,39,41). An essential role for cyclin D1 in
normal mammary-gland development and breast cancer is indicated by the
absence of lobular-alveolar compartments in transgenic mice with disruption of
the cyclin D1 gene (47,48), and evidence that cyclin D1 overexpression is an
early (49) and common (50) event in human breast cancer.

CDK activity is also regulated by a network of kinases and phosphatases so
that cyclin binding is sufficient only for partial activation (46,51). Phosphory-
lation by the CDK-activating kinase (CAK) on a conserved threonine residue
is necessary for full activity (46,51). However, even in the presence of phos-
phorylation at this residue and cyclin binding, CDKs can be inhibited by phos-
phorylation of N-terminal threonine and tyrosine residues within the catalytic
cleft (51). The dual specificity Cdc25 phosphatases activate CDKs by dephos-
phorylating these inhibitory residues (51).
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A further level of control results from the actions of two families of specific
CDK inhibitory proteins (CDKIs). One family, of which the prototypic member is
p16INK4, specifically targets the kinases which associate with the D-type cyclins,
Cdk4 and Cdk6. The inhibitory activity of this family appears to result largely
from competition with the cyclin for CDK binding although there is also evidence
that p16 family members bind to and inhibit cyclin D-Cdk4 and cyclin D-Cdk6
complexes (52,53). The other family, of which p21 (WAF1, Cip1, sdi1) and p27
(Kip1) are the best-studied, interact with cyclin/CDK complexes containing Cdk2
as well as Cdk4 and Cdk6. Recent structural studies of p27 bound to cyclin A-
Cdk2 indicate that p27 interacts with both cyclin A and Cdk2, occluding the cat-
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Fig. 3. Cell-cycle regulation during G1 phase. Progress from G1 into S phase is regulated
by the actions of the molecular pathways illustrated schematically. The major G1 cyclin
complexes in breast-cancer cells, cyclin D1-Cdk4, and cyclin E-Cdk2 are illustrated. The
activity of these complexes is regulated at several levels including cyclin abundance, conse-
quent assembly of the cyclin/CDK complex, and activation by both kinases (CAK) and
phosphatases (CDC25). Once active the CDKs phosphorylate substrates including pRB and
the related “pocket protein,” p107, leading to the release of molecules including the tran-
scription factor E2F and consequent transcription of genes necessary for entry into S phase.
The CDK inhibitors p21 and p27 not only interfere with the phosphorylation steps leading
to the activation of the CDK but inhibit active CDK complexes. While the p16 CDK
inhibitor may also inhibit holoenzyme complexes, a major function is to inhibit the assem-
bly of cyclin D1-Cdk4 complexes. Redrawn from ref. (92).



alytic cleft of Cdk2, causing multiple structural changes within the complex (54).
Despite these multiple modes of inhibition of CDK activity, cyclin/CDK com-
plexes containing p21 or p27 can retain activity in in vitro kinase assays (55–57).
More recent data indicate that p21 and p27 as well as a related inhibitor, p57Kip2,
stabilize cyclin D-Cdk4 and cyclin D-Cdk6 complexes in vitro (55). Thus low
stoichiometry p21 binding promotes assembly of active complexes while at
higher stoichiometry kinase activity is inhibited (55). Consequently, these mole-
cules appear to have functions in addition to CDK inhibition, perhaps as adaptors
which not only promote assembly of the cyclin-CDK complexes but also target
these complexes to specific intracellular compartments or substrates.

In addition to the G1 cyclins, the proto-oncogene product c-Myc is one of
only a limited number of proteins that are known to be rate-limiting for pro-
gression through G1 phase (58). c-Myc-induced stimulation of DNA synthesis
is preceded by modulation of the expression or activation of cyclins, CDKs,
and CDK inhibitors, although it appears that there are differences in the spe-
cific responses to c-Myc activation, perhaps related to cell type or the presence
of functional pRB (58). While some data suggest close links between c-Myc
and cyclin D1, other data argue that they may be involved in alternative path-
ways for progression through G1 phase (58). There is, however, increasing evi-
dence of a role for c-Myc in the activation of cyclin E-Cdk2 (59–61). This
activation appears to be indirect, rather than by direct transcriptional regulation
of components of the cyclin-CDK complex.

The complexity of control of cyclin-CDK activity provides multiple targets
through which physiological regulators of cell proliferation might mediate their
effects. However, only a restricted range of these potential targets appear to be
utilized. Thus, regulation of cyclin or CDK inhibitor expression is a frequent
response to mitogens including steroid hormones, peptide-growth factors and
cytokines, and to growth arrest following induction of differentiation or treat-
ment with inhibitory factors, e.g., TGF-β (38–40). In contrast, regulation of the
expression or activity of the kinases and phosphatases controlling CDK phos-
phorylation and hence activation appears to be rare. Consequently, examination
of the effects of antiestrogens and estrogens on cell-cycle regulatory molecules
has focused on regulation of c-Myc, cyclins/CDKs, and CDK inhibitors.

4. EFFECTS OF ANTIESTROGENS ON CELL-CYCLE
REGULATORY MOLECULES

4.1. Antiestrogen Increases Hypophosphorylated 
Retinoblastoma Protein

Because of the central role of pRB as a regulator of cell-cycle progression in
late G1 phase, we examined whether pRB phosphorylation is altered by antie-
strogen treatment, in particular whether this occurs at times compatible with a
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role for pRB in mediating the cell-cycle effects of antiestrogens, and whether
changes in phosphorylation are consistent with antiestrogen regulation of G1
cyclin/CDK activities (62,63). Western blotting of MCF-7 cell lysates from
untreated exponentially growing control cells demonstrated that almost all
pRB exists in the more highly phosphorylated, slowly migrating form (Fig.
4A). Treatment with ICI 182780 resulted in a time-dependent decrease in pRB
phosphorylation, with a corresponding increase in the growth-inhibitory,
hypophosphorylated form of pRB from 4–6 h (62). These early changes in
pRB phosphorylation preceded decreases in % S phase cells by several hours,
indicating that they are likely to be a cause, rather than a consequence, of
antiestrogen-induced inhibition of cell-cycle progression. At 12 h both forms
of pRB were still present but at 18 h and 24 h additional hypophosphorylation
and a decrease in total pRB protein were observed, such that little or none of
the hyperphosphorylated pRB remained. These later changes in phosphoryla-
tion occur when major effects on inhibition of entry into S phase are already
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Fig. 4. Effects of estrogen and antiestrogen on phosphorylation of the RB protein. (A)
Whole-cell lysates from MCF-7 cells treated with 10 nM ICI 182780 or with 0.1% ethanol
vehicle (control) were Western blotted with an anti-RB antibody. The upper band, ppRB,
represents the hyperphosphorylated form of RB and the lower band, pRB, the hypophos-
phorylated form. From ref (62). (B) Antiestrogen-treated MCF-7 cells were rescued with
estradiol as described in Fig. 1. At intervals thereafter, whole-cell lysates were prepared and
Western blotted for pRB as above. From ref. (17).



apparent. Similar results were seen in another ER-positive breast-cancer cell
line, T-47D (63), and with both steroidal and nonsteroidal antiestrogens. Thus
given the known function of pRB in controlling progression through G1 to S
phase, early decreases in the degree of pRB phosphorylation may be central to
the inhibition of entry into S phase that is the ultimate consequence of anti-
estrogen action.

Further support for this conclusion is provided by experiments where cells
growth arrested with ICI 182780 for 48 h were “rescued” by addition of E2
(16,17). This resulted in the synchronous entry of cells into S phase commenc-
ing at 12 h, the proportion of cells in S phase reaching a maximum of 60% at
21–24 h (Fig. 1C). After 48 h of ICI 182780 pretreatment, almost all pRB is
hypophosphorylated (time 0, Fig. 4B). Following estradiol treatment an
increase in more slowly migrating, phosphorylated forms of pRB is first appar-
ent at 6 h. The proportion of phosphorylated pRB increases at subsequent time
points such that after 12 h, when cells commence their synchronous entry into
S phase, little or no hypophosphorylated pRB remains. Similar results are
obtained in estrogen rescue of tamoxifen arrested MCF-7 cells (15). Estrogen
treatment also increased the total cellular concentration of pRB (Fig. 4B).
These observations, then, are essentially the reverse of those seen when cells
are treated with antiestrogen supporting a central role for pRB in mediating the
opposing effects of estrogens and antiestrogens on G1 to S-phase progression
in target cells.

Recently we have shown that ICI 182780 not only influences the phospho-
rylation state of pRB, but also results in hypophosphorylation of p107 and
p130 (two related pRB family members) (63a). p107 total protein levels also
decrease, but p130 levels accumulate, which is characteristic of growth arrest.
Coupled with this, we have detected the association of p130 with its preferred
transcription factor (E2F4), suggesting that antiestrogens arrest cells in quies-
cence (G0 phase) as opposed to the G1 phase.

4.2. Antiestrogen Inhibition of Cdk4 and Cdk2 Activities
While the mechanisms responsible for the antiestrogen regulation of pRB

phosphorylation have yet to be fully defined, reductions in CDK activity are
the most likely explanation, although an alternative explanation that requires
further investigation is the possible action of protein phosphatases suggested to
control pRB reactivation (44). To investigate which of the CDKs that act dur-
ing G1 phase might be responsible, cyclin D1-associated kinase activity (prin-
cipally Cdk4 activity in MCF-7 cells [(64)]) following ICI 182780 treatment
was measured in immunoprecipitates of cyclin D1. Kinase activity towards a
recombinant, truncated pRB substrate fell by 40% at 12 h and by 80% at 24 h
(Fig. 5A), indicating that initial alterations in kinase activity precede the cell-
cycle effects of antiestrogens: only small effects on inhibition of entry of cells
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Fig. 5. Effect of estrogen and antiestrogen on cyclin D1- and cyclin E-associated kinase
activities. (A) Immunoprecipitates were prepared from whole-cell lysates of MCF-7 cells
treated with 10 nM ICI 182780 using anti-cyclin E or -cyclin D1 antibodies. Cyclin D1-
associated Cdk4 activity (●) was determined using recombinant pRB(379–928) as a sub-
strate. Cyclin E-associated Cdk2 activity (●) was assayed using a histone H1 substrate.
From ref. (62) and unpublished data. (B) MCF-7 cells were rescued with estradiol as
described in Fig. 1. At intervals thereafter, whole-cell lysates were prepared, immunopre-
cipitated with antibodies to either Cdk4, cyclin E, or Cdk2, and kinase activity determined.
Cdk4 activity (●), cyclin E/Cdk2 activity (●) and total Cdk2 activity (■). From ref. (17).



into S phase were apparent at 12 h (Fig. 1B). This inhibition is rapidly, though
transiently reversed in the estrogen-rescue model, where Cdk4 activity (deter-
mined in Cdk4 immunoprecipitates) was elevated several fold by 3 h after
estradiol treatment, maximally elevated at 6 h, and thereafter declined (Fig.
5B). Given that the cyclin D1/Cdk4 complex is active in mid-G1 phase (65), a
decrease in cyclin D1/Cdk4 activity is consistent with involvement of this
complex in mediating the early- to mid-G1 phase point of action of antiestro-
gens on pRB phosphorylation.

Cdk2 is the second major CDK acting in the G1 phase and its total cellular
activity, as measured in Cdk2-immunoprecipitates, appeared to be unaffected by
antiestrogen treatment between 2 and 6 h but decreased starting at 8 h (62,63).
This profound inhibition of Cdk2 activity might result in pRB hypophosphoryla-
tion at late times and contribute to the sustained antiestrogen blockade of cell-
cycle progression. However, cyclin A/Cdk2 is the predominant form of this
complex and when the subcomponent of Cdk2 associated with cyclin E was
examined, a more complex picture emerged as significant decreases in kinase
activity were seen prior to 12 h (Fig. 5A). This inhibition increased to 24 h and
beyond and suggests that inhibition of cyclin E/Cdk2 complexes contributes to
the early effects of antiestrogens on pRB phosphorylation.

Like antiestrogens, estradiol had little effect on total Cdk2 activity prior to
changes in S phase and pRB phosphorylation (17) (Fig. 5B). After antiestrogen
pretreatment, cyclin E-associated kinase activity is low and estradiol restores
this activity by threefold at 6 h (Fig. 5B), coinciding with the time when both
the increase in Cdk4 activity and the shift in pRB phosphorylation are first
apparent. The substantial and early changes in both Cdk4 activity and cyclin E-
associated kinase activity between 4 and 6 h indicate that both kinases were
likely to contribute to the initial changes in pRB phosphorylation following
estradiol treatment. These results suggest that estrogens and antiestrogens have
early specific effects on the activities of both cyclin D1/Cdk4 and cyclin
E/Cdk2, which in turn are responsible for the observed changes in pRB phos-
phorylation associated with their opposing effects on G1 to S-phase progression.

4.3. Mechanisms of Antiestrogen Regulation 
of G1 Phase CDK Activity

CDKs are regulated at multiple levels, each of which, potentially, could be
influenced by antiestrogens to inhibit kinase activity. Protein levels of Cdk4,
Cdk2, and their partners cyclin D3 and cyclin E are unaltered by antiestrogen
treatment over 12 h (62,63). Consistent with their known expression in late
G1/S and S phase, respectively, cyclin D3 and cyclin A protein levels declined
significantly at late times probably as a consequence of the decreasing S-phase
population. The latter decrease probably results in the observed decreases in
total Cdk2 activity. In contrast, decreases in cyclin D1 mRNA expression are
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detected 2–4 h after a variety of antiestrogen treatments, with maximal
decreases of approx 50% occurring by 6 h (Fig. 6A), before any major changes
in the proportion of cells in S phase (19,21,62,63). Cyclin D1 protein also falls
to a minimum level of 50% or less at 6 h (Fig. 6A) in MCF-7 cells and ER-pos-
itive MDA-MB-134 cells, a change of similar magnitude to decreases in % S
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Fig. 6. Effects of estrogen and antiestrogen on cyclin D1 mRNA and protein levels. (A)
MCF-7 cells were treated with 10 nM ICI 182780 and harvested at intervals thereafter for
RNA extraction or preparation of whole-cell lysates. Northern blots were probed for cyclin
D1, and mRNA levels were determined by phosphorimager analysis and expressed relative
to the ethanol controls. Western blots were probed with an antibody to cyclin D1 and protein
levels were determined by phosphorimager analysis and are expressed relative to the
ethanol controls. From ref. (62). (B) MCF-7 cells were rescued with estradiol as described
in Fig. 1 and harvested and analyzed for cyclin D1 mRNA and protein expression as
described earlier. From ref. (17).



phase, but occuring several hours earlier. Although mRNA levels fall signifi-
cantly, no detectable changes in cyclin D1 levels were observed in T-47D cells
treated with ICI 164384, perhaps because of Western-blot-sensitivity limita-
tions (63). Close correspondence between the timing of the disappearance of
mRNA and protein is in agreement with the known short half-life of cyclin D1
protein in the MCF-7 cell line (less than 1 h) and other cell types (66).

In confirmation of a specific antiestrogen effect on cyclin D1 expression,
early and pronounced changes in mRNA and protein expression are also seen
in response to estradiol prior to any change in % S phase (15,17,67,68) (Fig.
6B). Although cyclin D1 levels are rapidly altered by antiestrogens and estra-
diol, it remains to be determined whether these are directly transcriptionally
mediated effects or require prior activity of other gene products. Experiments
with actinomycin D suggest that the effects of estrogen on cyclin D1 mRNA
levels are transcriptionally mediated but the ability of cycloheximide to abol-
ish mRNA induction shows that this is not a direct effect on the cyclin D1 gene
and implies a requirement for de novo synthesis of intermediary proteins,
which mediate either cyclin D1 gene transcription or mRNA stabilization (17).
Studies on the cyclin D1 gene promoter have identified several regulatory
regions including an AP-1 site (69) providing a link between estrogen-induced
AP-1 activity (27) and cyclin D1 induction. A more recent study confirms that
this AP-1 site is within the promoter region responsible for estrogen regulation
of this gene (67).

Several studies provide evidence for a pivotal role of cyclin D1 in G1 pro-
gression in breast-cancer cells. Ectopic expression of cyclin D1 is sufficient
and rate-limiting for G1-S phase progression in pRB-positive breast cancer
cells, and results in increases in cyclin D1-Cdk4 and Cdk2 kinase activities
(16,70–72). Furthermore, microinjection of either cyclin D1 antibodies or
recombinant dominant negative Cdk4 or p16INK4 (protein or cDNA) prevents
estradiol-induced G1-S phase progression in MCF-7 cells (73). Therefore it is
possible that the inhibition of cell-cycle progression following antiestrogen
treatment may be a consequence of reduced cyclin D1 expression. To examine
this further, we generated stable transfectants of T-47D and MCF-7 cells that
contained cyclin D1 cDNA downstream of a metal-responsive metallothionein
promoter. Cells were treated with the steroidal antiestrogens ICI 164384 or ICI
182780 or the nonsteroidal antiestrogens tamoxifen and 4-hydroxytamoxifen,
arresting cells in G1 phase as described earlier. Subsequent treatment with Zn-
induced cyclin D1 protein expression and this was accompanied by cyclin D1-
Cdk4 complex formation, activation of cyclin D1-Cdk4 and cyclin E-Cdk2
activities, pRB phosphorylation, and entry into S phase (Fig. 7). Treatment of
control cell lines with Zn was without significant effect. Therefore expression
of cyclin D1 alone was sufficient to overcome antiestrogen-induced G1 arrest,
suggesting a role for cyclin D1 in antiestrogen arrest. However, a critical role
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Fig. 7. Inducible expression of cyclin D1 can reverse antiestrogen-induced growth arrest.
(A) An MCF-7 cell line stably transfected with the Zn-inducible p▲MT vector containing
cyclin D1 cDNA was growth-arrested for 48 h with 10 nM of the antiestrogen ICI 182780.
Cells were treated at time 0 with either 50 µM Zn (�), vehicle (H2O, ●), 100 nM estradiol
(E2) (●), or vehicle (EtOH). At intervals thereafter, the proportion of cells in S phase was
determined by flow cytometry. (B) Whole-cell lysates were prepared at intervals following
treatment (shown in hours) and immunoblotted with antibodies against cyclin D1. (C) Zinc-
treated whole-cell lysates were prepared and assessed for Cdk4 (■) and cyclin E/Cdk2 (●)
activity as described in Fig. 5. Autoradiographs were quantitated by densitometry and
expressed relative to time-matched controls. (D) Cell lysates from the same experiment
were immunoblotted with a pRB antibody. From ref. (16).



of cyclin D1 in estrogen-dependent proliferation in other target tissues is less
certain since mice carrying null mutations of both cyclin D1 alleles exhibit
mammary-gland ductal development and pregnancy-related uterine hyperpla-
sia, known classical estrogen-mediated biological responses (47,48).

4.4. Antiestrogen Effects on the CDK Inhibitors p21WAF1/CIP1

and p27KIP1

Although decreases in Cdk2 and cyclin D1-associated kinase activities are
predicted in response to antiestrogen treatment as the consequence of corre-
sponding changes in the levels of cyclin D1 and cyclin A proteins, cyclin lev-
els only fall by approx 50% (62). This suggests that antiestrogen action
necessitates the activation of additional factors that are responsible for the
quantitatively greater inhibition of kinase activities, particularly beyond 12 h.
We have therefore examined whether antiestrogens might regulate the levels
of expression of the specific inhibitors of CDK activity, p21WAF1/CIP1 and
p27KIP1. In MCF-7 cells, Western-blot analysis of p21 expression shows little
or no change in the first 12 h and an approximate threefold induction by ICI
182780 at 18–24 h (62), coinciding with the timing of inhibition of total Cdk2
activity but later than the first changes in inhibition of cyclin D1-associated
pRB kinase and cyclin E/Cdk2 histone H1 kinase activity (Fig. 5A). Simi-
larly, p27 protein levels increased approx 50% by 12 h and attained an
approximate threefold maximal increase between 18 and 24 h. Neither
inhibitor is markedly altered prior to changes in % S phase indicating that the
late changes are more likely a consequence, than a cause, of inhibition of cell-
cycle progression. p27KIP1 could play a role in the decrease in Cdk4 activity
over this period. Similarly, increased expression of p21WAF1/CIP1, also an
inhibitor of both Cdk4 and Cdk2 (74,75), may well contribute to inactivation
of Cdk4 at these times but neither is likely to be responsible for the earlier
inhibition of Cdk4 or cyclin E/Cdk2. The dramatic downregulation of total
Cdk2 activity at 18–24 h that occurs without corresponding large decreases in
cyclin E or cyclin A levels also suggests the possible inhibitory action of p21
and p27. It will be interesting to determine whether raised levels of these
CDKIs contribute to continued growth arrest by antiestrogens upon longer
term treatment by maintaining pRB hypophosphorylation.

Further investigation into the inhibition of cyclin D1/Cdk4 and cyclin
E/Cdk2 at early timepoints has revealed that the loss of cyclin D1-containing
complexes as the result of repressed cyclin D1 transcription resulted in release
of free p21 and p27, which was subsequently recruited by and inhibited cyclin
E/Cdk2. This shift in inhibitors between cyclin D1/Cdk4 and cyclin E/Cdk2
occurred prior to the increase in total protein levels of p21 and p27, and high-
lights the general importance to cell-cycle control of redistribution of CDKIs
between different cyclin/CDK complexes.

Chapter 2 / Antiestrogens and Cell Cycle 33



4.5. CDK Complex Formation in Antiestrogen and Estrogen Action
The full interpretation of the previous results will depend on analysis of the

components that make up antiestrogen-inhibited cyclin D1/Cdk4 and cyclin
E/Cdk2 complexes. Such studies are underway but clues to the possible mode
of antiestrogen action come from our most recent studies on the activation of
these complexes in the estrogen-rescue model. It is necessary to bear in mind,
however, that antiestrogens may not simply act in a way that is the mirror image
of estrogen action. The most likely explanation for Cdk4 activation following
estrogen rescue is that it is the direct consequence of increased cyclin D1/Cdk4
complex formation resulting from estrogen-induced expression of cyclin D1
protein, a conclusion reached by several recent studies (15,67,68). This is illus-
trated in Fig. 8A, which shows the alterations in composition of immunoprecip-
itated cyclin D1 complexes in MCF-7 cells treated with estradiol. This is also a
property shared with a number of other mitogens. In T-47D breast cancer-cells
progestins, IGF-1, insulin, serum, and bFGF induce cyclin D1 mRNA, protein,
and cyclin D1/CDK complex formation (see ref. 21 and unpublished observa-
tions) as do many other mitogens in a variety of other cell types (66,76). How-
ever, the presence of elevated levels of cyclin D1 is not always sufficient for
increased kinase activity in quiescent cells stimulated by growth factors, lead-
ing to the postulation that an “assembly factor” governs formation of active
complexes (65); other authors have suggested that this factor might be p21
(55,57). The increased relative content of p21 in cyclin D1/CDK complexes
concurrent with increased activity of the complexes following estrogen rescue
(Fig. 8A) is consistent with this possibility. At present the mechanism that
allows enrichment of p21 in the cyclin D1/Cdk4 complex is unknown.

As noted earlier (Fig. 5B), estrogen rescue also results in activation of
cyclin E-associated Cdk2 at early time points, i.e., 4–6 h (16,17). In contrast to
the action of most other mitogens, where activation of cyclin E/Cdk2 occurs
through increases in total or Cdk2-associated cyclin E (77,78), we detected no
change in either cyclin E mRNA or protein or Cdk2 protein at early times. Fur-
thermore, examination of cyclin E complexes immunoprecipitated from
lysates from estrogen-treated cells revealed that the levels of cyclin E, Cdk2,
p21, and p27 remained unchanged in cyclin E complexes until 10 h after estra-
diol treatment (17). While activation of cyclin E/Cdk2 at 16 h was likely to
involve loss of p21 and p27 from the complex due to a decline in their total
intracellular levels (17), these experiments did not identify a mechanism for
the activation of cyclin E/Cdk2 prior to 16 h.

However, using gel-filtration chromatography we demonstrated that follow-
ing estrogen treatment there was a small but consistent increase in cyclin E
migrating in higher molecular-weight complexes, i.e., >250 kDa, and these
complexes contained the majority of cyclin E/Cdk2 kinase activity (Fig. 8B).
Consequently, the specific activity of these higher molecular-weight complexes
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Fig. 8. Effects of estradiol on cyclin D1- and cyclin E-complex formation. (A) MCF-7
cells were rescued with estradiol as described in Fig. 1 and at intervals thereafter whole-cell
lysates were prepared and immunoprecipitated with anti-cyclin D1 antiserum. Relative lev-
els of cyclin D1 (●), Cdk4 (●), p21 (■), and p27 (■) were determined by densitometry of
Western blots and are expressed relative to the vehicle-treated controls. (B) Cell lysates
were prepared 8 h after estrogen (E2) or vehicle (Con) treatment and fractionated on a
Superose 12 gel-filtration column. Fractions were precipitated with acetone and Western
blotted for cyclin E or assayed for cyclin E-Cdk2 kinase activity. The elution of known
markers (ferritin, 440 kDa; catalase, 232 kDa; aldolase, 158 kDa) are indicated at the top of
the graph. (C) Cyclin E immunoprecipitates from fractions 19 and 24 of the E2-treated
lysate were analysed by Western blot for cyclin E, Cdk2, p21, and p27. Various quantities of
the cyclin E immunoprecipitate from fraction 24 were analyzed to permit comparison of
equivalent levels of cyclin E complexes with fraction 19. The asterisk marks the more
mobile, active form of Cdk2 that is phosphorylated on Thr-160. From ref. (17).



was 10-fold greater than the bulk of the cyclin E eluting as lower molecular-
weight forms. Comparison of the composition of cyclin E immunoprecipitates
eluting at these different molecular weights revealed that the larger complexes
were markedly depleted of both p21 and p27 (Fig. 8C) in contrast to previous
results for cyclin E immunoprecipitates from whole-cell lysates. In different
experiments, we and others have demonstrated that estrogen relieves a cyclin E-
Cdk2 inhibitory activity that is present in antiestrogen-treated cells, which is
attributable to p21 (15,17). Therefore, in contrast to estrogen-induced activation
of cyclin D1-Cdk4 by increasing cyclin D1 expression, estradiol-mediated acti-
vation of cyclin E-Cdk2 appears to result from decreased association with p21.
A potential mechanism for the loss of p21 from these complexes is its seques-
tration by cyclin D/Cdk4-6 induced by estradiol as suggested by Planas-Silva
and Weinberg (15). However, more recent data from this laboratory demon-
strate a similar mechanism of activation of cyclin E/Cdk2 following induction
of c-Myc but in the absence of increased cyclin D1 gene expression and cyclin
D1/Cdk4 complex formation (16). These data point to a more direct effect of
estrogen/antiestrogen on p21 perhaps via a c-Myc-mediated mechanism.

4.6. Involvement of c-Myc in Antiestrogen Action
Among the first candidate genes to be investigated as potential targets of

estrogen-induced mitogenesis was the immediate early gene c-myc which
encodes a nuclear phosphoprotein (c-Myc). Regulation of this gene is among
the earliest detectable responses to estrogens and has been identified in a num-
ber of target tissues including rat uteri in vivo (79,80) and both normal breast-
epithelial cells and breast-cancer cells in vitro (17,81). Increased expression of
c-myc was attributed to estrogen-induced transcriptional regulation, but not
necessarily via a classical estrogen response element (ERE), and demonstrated
kinetics similar to those following growth factor stimulation of serum-starved
cells (81,82). Furthermore, inhibition of c-myc expression by antisense
oligonucleotides was accompanied by inhibition of estrogen-induced cell pro-
liferation identifying a critical role for c-myc in estrogen action (83). In fibrob-
lasts, c-Myc is both necessary and sufficient for G1-S phase progression (58)
and activation of conditional alleles of c-myc is followed by the activation of
both cyclin D1-Cdk4 and cyclin E-Cdk2 (59–61).

Rapid decreases in c-myc mRNA and protein levels are observed in
response to a variety of antiestrogens in both in vivo and in vitro models
(21,63,84,85), being apparent within 30 min (Fig. 9A). Therefore in addition to
cyclin D1 and p21, c-Myc may be a major target molecule through which
antiestrogen mediates cell-cycle control. In order to test whether c-Myc
expression was critical to antiestrogen arrest, we constructed MCF-7 cell lines
stably transfected with c-Myc cDNA under the control of a metal-responsive
metallothionein promoter (16). Cells were treated with ICI 182780 resulting in
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G1-phase arrest. c-Myc expression was induced by Zn treatment and this was
sufficient for subsequent S-phase entry (Fig. 9B). This gives strong support to
a role for downregulation of c-Myc in antiestrogen action. An analysis of the
molecular events preceding S-phase entry demonstrated that c-Myc induction
resulted in the formation of high molecular-weight, high specific activity
cyclin E/Cdk2 complexes devoid of p21, apparently identical to those induced
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Fig. 9. Effects of estrogen and antiestrogen on c-myc expression in breast-cancer cells. (A) T-
47D cells proliferating in insulin-supplemented serum-free medium were treated with 500 nM
ICI 164384 and harvested at intervals for Northern analysis. Densitometric analysis of data for
mRNA expression is presented relative to exponentially growing control cells. From ref. (21).
(B) An MCF-7 cell line stably transfected with the zinc-inducible p_MT vector containing c-
myc cDNA was growth-arrested for 48 h with 10 nM ICI 182780. Cells were treated at time 0
with either 65 µM Zn (■) or vehicle (H2O,), or 100 nM estradiol (E2, ●) or vehicle (EtOH, ●).
At intervals thereafter, cells were harvested, stained for DNA content and the proportion of
cells in S phase determined by flow cytometry. From ref. 



by estradiol. This occurred in the absence of any detectable changes in cyclin
D1/Cdk4 complexes and activity (16).

Together these data identify c-Myc and cyclin D1 as major downstream tar-
gets of estrogen/antiestrogen action; these pathways are initially separate but
converge at or before the formation of active cyclin E/Cdk2 complexes devoid
of p21. Thus the movement of p21 into and out of cyclin E/Cdk2 complexes
appears to be a critical event in antiestrogen/estrogen regulated G1- to S-phase
progression. The mechanism responsible for this effect is a major unanswered
question in estrogen/antiestrogen action.

5. CONCLUSION

Recent research in this and other laboratories has given us a much clearer
understanding of the molecular events that mediate the antiproliferative effects
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Fig. 10. A model of estrogen and antiestrogen effects on molecules regulating G1-phase pro-
gression. Estrogen (E2) binding to ER initiates a cascade of events including transcriptional
activation of c-Myc and cyclin D1 gene expression, the latter occuring indirectly through the
induction of an intermediary factor (?), which in turn regulates cyclin D1 gene expression. The
increased expression of cyclin D1 stimulates the formation of active cyclin D1-Cdk4 com-
plexes containing p21, here acting as an assembly factor rather than an inhibitor of the kinase.
Activation of cyclin E-Cdk2 involves conversion to a high molecular-weight form lacking p21
and containing p130. Neither induction of cyclin D1 nor activation of the cyclin D1-Cdk4 com-
plex appear to be c-Myc dependent in this model system, but both cyclin D1-Cdk4 (via seques-
tration of p21) and c-Myc (via an unknown mechanism) appear to contribute to cyclin E-Cdk2
activation. Antiestrogens inhibit binding of estrogen to the ER and act by opposing the down-
stream effects of estrogen on gene transcription and activation. E2, estrogen; AE, antiestrogen;
D1, cyclin D1; E, cyclin E; ●, phosphorylation sites.



of antiestrogens in ER-positive breast cancer cells. In summary, current evidence
suggests that antiestrogens achieve their acute effects on inhibition of breast-can-
cer cell-cycle progression in G1 phase via a sequence of events including
decreased cyclin D1 and c-myc expression, decreased cyclin D1-Cdk4 and cyclin
E-Cdk2 activities, at least partially via a redistribution of p21, and finally
decreased RB protein phosphorylation. Ectopic expression of either c-myc or
cyclin D1 is sufficient to overcome antiestrogen arrest in these cells, confirming
the critical role of these genes in antiestrogen action. The development of an in
vitro model system, where breast-cancer cells are growth-arrested with a pure
antiestrogen and cell-cycle progression re-initiated with estrogen, has also con-
tributed to understanding antiestrogen action by allowing much better definition
of early molecular events in estrogen action. Current knowledge developed from
this model and the results of others is presented in Fig. 10. In summary, mito-
genic effects of estrogen appear to be mediated by at least two apparently distinct
pathways, involving transcriptional activation of c-myc and cyclin D1, the latter
requiring de novo protein synthesis and leading to formation of active complexes
with Cdk4. Both pathways then lead to early activation of cyclin E-Cdk2 by the
formation of cyclin E-Cdk2 complexes deficient in the CDK inhibitor p21, and
of high molecular weight, presumably due to association with other proteins
including p130 (16). Phosphorylation of pRB is a primary action of these active
cyclin D1-Cdk4 and cyclin E-Cdk2 complexes, resulting in release of E2F tran-
scription factors necessary for DNA synthesis, and progression from G1 to S
phase of the cell cycle. Antiestrogens act as competitive antagonists of the bind-
ing of estrogen to its receptor and appear able to reverse the downstream effects
of estrogen at each step along these pathways.

Major questions remain unanswered, however. Further studies on cyclin/CDK
complex formation are required to establish the precise mechanisms involved in
antiestrogen inhibition of CDK activity, particularly the factors involved in move-
ment of CDKIs in and out of these complexes. In addition, the pathway linking
alterations in c-Myc expression to cyclin E-Cdk2 activation needs definition as
does the indirect transcriptional regulation of cyclin D1. The latter studies should
lead us to the earliest and primary events in antiestrogen/estrogen action.

Growth inhibition by a number of other agents appears to occur by mecha-
nisms different from those responsible for antiestrogen action. Like antiestro-
gens, the antiprogestin RU 486 and retinoic acid are both potent inhibitors of
breast cancer cell proliferation. However, we found that neither appears to
downregulate cyclin D1 prior to effects on S phase, despite changes in pRB
phosphorylation (70,86). Instead, increased p21 abundance appears to be an
important mechanism mediating the antiproliferative effects of antiprogestins
(86). CDKIs appear to play a central role for several other growth inhibitors,
suppressing CDK function and consequently pRB phosphorylation. TGF-β, for
example, which arrests cells in mid- to late- G1, promotes association of p27
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with Cdk2 (87) and can also transcriptionally upregulate expression of
p15INK4, a Cdk4/Cdk6 inhibitor. p27 is also implicated in the G1 arrest of
murine macrophages by cAMP, where it prevents cyclin D1/Cdk4 activation
(88) and in progestin-mediated, long-term growth inhibition of breast cancer
cells (89). p21 induction is involved in growth inhibition by diverse stimuli,
including serum deprivation (90) and DNA damage (74).

The evidence presented here for the key roles of c-Myc and cyclin D1 suggest
potential roles for overexpression of these molecules in constitutive activation of
estrogen-regulated growth pathways and in the important problem of clinical
antiestrogen resistance. The common amplification and overexpression at the
mRNA and protein levels of these genes in breast tumors (see refs. 50,91 and ref-
erences therein) suggest that these might confer a growth advantage to breast
epithelial cells and contribute to the development and progression of breast
cancer. In support of this concept, we have demonstrated increments in cyclin D1
protein levels with progression from normal epithelium through hyperplasias to
intraductal and invasive carcinomas (49). Thus cyclin D1 overexpression is an
early event in the evolution of breast cancer and may play a causative role. Our
demonstration that ectopic expression of c-Myc (16) or cyclin D1 (16,70) can
overcome the growth inhibitory effects of antiestrogens in vitro, suggests a mech-
anism for antiestrogen resistance in clinical breast cancer that needs further inves-
tigation. Further research into the mechanisms of cell-cycle control in breast
cancer should aid in the refinement of current procedures for the management of
this disease. It is hoped that such knowledge will ultimately also contribute to a
better understanding of tumorigenesis and progression in breast cancer, providing
useful markers of prognosis and therapeutic response and leading to new molecu-
lar targets for therapeutic and preventative intervention. The knowledge gained
from in vitro models of antiestrogen and estrogen action in breast cancer should
also facilitate the exploration of mechanisms underlying hormone action in the
normal breast and other estrogen-target tissues.
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1. INTRODUCTION

Tamoxifen (Nolvadex®) (Fig. 1), a nonsteroidal antiestrogen, is the
endocrine treatment of choice for all stages of breast cancer. The drug has ten
million women years of clinical experience and is described by the World
Health Organization (WHO) as an essential treatment for breast cancer. The
clinical pharmacology of tamoxifen has been studied in great detail because it
is continuing to be tested as a preventive for breast cancer in high-risk women
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(1). This strategy is based on three important facts. Firstly, tamoxifen prevents
rat mammary carcinogenesis (2,3). Secondly, tamoxifen reduces the incidence
of contralateral breast cancer (4) and thirdly, when the preliminary studies
were started in 1986 (5), tamoxifen was believed to have a low incidence of
side effects (6).

As a prelude to the testing of tamoxifen in healthy women, studies were
conducted to evaluate the effect of antiestrogens on bone density. Remarkably,
tamoxifen exhibits target site-specific effects in animals; bone density is main-
tained in ovariectomized rats but estrogen-stimulated uterine weight is blocked
(7) The action in bone translated to the clinic (8) but regrettably our finding of
the target site-specific effects of tamoxifen to stimulate endometrial-cancer
growth while preventing the estrogen-stimulated growth of breast cancer (9)
also translated to the clinic. There is a documented two fold increase in the
incidence of endometrial cancer in breast-cancer patients who take tamoxifen
(10). Although no woman being treated for breast cancer with tamoxifen
should have the drug stopped because of concerns about endometrial cancer,
this troublesome side effect is unacceptable if tamoxifen is to be used by the
general population to prevent breast cancer. In the late 1980s, we suggested a
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and toremifene.



paradigm change for the preventions of breast cancer. Targeted drugs should be
identified as preventives for osteoporosis but with the beneficial side effects of
preventing breast and endometrial cancer (11). The widespread use of the ther-
apy in postmenopausal women would have a significant impact on the inci-
dence of breast cancer.

Raloxifene (Evista®) has recently been approved by the Food and Drug
Administration (FDA) in the USA for the prevention of osteoporosis in post-
menopausal women. Raloxifene (originally named LY156,750 or keoxifene)
(Fig. 1) is a nonsteroidal antiestrogen with a high affinity for the estrogen
receptor (ER) (12). Drug development was originally targeted towards breast-
cancer therapy but was discontinued in the late 1980s. However, the finding
that raloxifene maintained bone density in rats (7), prevented rat mammary
carcinogenesis (13), and inhibited tamoxifen-stimulated endometrial carci-
noma growth (14), laid the foundation for drug development as a preventive
for osteoporosis in the mid 1990s.

The drugs, originally classified as antiestrogens, are having an enormous
impact on therapeutics. Raloxifene and tamoxifen are now classified as selec-
tive ER modulators because of their diverse pharmacology. An examination
of their molecular biology is not only providing a remarkable insight into the
mechanism of antiestrogen action but also the mechanism of drug resistance
to tamoxifen.

2. DRUG RESISTANCE TO TAMOXIFEN

A decade ago the perceived wisdom was that drug resistance to tamoxifen
developed when ER-positive disease converted to ER-negative disease. It was
known that tamoxifen was more effective in ER-positive disease (6) so the
hypothesis was logical.

In the laboratory, the dimethylbenzanthracene (DMBA)-induced rat mam-
mary carcinoma model was used to define the optimal strategy for adjuvant
therapy. In the mid 1970s the clinical plan was to use one year of tamoxifen
because one year, on average, was effective in controlling advanced disease
and there was also a concern that longer treatment would cause the prema-
ture development of drug resistance (15–17). It was believed that the early
development of ER-negative disease would be a catastrophic outcome of
extending adjuvant tamoxifen therapy. In 1977, we proposed that a strategy
of longer rather than shorter therapy would be more beneficial to patients
(18). Simply stated, we demonstrated that short-term tamoxifen therapy
given to rats with subclinical disease produced by DMBA did not control the
development of mammary tumors as well as continuous therapy (Fig. 2). If
therapy was stopped, tumors developed (19–21). However, the tumors that
developed were responsive to a second endocrine modality (20). Tumors
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induced by DMBA are predominantly ER-positive and we did not detect a
significant incidence of ER-negative tumors or drug resistance after months
of therapy. We therefore proposed that the strategy of long-term tamoxifen
therapy should be tested in clinical trials (19–21). The clinical studies subse-
quently demonstrated that 2 yr (22) and 5 yr (23) of adjuvant tamoxifen ther-
apy produced a significant survival advantage for node-positive
breast-cancer patients. These conclusions were supported by the overview of
clinical trials (24) and we now know that 5 yr of adjuvant tamoxifen is supe-
rior to 2 yr of tamoxifen (25).

Since we were acutely aware of the fact that tamoxifen was not a cure for
breast cancer, and that drug resistance would eventually occur, we decided to
address the question by establishing a model of human disease. Our strategy
was to establish a model system to evaluate new agents to use when tamoxifen
failed. Additionally, we believed it was important to understand the molecular
events that occurred so that new agents could be rationally designed.

The ER-positive MCF-7 breast cancer-cell line requires estradiol to grow into
tumors when inoculated into the mammary fat pads of athymic mice. Cell lines
that are ER-negative grow without estrogen supplementation. Dr. Kent Osborne’s
group in San Antonio demonstrated that tamoxifen would control estrogen-stimu-
lated MCF-7 tumor growth for prolonged periods, but was ineffective against ER-
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Fig. 2. Rats with DMBA-induced breast tumors. Short-term tamoxifen therapy failed to
control breast-cancer growth. Treatment with continuous tamoxifen therapy prevented
breast-cancer development compared with animals that did not receive tamoxifen.



negative tumor growth (26). We replicated these findings (27) but took the studies
a step further by developing a transplantable model of tamoxifen-stimulated
tumor growth (28). Remarkably, the tumors remain ER-positive and grow in
response to estradiol or tamoxifen in athymic rats or mice (28,29). Since there
was the possibility that species specific metabolism of tamoxifen might be caus-
ing enhanced growth of tumors in mice (where the drug is classified as an estro-
gen in mouse target tissues [6]), these studies were critical. We subsequently
demonstrated that the direct, estrogen-like properties of tamoxifen causes selec-
tion of a tamoxifen-stimulated tumor and that local metabolism to estrogens does
not play a role in the support of the tamoxifen stimulated phenotype (30).

We had, therefore, developed a unique model of drug resistance that was, in
fact, tamoxifen-stimulated for growth. Indeed, if tamoxifen was withdrawn
tumor growth slowed but we found that estradiol could then re-activate the ER-
positive tumors (28). It was clear therefore that an additional therapy was neces-
sary, after tamoxifen, to block re-activation of tumor growth by estrogen through
the ER. Currently two alternatives are available: peripheral aromatase inhibitors,
like anastrozole (Arimidex®) or the pure antiestrogens, like ICI 182,780
(Faslodex®) (Fig. 1). Specific inhibitors of aromatase prevent the synthesis of
estradiol or estrone thereby denying the tumor a growth stimulus. However, we
know that ER-positive breast-cancer cells can retain the ER-positive phenotype
in the absence of estrogen and continue to grow (31,32). The tumor cells have
become adapted to grow in response to another stimulus (33). Antiestrogens,
however, continue to block tumor growth so the developments of new antiestro-
genic drugs with novel properties is a reasonable second-line strategy.

The pure antiestrogens were discovered by Wakeling and coworkers in the
mid 1980s (34). The compounds are only weakly active orally and must be
administered by depot injection. However, there is no reported estrogenic
activity; the drugs are complete or pure antiestrogens. Pure antiestrogens were
first tested in the tamoxifen-stimulated breast-cancer model prior to clinical
evaluation, and the compounds did not support tumor growth (35,36). Cur-
rently a clinical study has demonstrated that Faslodex® is effective in control-
ling a significant proportion of disease that fails tamoxifen (37,38) and large
international clinical trials are complete (see Chapter 18).

3. TAMOXIFEN AND ENDOMETRIAL CANCER

The development of a laboratory model of endometrial cancer provided the
basis for the subsequent clinical examination of, and association between, tamox-
ifen and endometrial cancer. In 1984, a transplantable human endometrial carci-
noma was reported to be partially growth-stimulated by tamoxifen under
laboratory conditions (39). Since we were recommending long-term adjuvant
therapy (21), we were concerned that pre-existing endometrial cancer could be
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encouraged to grow by tamoxifen (9). To illustrate the target-site specificity of
tamoxifen, athymic mice were transplanted with an ER-positive breast tumor on
one side and an endometrial tumor on the other. Animals were treated with tamox-
ifen and estradiol to determine whether tamoxifen would control the estrogen-
stimulated growth of both tumors. Tamoxifen controlled the growth of the breast
cancer but not the endometrial cancer so we recommended that patients being
treated with long-term tamoxifen therapy should be screened for endometrial can-
cer (9). The principle was confirmed by the Stockholm group in their adjuvant
trial of tamoxifen vs placebo in postmenopausal patients. Patients receiving long-
term tamoxifen therapy had a decrease in contralateral breast cancer but an
increased incidence of endometrial cancers (40).

During the past decade there has been intense interest in determining the
association between tamoxifen and endometrial cancer. We have reviewed the
world database (10,41) and it is now possible to offer several conclusions. The
risk of detecting endometrial cancer in women taking tamoxifen is increased
two- to threefold but the stage and grade of the disease is the same as the gen-
eral population. As a result, there are no strict recommendations for the routine
screening of patients taking adjuvant tamoxifen but patients should be fol-
lowed up immediately if they present with spotting or bleeding.

At present, there is no consensus that tamoxifen is causing endometrial cancer
in the human uterus as it is believed to do by producing liver cancer in rats (42). In
the rat liver, tamoxifen is metabolized to specific reactive compounds that cause
DNA adducts to initiate the process of carcinogenesis (43). These metabolic path-
ways are not present in human cells (43) and DNA adducts have not been detected
in human liver biopsies (44). In the uterus, one group of investigators has found
no adducts (46), whereas another group has detected an unidentified adduct (46).
Unfortunately there has been no progress in the identification of the unknown
adduct or in an understanding of its relevance to the genesis of endometrial can-
cer. However, based on current knowledge of the genesis of cancer, we can esti-
mate that in humans it takes about a decade for the process to occur from
initiation to detection. By contrast, endometrial cancer is detected equally before
or after the first 2 yr from starting tamoxifen treatment (10). Indeed there are over
ten million women-years of experience with tamoxifen worldwide but the number
of reported endometrial cancers remains well below a thousand cases of early-
stage disease despite a decade of intense investigation.

All of the data pertaining to the carcinogenic potential of tamoxifen has
recently been evaluated by the International Agency for Research on Cancer
(IARC), but despite the fact that tamoxifen is listed as a carcinogen, there are
some specific qualifications. The agency wished to re-assure the clinical and
patient community that the benefits of tamoxifen far outweigh the risks and no
women should consider stopping taking tamoxifen based on a concern about
the slight risk of detecting an endometrial cancer (47).
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4. TOREMIFENE: A TAMOXIFEN DERIVATIVE 
FOR THE TREATMENT OF ADVANCED BREAST CANCER

Toremifene (Fareston®) (Fig. 1) is approved for the treatment of advanced
breast cancer. Clinical results demonstrated a therapeutic equivalence with
tamoxifen (48) (20 mg daily) using 60 mg daily of toremifene. Side effects are
similar but two clinical questions arise that are extremely important: endome-
trial cancer and cross-resistance with tamoxifen. At present, there have been no
reports of an association between toremifene and endometrial cancer. This
would be expected because the clinical development of toremifene is approxi-
mately where tamoxifen was in 1981. Despite rigorous evaluation of the clini-
cal trials data during the 1980s, an association between tamoxifen and
endometrial cancer was only established after 1989.

We have addressed this issue in the same way we did for tamoxifen in 1988
(9). We have now developed two endometrial cancer models to replicate different
clinical scenarios. Tumors have been passaged for several years in animals treated
either with tamoxifen or estradiol. The first model is designed to mimic patients
who have been treated with tamoxifen and have occult endometrial disease that
grows in response to the antiestrogens. In contrast, the endometrial tumor pas-
saged in estradiol-treated animals replicates the tamoxifen-naive patient. In Fig. 3,
we have compared and contrasted the growth potential of estradiol, tamoxifen,
and toremifene in the two different models of endometrial cancers. Toremifene
continues to enhance the growth of a tamoxifen-stimulated tumor; there is com-
plete cross-resistance at all doses tested. Therefore, a patient with occult endome-
trial cancer who switches her breast-cancer therapy from tamoxifen to toremifene
would not gain any safety advantage. By contrast, neither tamoxifen nor
toremifene produce much of a growth enhancement of tamoxifen-naive endome-
trial cancers. Most importantly though, both compounds are estrogen-like, not
estrogens, in the endometrial-cancer models. In both studies estradiol was supe-
rior to the antiestrogens as a growth stimulator. Since we have found that tamox-
ifen can block the full estrogenic stimulation of tumors, there is every reason to
believe that tamoxifen and its analogues will slow the growth of estrogen-stimu-
lated endometrial cancer in patients. Indeed, we see no reason to suppose that
these antiestrogens would not be appropriate treatments for endometrial cancer.

It is the standard of practice to offer adjuvant tamoxifen therapy to all node
positive or negative ER-positive patients with breast cancer. Therefore the ques-
tion must be asked “Should toremifene now be used if a breast tumor fails during
tamoxifen therapy?” Using our model of tamoxifen-stimulated breast cancer, we
now report that tamoxifen and toremifene are completely cross-resistant (Fig. 4).
Indeed clinical studies have confirmed this important point (49,50) but it should
be stressed that if a patient recurs several years after adjuvant tamoxifen, they
should be rechallenged with tamoxifen because they have not failed tamoxifen. If
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the original tumor was ER-positive, then it is more than likely that micrometasta-
tic disease has grown in response to the patients own estrogen in the years after
tamoxifen was stopped (51). In fact, we have noted, in our laboratory studies, that
low-dose tamoxifen treatment is more likely to stimulate tamoxifen-stimulated
tumors than high-dose therapy. It is therefore possible that higher doses of tamox-
ifen will control disease better than lower doses. Our observation may explain the
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Fig. 3. (left) (A) Athymic mice were implanted with tamoxifen-stimulated endometrial tumors
and treated with vehicle (control), estrogen (premenopausal levels), tamoxifen 0.5 mg or
toremifene 0.5 mg, 1.5 mg, or 5 mg daily for 5 d each week. A wide range of toremifene doses
were chosen to simulate clinical trials. Estrogen and both antiestrogens stimulated tumor
growth compared to control. There was no significant difference between the effects of tamox-
ifen or any of the three doses of toremifene on tumor growth, suggesting that the two agents are
cross-resistant in this model. (B) Athymic mice were implanted with tamoxifen-naive endome-
trial tumors and treated with vehicle (control), estrogen (premenopausal levels), tamoxifen 0.5
mg or toremifene 1.5 mg daily for 5 d each week. Clinical trials have demonstrated that tamox-
ifen 20 mg is equivalent to toremifene 60 mg. Estrogen significantly stimulated tumor growth
but neither antiestrogen significantly stimulated tumor growth, compared to control.

Fig. 4. Athymic mice were implanted with tamoxifen-stimulated breast tumors and treated
with vehicle (control), estrogen (premenopausal levels), tamoxifen 0.5 mg or toremifene 1.5
mg daily, for 5 d each week. Clinical trials have demonstrated that tamoxifen 20 mg is
equivalent to toremifene 60 mg. There was no significant difference in the effects of either
antiestrogen on tumor growth and both agents stimulated tumor growth compared with con-
trol, suggesting that they are cross-resistant.



sporadic reports of the isolated successes of high-dose toremifene treatment to
cause tumor stasis after tamoxifen failure (49,52). It is the dose and not the drug
that is responsible for the tumor stasis.

Overall toremifene has only limited applications and no advantages over
tamoxifen for the treatment of advanced breast cancer. By contrast, since
toremifene does not produce liver tumors in rats (53), it may be a reasonable
agent to consider for the next generation of clinical trials to prevent breast can-
cer in high-risk women.

5. A MOLECULAR MECHANISM OF ANTIESTROGEN ACTION

The ER was first identified by Jensen and Jacobson in 1962 (54) and iso-
lated from the rat uterus by Gorski’s group in the mid 1960s (55). However,
Jensen subsequently suggested that ER determinations could be used as a
marker for the hormone dependency of breast cancer (56) and for two decades
the ER protein has had a central role in the management of breast cancer as the
target for antiestrogen action (57).

For the past 30 years there has been a quest to solve the crystal structure of the
estradiol-ER complex and define the molecular events of estrogen action. In
1997, the ligand-binding domain of the ER was crystallized with estradiol and
raloxifene (58). Estradiol forms a complex in the hydrophobic ligand-binding
pocket through hydrogen bonding at amino acids Glu 353 and Arg 394 with the 3-
phenolic hydroxyl and amino acid His 524 with the 17β hydroxyl (Fig. 5A). As a
result, there is a conformational change in the protein that re-orients helix 12 to
snap shut on the ligand-binding pocket and to seal the steroid inside the protein
(Fig. 5A). Helix 12 contains the important AF-2 region and three amino acids
(Asp 538, Glu 542, Asp 545) (59,60) have been identified that are essential for the
subsequent activation of the receptor complex as a transcription unit at an estro-
gen-sensitive gene. Site-directed mutagenesis in this region destroys AF-2 activity
and nonsteroidal antiestrogens also silence AF-2 activity (61).

Raloxifene is anchored at the same two amino acids as estradiol (Fig. 5B),
however the aminoethoxy side chain extends away from the molecule. The
alkylaminoethoxy side chain is known to be the essential structural feature of
all antiestrogens (62). Changes in the distance between the oxygen and the
nitrogen (63), restriction in the conformation of the side chain (64), or the
basicity of the nitrogen (65) all result in a decrease in antiestrogenic activity.
Indeed, removal of the side chain results in either an increase in estrogenic
properties or a complete loss of activity (66).

An earlier model of estrogen and antiestrogen action, based on experimental
evidence with polyclonal antibodies to the ER, described estradiol as being
“locked” into the ligand-binding site but that antiestrogens were wedged into
the site because of multipoint attachment via the alkylaminoethoxy side chain
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Fig. 5. A molecular mechanism of estrogen and antiestrogen action. (A) Helix 12 snaps
shut on the ligand binding pocket and seals the steroid inside the protein. This allows co-
activators to bind to the critical amino acids (538, 542, 545) to complete the formation of
a transcriptional complex. By contrast. (B) Raloxifene causes a shift in helix 12 because
the piperazine ring binds to amino acid 351. This repositions the helix and masks the
AF-2 site.



(67). Similarly a model of antiestrogen action based on the structure-function
assays of antiestrogens in cell culture, proposed that the aminoethoxy side
chain would bind to an “antiestrogenic region” of the ligand-binding domain to
prevent the closure of the ligand-binding pocket (68). That interaction was the
key to antiestrogen action.

By reference to the crystal structure of the raloxifene ER complex the alky-
laminoethoxy side chain binds to amino acid 351 (Aspartate) (Fig. 5B). The con-
sequences of this interaction is a macromolecular perturbation in the complex that
moves helix 12 to a new position, thereby masking the critical three amino acids
in the AF-2 region: Asp 538, Glu 542, Asp 545 (60). Raloxifene has silenced AF-
2 activity (Fig. 5B). It is proposed that the co-activators that are needed to form a
transcription complex can no longer bind to ER. However, the most compelling
evidence to support the molecular model of antiestrogen action for raloxifene
comes from the study of drug resistance to tamoxifen.

6. A MUTANT RECEPTOR 
IN TAMOXIFEN-STIMULATED TUMORS

Based on the crystal structure of the raloxifene-ER complex, two pathways
merit consideration: a mutant receptor or a selective increase in co-activator mol-
ecules (or both). During the early 1990s, a popular theory to explain drug resis-
tance to tamoxifen was the selection of breast-cancer cells containing a mutant
receptor that translates an antiestrogenic response to an estrogenic response. The
concept is illustrated in Fig. 6. Mahfoudi and coworkers (69) proposed a mutation
hypothesis for the AF-2 region based on their work with the mouse ER. However
sequencing of the AF-2 region of tamoxifen-stimulated breast and endometrial
tumors demonstrated that this was not the cause of tamoxifen-stimulated growth
in reproducible laboratory models (70). None of the appropriate mutations were
found. By contrast, we addressed the hypothesis by developing different trans-
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plantable MCF-7 tumor lines in athymic mice, describing their biological charac-
teristics (71) and sequencing the whole receptor in each tumor line (72).

We noted one tumor line that contained a codon 351 asp→tyr mutation as
the majority of receptor present (72). However, the problem was to test the
efficacy of the receptor appropriately. We chose not to test the biology in ani-
mal or yeast cells because of our concern that the results would reflect the
wrong cellular context with either inappropriate or insufficient levels of sup-
porting transcription factors. We chose to prepare stable transfectants with
clone 10A of the ER-negative breast cancer-cell line MDA-MB-231. We rea-
soned that receptors would function optimally in the correct context, i.e., a
breast-cancer cell, replete with co-activators.

In 1992, we reported the creation of stable transfectants of MDA-MB-231
cells with cDNA’s from wild-type and codon 400 gly→val mutant ERs (73).
Our goal of that time was to determine whether re-introduction of the ER into
receptor negative breast cancer would reassert control by estrogen. We found
that estrogen decreased growth rather than increased growth. The pure antie-
strogen ICI 164,384 blocked estrogen action. Although we did not determine
the precise mechanism for the phenomenon, we used the end point of growth
inhibition as an assay for the “estrogenicity” of any ligand receptor complex.

We noted that 4-hydroxytamoxifen (Fig. 1) and a steroidal antiestrogen
RU 39,411 with a structural similarity to 4-hydroxytamoxifen (74) were
more estrogenic in cells transfected with the codon 400 gly→val mutant ER
cDNA. Raloxifene, by contrast, is an antiestrogen in transfectants with
either wild-type or codon 400 gly→val mutant cDNAs (74). 4-hydroxyta-
moxifen, therefore, appears to be more promiscuous with estrogen-like
activity in the codon 400 gly→val mutant transfectants (75). Although the
data with the 400 mutant ER were of interest, the receptor is a cloning arti-
fact rather than a natural mutant (76). By contrast, the codon 351 asp→tyr
mutant is the first natural mutant to be identified that could possibly have a
role in drug resistance. We prepared stable transfectants with the cDNA for
the mutant receptor in MDA-MB-231 cells (77) and discovered that an ana-
logue of 4-hydroxytamoxifen was a potent estrogen and inhibited cell
growth. We devised a strategy of using single, double, and triple vitel-
logenin estrogen-response elements (78) with a luciferase reporter gene to
show that the mutant receptor was more estrogenic than the wild-type
receptor. However, it is extremely hard to re-transfect our transfectants so
we searched for a gene target in situ.

7. THE KEY TO THE ANTIESTROGENIC ACTIVITY 
OF RALOXIFENE

Estradiol increases the transcription of transforming growth factor α (TGF-α)
mRNA in MDA-MB-231 cells transfected with the cDNA for the ER (79). This
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action of estradiol is blocked by the pure antiestrogen ICI 164,384 (80). Since the
regulation of TGF-α is well-recognized as an estrogen-dependent event, we chose
this gene to use as a precise assay, in human cells, to document the efficacy of lig-
and ER complexes. Raloxifene is a complete antiestrogen in the wild-type ER
transfectant (81) (Fig. 7). However, when raloxifene is liganded to the 351 mutant
receptor, raloxifene induces TGF-α mRNA. The pure antiestrogen ICI 182,780
blocks the induction of TGF-α mRNA by both estradiol and raloxifene. It is there-
fore clear that the specific mutation at amino acid 351 changes the pharmacology
of raloxifene from an antiestrogen to an estrogen. The data derived from a natural
mutant ER are extremely important as they confirm the key role of amino acid
351, aspartate, which is identified in the crystal structure as interacting with the
alkylaminoethoxy side chain. Additionally, our studies identify, for the first time,
a specific mechanism for the development of drug resistance to tamoxifen. The
mutation clearly provides a growth advantage for breast-cancer cells by exploit-
ing the increased estrogenicity of the receptor complex. Nevertheless, it is impor-
tant to appreciate that the mutation does not compromise the effectiveness of the
pure antiestrogen ICI 182,780 as an appropriate second-line breast-cancer therapy
following tamoxifen-treatment failure.
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Fig. 7. Effects of estradiol and antiestrogens, or combinations of compounds on TGF-α
mRNA expression in ER-transfectants analyzed by Northern blot. The sources for RNAs were
following: Control, cells treated with EtOH vehicle; E2, cells treated with 10–9 M estradiol (wt
ER), and 10–8 M estradiol (mutant351ER); Ral, cells treated with 10–6 M raloxifene; ICI, cells
treated with 10–6 M ICI 182,780; E2 + Ral, cells treated with 10–9 M or 10–8 M estradiol
(depending on the cell line) and 10–6 M raloxifene; E2 + ICI, cells treated with 10–9 M or 10–8

M estradiol (depending on the cell line) and 10–6 M ICI 182,780; Ral + ICI, cells treated with
10– M raloxifene and 10–6 M ICI 182,780. β-Actin was used as a loading control.



8. FUTURE ADVANCES IN UNDERSTANDING DRUG
RESISTANCE TO TAMOXIFEN

Although we have identified a mechanism of drug resistance to tamoxifen
and described the molecular mechanism for the antiestrogen raloxifene, the
molecular mechanism of action of tamoxifen or 4-hydroxytamoxifen is subtly
different. This in turn has implications for the eventual development of tamox-
ifen-stimulated tumor growth. The great majority of tamoxifen-stimulated
tumors in the laboratory have a wild-type ER so a growth mechanism other
than mutation must be amplified in these tumor cells.

We have developed our current hypothesis based on evidence we have recently
published using the stable transfectants with cDNAs from either wild-type or 351
mutant ER. Unlike raloxifene, that exhibits estrogen-like activity only with the
351 mutant ER (81), 4-hydroxytamoxifen exhibits estrogen-like properties to
initiate TGF-α mRNA synthesis with either wild-type or 351 mutant ER (82)
(Fig. 8). The 4-hydroxytamoxifen-ER complex is more promiscuous than the
raloxifene-ER complex. We suggest that the 4-hydroxytamoxifen-ER complex
is subtly different from the raloxifene-ER complex so that it is able to bind with
the large concentration of co-activators in the MDA-MB-231 cells. Indeed, the
stable transfectant containing the 351 mutant is supersensitive to the action of
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Fig. 8. Induction of TGF-α mRNA expression by estradiol (E2) and 4-hydroxytamoxifen
(4-OHT) in cells with wild-type (wt) ER and mutant351 ER. Cells were treated with 10–7 M
of E2 or 4-OHT for 24 h and analyzed by Northern blot. The graph shows inducible levels
of TGF-α mRNA (ratio of normalized TGF-α mRNA in cells treated with compounds to
normalized levels in untreated cells) as determined by densitometric analyses.



4-hydroxytamoxifen (82). The enhanced efficacy of the receptor complex would
provide a clear-cut growth advantage in the development of a tumor from the
original MCF-7 cells. These data support the proposition (83) that antiestrogen-
receptor complexes are subtly different in shape and this conclusion should act as
a stimulus for investigators to crystallize the 4-hydroxytamoxifen-ER complex.
Additionally, it is clearly a priority to determine how the family of co-activator (or
co-repressor) proteins regulates gene activation.

9. SUMMARY AND CONCLUSIONS

Laboratory models for breast and endometrial cancer have had an enormous
impact on the clinical development of antiestrogens. Results from the DMBA-
induced rat mammary-cancer model have provided the scientific principles
required to evaluate long-term adjuvant tamoxifen therapy. Similarly, the
athymic mouse model allowed the identification of a clinically relevant mecha-
nism of drug resistance to tamoxifen and a model system to test new agents for
cross-resistance. Additionally, the endometrial cancer model has allowed the
identification of agents that cause a slight increase in the risk of endometrial
cancer long before the data were available from clinical studies. However, it
should be stressed that this model is really only relevant for agents to be tested
as preventives in normal women. The risks of developing endometrial cancer
during tamoxifen therapy are slight compared with the survival benefit in con-
trolling breast cancer.

Finally the discovery of the carcinogenic potential of tamoxifen in the rat
liver, 20 years after it was first introduced into clinical practice, raises an
interesting issue. If the studies of liver carcinogenicity had been completed
and published in the early 1970s there might have been no tamoxifen and tens
of thousands of women with breast cancer would have died prematurely. In
fact, there would have been no incentive to develop new agents as alterna-
tives to tamoxifen or following tamoxifen failure. Most importantly, we
would not have any knowledge about the target-site or selective actions of
antiestrogens. All the current interest in selective estrogen-receptor modula-
tors (SERMs) is based on the huge clinical data base obtained with tamox-
ifen. The success of tamoxifen as an agent that preserves bone density, lowers
cholesterol, and prevents contralateral breast cancer (84) has become a clas-
sic example of a multimechanistic drug. These concepts have acted as a cata-
lyst to develop new agents for new applications. The laboratory studies of
raloxifene (13,14,85) provided the scientific rationale for the use of ralox-
ifene as a preventive for osteoporosis (86) but with the goal of preventing
breast cancer in postmenopausal women (87,88) (Fig. 9). It is clear that the
close collaboration between laboratory and clinical research has revolution-
ized the prospects for women’s health care in the 21st century.
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1. INTRODUCTION

Tamoxifen (Fig. 1) is a human and animal carcinogen (1); it causes endome-
trial cancer in women and is potent inducer of liver tumors in rats. The struc-
turally related antiestrogen toremifene does not induce liver tumors in rats (2)
but it has not been in clinical use for sufficiently long for its carcinogenic
effects in humans to be assessed. In order to assess fully the long-term risks of
tamoxifen therapy or prophylaxis, and of the safety of toremifene and other
analogues (such as droloxifene and idoxifene) that are coming into clinical use,
it is important to understand its mechanism of tumor induction and to what
extent extrapolations between species can be made. A starting point for such
assessments is the investigation, commenced relatively recently, of the car-
cinogenicity of tamoxifen in rat liver.

69

From: Hormone Therapy in Breast and Prostate Cancer
Edited by: V. C. Jordan and B. J. A. Furr © Humana Press Inc., Totowa, NJ

4 Mechanisms of Liver Carcinogenesis
by Antiestrogens

David H. Phillips

CONTENTS

INTRODUCTION

CARCINOGENICITY OF TAMOXIFEN

EVIDENCE THAT TAMOXIFEN IS A GENOTOXIC CARCINOGEN

METABOLISM AND ACTIVATION OF TAMOXIFEN IN RAT LIVER

COMPARISONS BETWEEN RODENTS AND HUMANS

ANALOGUES OF TAMOXIFEN

CONCLUSIONS

ACKNOWLEDGMENTS

REFERENCES



2. CARCINOGENICITY OF TAMOXIFEN

There are now a number of studies that show clearly that tamoxifen is car-
cinogenic to rat liver (2–7). The main characteristics are equal susceptibility of
both sexes, early onset of tumors, and evidence of a dose response. A high fre-
quency of hepatocellular carcinomas was observed in all studies. These char-
acteristics differentiate the carcinogenic properties of tamoxifen from those of
other estrogenic compounds that produce mostly benign adenomas in rat liver,
generally at relatively low frequency (8).

There is no evidence, however, that tamoxifen is a hepatocarcinogen in the
mouse. This species difference is by no means unusual: aflatoxin B1, an
extremely potent liver carcinogen in rats (and humans), does not cause liver
tumors in mice (9). Nevertheless, other neoplastic changes have been observed in
mice. When administered by gastric instillation for 3 mo, then for a further 12 mo
in the diet, tamoxifen caused intestitial cell tumors of the testis in males and gran-
ulosa-cell adenomas of the ovary in females (10). When administered neonatally
to mice, atypical uterine hyperplasia and malignant lesions, including endometrial
adenocarcinoma, developed (11). When administered prenatally to mice, tamox-
ifen caused proliferative lesions in the oviduct and uterine epithelium of female
off-spring, including some tumors, although not endometrial carcinomas (12).
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Fig. 1. Structures of antiestrogenic triphenylethylenes.



Because tamoxifen has been widely, and successfully, used as adjuvant ther-
apy for breast cancer, information on the carcinogenic properties for humans has
emerged. At the present time it is evident that there is an increased occurrence of
endometrial cancer in women who have taken tamoxifen. The evidence is suffi-
cient for tamoxifen to be classed as a human carcinogen (1). Tumor induction in
other organs remains a possibility: an excess risk of gastrointestinal cancer has
been reported (13), but this has not been seen in other studies. Longer periods of
follow-up in human studies will address these issues.

The carcinogenicity of tamoxifen in other species has not been tested, so
further interspecies comparisons are not possible. Because of its hormonal
activity, it is plausible that tamoxifen induces tumor formation in mice by a
nongenotoxic mechanism. However, the carcinogenic activity in rats is
unusual for a nongenotoxic carcinogen. As described below, there is much
experimental evidence to suggest that tamoxifen is a genotoxic carcinogen in
rats.

3. EVIDENCE THAT TAMOXIFEN IS 
A GENOTOXIC CARCINOGEN

Tamoxifen forms covalent DNA adducts in rat liver (14–16). It also forms
DNA adducts in the livers of mice (15) and of hamsters (14), and it has been
shown to bind covalently to protein in the presence of human liver microsomal
fractions (17). It also induces micronucleus formation in metabolically compe-
tent human cells (15,18), and induces unscheduled DNA synthesis in hepato-
cytes from tamoxifen-pretreated rats (15). Low doses of tamoxifen result in
aneuploidy in rat liver (19) and studies in transgenic rats reveal that it causes
gene mutations in the liver (20).

Taken together with the rat liver carcinogenicity data, these properties sug-
gest very strongly that the mechanism of carcinogenicity of tamoxifen in rat
liver is a genotoxic one, involving direct damage to DNA by reactive metabo-
lites. Less likely, at least in this organ, is the possibility of a purely hormonal,
nongenotoxic mechanism, although tamoxifen may have additional mitogenic
activity (21) that could contribute to tumor promotion by providing a prolifera-
tive stimulus to tamoxifen-initiated cells. This possibility is supported by the
observation that tamoxifen produces liver tumors more rapidly in rat strains in
which cell proliferation is also induced (7).

4. METABOLISM AND ACTIVATION OF TAMOXIFEN 
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IN RAT LIVER

4.1. Phase I Activation
To date, a number of tamoxifen metabolites, or putative metabolites, have been

shown to possess DNA binding activity. In some cases chemical activation or
incubation with metabolizing enzymes is required to elicit DNA binding. The
derivatives in question are α-hydroxytamoxifen (22), 4-hydroxytamoxifen (23),
α,4-dihydroxytamoxifen (24), and (Z)-1,2-diphenyl-1,-(4-hydroxyphenyl)but-1-
ene (metabolite E) (25) (Fig. 2). Evidence presented that tamoxifen 1,2-epoxide
has DNA binding activity (26) has since been discounted (27).

A mechanism of activation of tamoxifen that involves oxidation at the α-
position of the ethyl group has been proposed (28). A prediction of this hypoth-
esis is that substituting the hydrogen atoms at the α-position with deuterium
will result in a less genotoxic compound. Metabolism studies show that
hydroxylation of the α-position is approx three times slower in the deuterated
compound than in the isotopically normal tamoxifen (29). Comparison of the
DNA binding activity of [D5-ethyl]tamoxifen and tamoxifen showed that the
latter formed 2.5-fold higher levels of DNA adducts in rat liver in vivo than the

72 Part I / Preclinical Antiestrogens

Fig. 2. Metabolites or putative metabolites of tamoxifen with the potential to form DNA
adducts.



former (30). Deuteration resulted in a similar reduction in micronucleus-form-
ing activity in MCL-5 cells (30). Further refinement of this approach has
demonstrated that the effect is specific to the α-position: thus [α-D2-
ethyl]tamoxifen shows the same reduced DNA binding activity as [D5-
ethyl]tamoxifen both in rat liver in vivo and in rat hepatocytes in vitro, while
[β-D3-ethyl]tamoxifen has the same DNA binding activity as nondeuterated
tamoxifen (Fig. 3) (31).

Binding of tamoxifen to protein in human and rat liver microsomal
preparations is reported to be mediated by the cytochrome P450 (CYP) 3A
subfamily (32). α-Hydroxytamoxifen is a metabolite of tamoxifen and prelim-
inary evidence suggests that its formation is catalysed by CYP 3A4 (unpub-
lished results). In primary cultures of rat hepatocytes, it forms the same DNA
adduct pattern as tamoxifen, but adduct levels are 50-fold higher (22). This is
strong evidence that α-hydroxytamoxifen is an intermediate in the metabolic
activation of tamoxifen. The metabolite has weak chemical reactivity at
neutral pH, forming the same adduct pattern as seen in cells. At acid pH, its
chemical reactivity increases dramatically (27). The synthetic derivative
α-acetoxytamoxifen is highly reactive towards DNA (27), suggesting that fur-
ther metabolic activation of α-hydroxytamoxifen occurs in vivo. The main
product in DNA formed by reaction with α-acetoxytamoxifen is at the
N2-position of guanine, namely (E)-α-(N2-deoxyguanosinyl)tamoxifen (27),
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Fig. 3. Formation of DNA adducts in primary cultures of rat hepatocytes incubated with
10µM nondeuterated and deuterated tamoxifen.



with minor products formed being the cis-adduct at the N2-position of guanine
and also the trans-adduct formed at the N6-position of adenine residues in
DNA (33). As would be expected, the sulphate ester of α-hydroxytamoxifen
is more reactive still than α-acetoxytamoxifen and forms the same pattern of
adducts (34).

The Potter hypothesis (28) also predicts that oxidation at the 4-position will
increase the reactivity of a carbocation formed at the α-position. As 4-
hydroxytamoxifen is a major metabolite, this possibility is of great interest.
Some studies have shown DNA adduct formation by 4-hydroxytamoxifen in
cell-free systems and the tentative identification of a minor adduct formed by it
in rat liver in vivo (23), but in our own studies DNA adduct formation by this
metabolite has not been detected either in rat liver in vivo or in rat hepatocytes
in vitro (35). 4-Hydroxytamoxifen may be further oxidized to a quinone
methide. Generation of this intermediate chemically and reaction in situ with
DNA results in DNA adduct formation at the N2-position of guanine (36).
Another route to the same product is by reaction of α,4-dihydroxytamoxifen
with DNA at acid pH (24,35). However, despite the high chemical reactivity of
this putative tamoxifen metabolite, DNA adducts were not observed when the
compound was incubated with primary cultures of rat hepatocytes or admin-
istered to rats (35). Other studies confirm this finding (37). This implies that an
efficient detoxification pathway overrides any potential pathway leading to
reactive intermediates capable of binding to DNA in cells. This may explain
why the major metabolic pathway leading to DNA adduct formation in liver
cells does not involve 4-hydroxylation.

Recently, other studies have demonstrated that N-demethylation accompa-
nies α-hydroxylation in the metabolic activation of tamoxifen, resulting not
only in the formation of DNA adducts in which tamoxifen remains di-substi-
tuted with methyl groups at the amino function but also in adducts in which it
is mono-methylated and, to a minor extent, unmethylated (31,38,39).

4.2. Phase II Activation
The low chemical reactivity of α-hydroxytamoxifen at neutral pH implies that

its potent DNA binding activity in cells is mediated by further metabolism. This
could involve phase II metabolism at the α-position to provide a good leaving
group for the formation of a carbocation. As stated earlier, both α-acetoxytamox-
ifen and the analogous sulphate ester react extensively with DNA to give adducts
that are indistinguishable from those formed by tamoxifen and α-hydroxytamox-
ifen in vivo and in vitro (27,34). Our recent studies show that the further activa-
tion of α-hydroxytamoxifen to DNA binding products in rat hepatocytes is
highly dependent on sulphate (40). DNA binding of both tamoxifen (10 µM) and
α-hydroxytamoxifen (1 µM) was 10-fold higher with medium containing 10 µM
sulphate than in sulphate-free medium, and the level of DNA adduct formation
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was directly proportional to concentration of sulphate in the medium. Further-
more, inclusion of dehydroisoandrosterone-3-sulphate (0.1 mM), an inhibitor of
hydroxysteroid sulphotransferase (hST), reduced DNA binding of both com-
pounds by up to 80%. It is concluded that the activation of tamoxifen in rat liver
cells proceeds predominantly through hydroxylation followed by sulphate ester
formation at the α-position of the ethyl group. The proposed scheme for the
metabolic activation of tamoxifen in rat liver is shown in Fig. 4.

Although hydroxysteroid sulphotransferase is expressed at much higher levels
in the liver of female rats than in males (41), tamoxifen is equipotent as a car-
cinogen to both sexes (3). An explanation for this apparent paradox has recently
been found. In male rat hepatocytes and in male rat liver in vivo following a sin-
gle oral dose, tamoxifen forms much lower levels of DNA adducts than in
female cells (42). However, after multiple doses of tamoxifen to rats, liver DNA
adduct levels in males become similar to those in females, and this rise is accom-
panied by a sharp increase in sulphotransferase activity in male liver. Signifi-
cantly, only one isoform is induced in males, hydroxysteroid sulphotransferase
rHSTa, which is the one form that conjugates α-hydroxytamoxifen to a reactive
ester (42). Thus, tamoxifen induces its own activation in the male rat. When the
conditions of the carcinogenicity experiment are reproduced, there is a close cor-
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Fig. 4. Pathway of metabolic activation of tamoxifen in rat liver. The major adduct formed
at guanine bases in DNA is shown. Analogous pathways in which tamoxifen is N-demethyl-
ated also occur (see text).



relation observed between DNA adduct formation and carcinogenicity, and
between adduct formation and sulphotransferase activity.

5. COMPARISONS BETWEEN RODENTS AND HUMANS

α-Hydroxytamoxifen is a human metabolite, detected in blood plasma
(43) and is also formed when primary cultures of human hepatocytes are
incubated with tamoxifen (44). However, the concentration of the metabolite
formed in cultures of rat hepatocytes is at least 50-fold higher than in cul-
tures of human cells (44).

In a comparison of the metabolic activation of tamoxifen and α-hydroxy-
tamoxifen in primary cultures of rat, mouse, and human hepatocytes, it was
found that tamoxifen formed detectable DNA adducts in rat and mouse cells,
but not in human cells. Adducts were formed by α-hydroxytamoxifen in
all three, but the levels in the human cells were 300-fold lower than in rat
hepatocytes (44).

Thus, there are very large quantitative differences between human and
rodent cells in adduct formation. Studies with subcellular fractions show
less interspecies variation in tamoxifen activation (45,46), but it must be
borne in mind that such systems as microsomal fractions do not accurately
represent the balance between activation and detoxification pathways found
in vivo. A small study of liver DNA obtained from women taking tamoxifen
and from controls found a relatively high level of adducts in both groups
(47), but did not show significantly different levels of adducts between the
two groups.

Our recent studies suggest reasons for the apparent interspecies differences.
Studies of the metabolism and DNA binding of tamoxifen and α-hydroxy-
tamoxifen in bacteria and mammalian cells genetically engineered to express
specific enzymes indicate that tamoxifen is metabolized, as mentioned earlier,
to α-hydroxytamoxifen by CYP3A4, which is further activated by hydroxy-
steroid sulphotransferase. However α-hydroxytamoxifen is a much better sub-
strate for the rat isoform of the sulphotransferase than for the human form.
Thus, adducts are formed and mutant colonies are generated in S. typhimurium
TA1538 and in V79 cells expressing rat hST treated with α-hydroxytamoxifen,
but not in cells expressing human hST (Table 1) (48).

The question of genotoxicity of tamoxifen in the uterus is at present controver-
sial. A low level of DNA adduct formation was reported to occur in rat uterus after
administration of tamoxifen at high dose (49), but to date our own studies have
failed to confirm these findings (unpublished results). Exposure of human
endometrium to tamoxifen in explant culture did not result in detectable tamox-
ifen-DNA adducts (50). In one study of DNA isolated from the endometrium of
women taking tamoxifen, tamoxifen-related adducts were not detected (50), while
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in another study a low level of adduct formation was reported (51). However, this
latter finding has been questioned (52) and, although another group has reported
the detection of tamoxifen-DNA adducts in some human endometrial samples
(53), our own further studies have still not revealed the presence of tamoxifen-
DNA adducts in endometrium from women taking tamoxifen (54) (and further
unpublished results). Whether or not it transpires that some women form DNA
adducts in this tissue, the biological significance of the low levels claimed to be
formed is unclear. If the mechanism of carcinogenicity of tamoxifen in the human
endometrium was deemed to be genotoxic, then it would imply that analogues
that are not genotoxic carcinogens in rat liver (see Subheading 6.) would be less of
a carcinogenic risk to women; however, if the mechanism of tamoxifen-associated
endometrial carcinogenesis was nongenotoxic, no such prediction about the
safety of the analogues can be made.

6. ANALOGUES OF TAMOXIFEN

Toremifene is not a rat liver carcinogen (2). Its DNA adduct formation in this
organ is reported either to be undetectable (2,16) or at least a 100-fold lower level
than that formed by tamoxifen (15). Studies with sub cellular fractions or purified
enzymes indicate a DNA binding potential of toremifene closer to that of tamox-
ifen (46,55), but again it is not clear to what extent these systems represent the
balance between activation and detoxification operating in intact cells.

Droloxifene is also reported to be noncarcinogenic for rat liver (56). Simi-
larly, DNA adducts were not detected in droloxifene-treated rats (15).
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Table 1
Mutagenicity of α-Hydroxytamoxifen

Cell type Mutations DNA adducts

Bacterial
S. typhimurium TA1538 No No
TA1538 expressing rat YES YES

hydroxysteroid ST
TA1538 expressing human No No

hydroxysteroid ST
Mammalian
V79 cells No No
V79 cells expressing rat YES YES

hydroxysteroid ST
V79 cells expressing human No No

hydroxysteroid ST



Idoxifene has not been tested for carcinogenicity. However, when adminis-
tered to rats for 6 mo, DNA adducts were observed in only 3 of 5 treated ani-
mals, at levels at least 100 times lower than in rats treated with an equimolar
dose of tamoxifen (57). This suggests that idoxifene is unlikely to be a carcino-
gen in rat liver. Studies of the chemical reactivity and DNA adduct-forming
ability in human and rat hepatocytes of idoxifene metabolites and derivatives
indicate that they are significantly less genotoxic than the corresponding
tamoxifen compounds (58).

7. CONCLUSIONS

The mechanism of tamoxifen carcinogenicity in rat liver has been estab-
lished as a genotoxic process involving, principally, activation at the α-posi-
tion of the ethyl side-chain. Biochemical evidence suggests that tamoxifen and
its metabolites are much poorer substrates for the human isoforms of the
enzymes that carry out this biotransformation in the rat. This is reassuring,
given the potent carcinogenicity of tamoxifen in rats. However the mechanism
of tamoxifen-associated endometrial cancer in women and whether there are
additional long-term risks to other organs from treatment with tamoxifen have
yet to be established. Consequently the long-term carcinogenic potential of
other antiestrogens remains to be determined.
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1. INTRODUCTION

Knowledge of environmental factors that are causative of human cancer has
been gained primarily from epidemiologic studies. Since neoplastic disease occurs
spontaneously in lower mammals and can be induced in at least one species by
virtually all of the agents shown to be carcinogenic by epidemiologic studies (1),
animals may be appropriate counterparts for the assessment of human disease.
Since the earliest studies demonstrating the chemical induction of cancer in mice
and rats, the use of such rodents for determining the carcinogenicity of chemical
agents has represented the “gold standard” in classifying an agent as a carcinogen.
However, since the numbers of new chemicals entering our environment every
year are in the thousands (2), the “gold standard” cannot be applied to every chem-
ical for reasons of expense and time. As a result, a number of more rapid and less
expensive tests indicative of the carcinogenicity of a test agent have been devel-
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oped. A listing of some of the more commonly used short-term tests that can be
indicative of carcinogenicity is provided in Table 1. As noted, these tests are car-
ried out both in bacteria and in mammalian cells in vitro, and some short-term
tests for mutagenesis and clastogenicity are performed in whole animals (mouse
micronuclei and rat bone-marrow cytogenetics). All of these short-term tests, with
the exception of those involving morphological transformation of cells in culture,
are concerned directly with induced structural changes in the genome. The basis
for this is that cancer is considered to be a genetic disease, the cancer genotype
inherited from mother to daughter cell. A positive result with a specific compound
in these short-term tests can not be used to classify the test compound as carcino-
genic. However, because of the expense involved in performing a chronic 2-yr
bioassay for carcinogenicity, many chemicals found to be positive in one or more
of the short-term tests, especially the Ames assay, may never be further developed.
In contrast, other chemicals that test negative in several short-term tests but that
are later positive in the chronic bioassay have posed significant problems with
respect to assessment of their potential for human cancer induction.

2. METHODS OF CARCINOGENICITY TESTING

Carcinogenicity testing is a necessary aspect of the therapeutic use of chemicals
in humans. While knowledge of causative factors for human cancer is based on
epidemiological data, other animals are susceptible to both spontaneous and
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Table 1
Short-Term Tests for Carcinogen Identification

Gene mutation assay
Bacterial: Ames assay (histidine reversion assay in Salmonella)
Mammalian: mouse lymphoma thymidine kinase assay

Chinese hamster ovary hypoxanthine-guanine phosphoribosyltransferase
Chromosome aberration

In vitro assay in cell lines
Mouse micronuclei
Rat bone marrow cytogenetics

Primary DNA damage
DNA adducts-32P postlabeling
Strand breakage
Induction of DNA repair

Bacteria: SOS response
Rat liver: unscheduled DNA synthesis (UDS) induction

Sister chromatid exchange (SCE)
Morphological transformation

Syrian hamster embryo (SHE)
Balb/c 3T3



chemically induced neoplasia. Since known human carcinogens can induce neo-
plasia in at least one species of rodent, these mammals are useful surrogates of
human disease (1). Because animals are physiologically and biochemically similar
to humans, they are used to assess the potential risk to humans from chemical
exposure. The initial studies for assessment of potential carcinogenicity resulted in
the use of two species of rodents (rats and mice). These studies consisted of life-
time exposure (young adult to later age) to the maximally tolerated dose of the
compound. This is a stringent test of potential carcinogenicity, requiring that the
test organism be similar (with respect to metabolic capacity, disease status, genetic
background) to the intended human population. Moreover, the nature of therapy—
acute, intermittent, or chronic—during specific periods of life and within certain
disease states with induced changes in physiological processes and responses may
or may not be well mimicked by these assessments in animals. Nonetheless, epi-
demiological studies are the gold standard for assessment of carcinogenicity in
humans, while animal studies provide the gold standard for risk-assessment
processes (1). Interpretation of animal carcinogenicity data and their use for risk
determination for use in humans requires an understanding of both the similarities
and the differences between humans and biological test species (3,4).

Specifically, the pharmacokinetic and pharmacodynamic properties of the
agent under consideration in the rodent after chronic, “high-dose” administra-
tion or therapeutic administration to a specific population of humans with a
variety of genetic backgrounds, disease states, and lifestyle considerations may
impact on differences in biological activity of the compound of interest (5,6).
Cross-species extrapolation requires an understanding of the pharmacology and
metabolism of the agent in question and the differences in metabolism that
arise as serum and tissue concentrations vary with both dose and duration of
exposure. Both the biology of the organism at risk and the chemistry of the test
agent are necessary components in appropriate risk assessment (7).

Epidemiological analysis of familial susceptibility to cancer provides the pri-
mary basis for the somatic mutation theory of human cancer development. Stud-
ies performed by Knudson and his colleagues led to a description of
tumor-suppressor genes (8). Syndromes in the human that occur in individuals
with a mutation in one allele of a tumor-suppressor gene have indicated that a
minimum of two rate-limiting events is necessary for the induction of certain
cancers (9,10). Epidemiological analysis of the age-related incidence of certain
human cancers supports experimental observations that cancer is a multistage
process in both animals and humans (11). The somatic mutation theory is the pri-
mary basis for current cancer risk assessment strategies, although the incorpora-
tion of mechanistic and pharmacokinetic data is implied. Additionally, processes
that are separate from mutagenic activity may contribute to the carcinogenicity of
a compound. One factor other than mutation that is important in human cancer
development is enhanced cell proliferation (12–15). A role for epigenetic
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processes in carcinogenesis is becoming more apparent (16,17). In addition, can-
cer is a multistep (18,19), a multi-stage (20), and a multi-path (21) process, and
pathogenesis has implications for carcinogen testing and human risk assessment.

Based primarily on the linear genotoxic response of certain cells to radiation
and on the two-hit, somatic mutation theory of carcinogenesis, most rapid
screens for carcinogenic potential have equated mutagenicity with carcinogenic
potential (2). A number of rapid genotoxicity screens have been established
(Table 1). These short-term tests are performed in both bacterial (22,23) and
mammalian cells (24) in vitro. In addition, a number of tests (25) for aneuploidy,
chromosomal aberrations, and clastogenesis induction are performed in vivo
(mouse micronuclei and rat bone-marrow cytogenetics). These tests are based
on the induction of structural changes in DNA, but they have limitations (Table
2). It is known that epigenetic mechanisms contribute to carcinogenesis and
control gene-expression patterns including those irreversible processes of devel-
opment and differentiation. One short-term test that may detect both genetic and
epigenetic changes in the genome assesses morphological transformation. How-
ever, human cancer is frequently epithelial in origin (26), and these tests are
generally performed in fibroblasts. The Syrian hamster embryo (SHE) trans-
formation test overcomes this particular problem in that all three germ-cell lay-
ers are potentially targeted (27). It is not clear to what extent morphologic
changes are true predictors of carcinogenic potential. While a positive result in a
short-term test is not sufficient to classify an agent as carcinogenic, such tests
are indicative of potential mode of action (2). Because of the expense of per-
forming 2-yr bioassays for carcinogenicity, many compounds that are positive in
one or more of these short-term tests, specifically the Ames assay, will not be
developed further. In contrast, chemicals which test negative in several short-
term tests but that prove positive in a chronic bioassay pose significant problems
with respect to determination of their potential risk for human cancer induction.

The limitations of the chronic bioassay are of considerable significance and
may be greater than for the individual short-term tests (28). Perhaps the great-
est limitation of the bioassay as it is currently performed is the statistical power
of the test. Specifically, the use of 50 animals fed ad libitum per test condition
(dose, sex, etc.) requires a relatively large number of animals with induced neo-
plasms for a statistically detectable effect even when the background incidence
is low. For example, with a background incidence of neoplasia of 1% in the
control animals, at least a 10% incidence in the treated groups would be neces-
sary to detect a statistical difference. The background incidence of neoplasia is
generally greater than 1% in any one tissue, indicating that a fairly potent car-
cinogenic action would be required for detection in this system. Ames and his
colleagues (29,30) have pointed out the fallacies of administering extreme
doses of a test agent, which may cause tissue destruction and compensatory
hyperplasia (5,6). With such excessive doses, the induction of neoplasia may
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reflect the response to the toxicity of the compound and not its potential for the
induction of neoplasia. Furthermore, because of unique hormonal feedback
mechanisms and specific metabolic pathways, the induction of neoplasms in
certain tissues by selected compounds is due to effects unique to animals and
not seen in humans (4,31,32).
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Table 2
Limitations of Some Short-Term Tests for Carcinogen Identification

Test Limitation

Mutagenesis
Ames test Unique bacterial metabolism of chemical

S9 metabolism of chemical to ultimate form not 
found  in human

Bacterial flora needed to metabolize chemical
Mammalian cell S9 may not work effectively in culture, or ultimate 

mutagenesis carcinogenic form is not produced or does not 
diffuse to nucleus

Clastogenesis
In vitro in cell lines Aneuploidy of cell line may not reflect clastogenic 

effects in stable diploid cells
S9 etc. → ultimate form not effective

Micronuclei in vitro Difficult to distinguish toxicity from clastogenesis
Micronuclei formation Ultimate form may not be produced in or reach the 

and clastogenesis in vivo target site, of interest
In vivo difference(s) in metabolism of chemical in 

rodent and human

DNA damage
Adducts and 32P postlabeling Adduct may be species-specific—relative to 

metabolism as above
Adducts (32P) may be indirectly related to test 

chemical or to other conditions of the test
employed

Strand breakage Spontaneous occurrence – low levels near back
ground

UDS Mechanisms may be indirect; S9 metabolism not 
effective

Background may be high
SCE Mechanism unknown; not good stand-alone test

Morphologic transformation
Syrian hamster embryo (SHE) Difficult to interpret: metabolism limited
3T3 Meaning of transformation in an aneuploid fibroblast 

cell line



Despite the limitations of both short-term tests and the chronic bioassay,
these tests continue in routine use as indicators of the potential of therapeutics,
foodstuffs, and industrial chemicals (7,33). By combining the results of these
classic short-term and chronic tests with cell proliferation (34,35), pharmacoki-
netic (36–38) and pharmacodynamic (38) data, a rational and scientifically
based assessment of the potential for carcinogenic risk to the human population
is established. One aspect of understanding the potential for risk with adminis-
tration of different doses and durations of exposure is to examine the effect of
the test agent on the different stages in cancer development. Another factor is in
the integration of biological data into the risk-assessment process (39,40).

Epidemiological analysis of human cancer incidence has provided several key
pieces of information regarding the cancer-development process. Specifically, the
age-related incidence of certain human cancers (10,11), in concert with analysis of
individuals with familial cancer syndromes (11,12), provides evidence for the
somatic mutation theory of cancer development. These studies provide insight into
the requirement for a minimum of two rate-limiting steps in the cancer develop-
ment process in many tissues (10). Later studies provided evidence that this could
involve two inactivating events within certain genes, those associated with a
tumor-suppressor function (41,42). In addition, epidemiological studies supported
observations in other animals that a long latency period separated the initial expo-
sure of a chemical from the ultimate clinical detection of neoplasia (9,10). Further-
more, epidemiological studies of cancer induction suggest that cancer is a
dynamic process that is multistage (20), multistep (18,19), and multipath (21).
Laboratory studies provide evidence that the neoplastic process may be opera-
tionally divided into the stages of initiation, promotion, and progression (20). Bio-
chemical and molecular changes associated with the pathogenesis of neoplasia
development during these stages have been examined in experimental systems of
mouse skin (43–46) and rat liver (47–50). The natural history for cancer develop-
ment is reflected in age-incidence patterns of several human cancers (10). In addi-
tion, altered patterns of cell proliferation also clearly contribute to an increased
risk of cancer development, even though such increases in proliferation are not
strictly one of the rate-limiting events in cancer development (12). Carcinogenic
agents can affect the neoplastic process at any or each of the steps in the natural
history of cancer development.

3. THE MULTISTAGE NATURE OF CARCINOGENESIS

Neoplasia is characterized by a long latency period between first contact
with the carcinogenic agent and the ultimate development of neoplasia. A
better understanding of the biology and ultimately the mechanism of this
latency period and its role in carcinogenesis resulted from studies in animals,
especially in the mouse skin (51) and the rat liver (52), and from human
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epidemiology (11). These studies have led to the current concept that the
pathogenesis of neoplasia develops through at least three operationally
defined stages, beginning with the stage of initiation, followed by an interme-
diate stage termed promotion from which evolves, the ultimate stage of pro-
gression with the appearance of frank malignancy. We (53) and others (54,55)
have defined several biochemical and molecular characteristics of these three
stages, as a result of studies of the pathogenesis of neoplastic development in
mouse skin and rat liver.

3.1. Initiation
Until recently, the stage of initiation had been characterized and quantitated

well after the process of carcinogenesis had begun. As with mutational events,
initiation requires cell division for the “fixation” of the process (56,57). The
quantitative parameters of initiation—dose response and relative potency—
have been demonstrated in a variety of experimental systems (55,58,59). These
parameters may be modulated by alteration of xenobiotic metabolism (60) or
DNA repair (61) and by trophic hormones (62). In addition, the metabolism of
initiating agents to nonreactive forms and the high efficiency of DNA repair
can also alter the process of initiation.

A major characteristic of the stage of initiation is its irreversibility in the
sense that the phenotype is established at the time of initiation. There is accu-
mulating evidence that not all initiated cells survive over the period of an
experiment or the lifespan of the organism. The demise of initiated cells
appears to be due to the process of programmed cell death or apoptosis (63).

Spontaneous preneoplastic lesions have been described in a number of experi-
mental systems (64,65) as well as in the human (65–67). Thus, it would appear
that the spontaneous or fortuitous initiation of cells in a variety of tissues is a very
common occurrence. It follows then that the development of neoplasia can result
from the action of agents at the stages of promotion and/or progression.

3.2. Promotion
As is true of the initiation stage of carcinogenesis, a variety of chemicals have

been shown to induce the promotion stage of cancer development. However,
unlike chemicals that induce the stage of initiation, promoting agents and their
metabolites do not interact with DNA directly. For certain promoting agents,
metabolism is not required for their effectiveness. A target tissue specificity of pro-
moting agents has included tetradecanoyl phorbol acetate (TPA) in mouse skin-
tumor promotion (51), and saccharin for the bladder (68), while phenobarbital is
an effective promoting agent for rodent hepatocarcinogenesis (52). Agents such as
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) are very effective promoting agents
for rat liver carcinogenesis (69) and mouse lung and skin (70,71). Endogenous
agents including both androgens and estrogens are effective promoting agents in
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their target end organs, as well as in liver (72–74). In addition, cholic acid
enhances preneoplastic and neoplastic lesions in the rat colon (75). Agents that
induce the synthesis of peroxisomes in liver are effective promoting agents and
induce hepatic neoplasms upon chronic high-dose administration (76). Multiple
other agents including polypeptide hormones, dietary factors including total calo-
ries, halogenated hydrocarbons, and numerous other chemicals have been found to
enhance the development of preneoplastic and neoplastic lesions in one or more
systems of carcinogenesis including the human (53,77).

The distinctive characteristic of promotion as contrasted with initiation or
progression is the reversible nature of this stage (77). Boutwell (51) first
demonstrated that by decreasing the frequency of application of the promoting
agent after initiation in mouse skin there was a lower yield of papillomas than
was obtained by more frequent application of the promoting agent. Other
investigators (78,79) later demonstrated that papillomas developing during pro-
motion in mouse epidermal carcinogenesis regress in large numbers both on
removal of the promoting agent and during its continued application. The
regression of preneoplastic lesions upon withdrawal of the promoting agents
may be due to apoptosis (63). This proposed mechanism is supported by the
demonstration that certain promoting agents inhibit apoptosis in preneoplastic
lesions (80,81). Another potential pathway of this operational reversibility is
“redifferentiation” or remodeling (82). Thus, cells in the stage of promotion are
dependent on continued administration of the promoting agent (83), as implied
by the early studies of Furth (84) on hormonally dependent neoplasia.

Another characteristic of promotion is its susceptibility to modulation by
physiologic factors. The stage of promotion may be modulated by the aging
process (85), as well as by dietary and hormonal factors (86). For example, the
promotion of hepatocarcinogenesis (87) and chemically induced rat mammary
cancer are modulated by dietary (88) and hormonal (89) factors. Several hor-
mones can be carcinogenic and are effective promoting agents (90–92). Thus,
hormones may serve as an exogenous or endogenous source for modulation of
cell proliferation during carcinogenesis (77). Such physiological agents may be
one factor underlying endogenous promotion of initiated cells.

The dose-response relationships of promoting agents exhibit sigmoid-like
curves with an observable threshold and maximal effect (93–95). The relative
potency of promoting agents may be determined as a function of their ability to
induce the clonal growth of initiated cells. Thus, the net rate of growth of pre-
neoplastic lesions can be employed to determine relative potencies of promot-
ing agents (58,96).

3.3 Progression
The transition from the early progeny of initiated cells to a malignant-cell

population constitutes the major part of the natural history of neoplastic devel-
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opment. Foulds recognized the importance of the development of neoplasia
beyond the appearance of any initial identifiable lesions (97). The characteris-
tics of malignant progression that he observed—growth rate, invasiveness,
metastatic frequency, hormonal responsiveness, and morphologic characteris-
tics—vary independently as neoplasia develops. The stage of progression is
distinguished from the stage of promotion by its irreversibility and evolving
karyotypic instability (98); however, environmental alterations may influence
the stage of progression. For example, exposure to promoting agents can alter
gene expression and induce cell proliferation. As growth of the neoplasm con-
tinues and karyotypic instability evolves, responses to environmental factors
may be lost or altered (98,99). Agents that act only to effect the transition of a
cell from the stage of promotion to that of progression may be termed progres-
sor agents. Such agents would presumably have the characteristic of inducing
chromosomal aberrations, but may not necessarily be capable of initiation. In
some cases, progressor agents may serve to enhance the clastogenesis associ-
ated with evolving karyotypic instability. Mechanisms during progression that
may contribute to an evolving karyotypic instability include the inhibition of
DNA repair (100), including altered topoisomerase activity (101), gene amplifi-
cation (102), and altered telomere integrity (103). As with initiation and promo-
tion, spontaneous progression may also occur. In fact, spontaneous progression
would be highly fostered by increased cell replication (104).

3.4. Evidence of the Multistage Nature of Carcinogenesis 
from Animal Studies

As noted earlier, the definition and characteristics of the three stages of car-
cinogenesis – initiation, promotion, and progression – have been derived from
animal studies. The first experimental system in which initiation and promotion
were investigated was mouse epidermis (51). In the early 1970s, several inves-
tigators (55,105), but notably Dr. Carl Peraino and his associates (106), demon-
strated initiation and promotion in rat liver. Since that time a number of
multistage models of carcinogenesis in the rodent have been described (52).
Furthermore, the distinction between the stages of promotion and progression,
which was not appreciated in the early studies of multistage carcinogenesis
(84), has been demonstrated from investigations in the mouse epidermal and rat
liver systems (107–109). Most other multistage experimental carcinogenesis
systems have not rigorously distinguished between the stages of promotion and
progression, although such a distinction could be made. On the other hand,
there are numerous examples of preneoplastic lesions indicative of the multi-
stage nature of carcinogenesis. In addition, both genotypic and phenotypic dis-
tinctions between the stages of promotion and progression can be made. While
the characteristics of reversibility, euploidy, and the selective enhancement of
growth and inhibition of apoptosis by promoting agents in these lesions have
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not been applied in most cases, it is reasonable to argue on the basis of their
biological behavior that such lesions are the precursors of malignancy, even
though the frequency is low (110). Furthermore, in all cases, such lesions pre-
cede the appearance of the malignant state.

Since it has been argued that the genetic changes occurring in the stages of
initiation and progression are analogous if not equatable to the first and second
“genetic hits” postulated as rate-limiting events for the malignant state (111),
the multistage nature of neoplasia is probably ubiquitous in animals and
humans. In this way, the multistage nature of induced carcinogenesis and the
evolution of Mendelian-inherited cancer can readily be accommodated.

3.5. Evidence of the Multistage Nature of Carcinogenesis in Humans
Even prior to the demonstration of the more general applicability of the mul-

tistage model of carcinogenesis exemplified by mouse epidermis, the concept
was applied to an understanding of human neoplasia through the use of a num-
ber of multistage models of carcinogenesis, especially those patterned after the
Armitage and Doll model (112). In this and related models, the effect of carcino-
genic agents was described as altering the rates at which cells pass from one
stage to the next. Through such concepts, some agents effective as carcinogens
for the human were proposed to effect transitions primarily at an early stage,
whereas others would affect the process at a later stage. From this model, it was
possible to separate carcinogens into those acting at an “early stage” and those at
a “late stage” of the process. It is clear that numerous factors are very important
in the determination of such actions by carcinogenic agents, the most useful
relating exposure to duration and age of the exposed individual. In particular, the
time since the initial exposure, the duration of exposure, the time following ces-
sation of exposure, and the age at first exposure to the agent all become impor-
tant considerations. Unfortunately, in many cases, it may not be possible to
determine each of these parameters with confidence for the human. If the agent
were an “early stage” carcinogen, both the increase in incidence beginning with
and during exposure and the decrease in incidence following cessation of expo-
sure will be delayed. However, in the case of a late-stage carcinogen, responses
both to starting and ceasing exposure will be much more rapid. Such relation-
ships have been discussed by Day and Brown (113). Through such reasoning,
ionizing radiation may be considered as an early-stage carcinogen in the induc-
tion of a number of solid tumors in the human. In several known examples of
neoplasia induced by ionizing radiation, an increased incidence of clinically
detected cancer tends to occur only about 10 yr after exposure and continues to
increase for several decades thereafter (114). In contrast, the marked excess of
reticulum-cell sarcomas after organ transplantation is evident within 6 mo after
the transplant, so that the process may be considered a late-stage carcinogen by
the reasoning describe earlier (115). Exposure to sunlight and its relation to non-
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melanoma skin cancer in the average individual would classify it as an early-
stage carcinogen, but exposure of patients with the genetic disease xeroderma
pigmentosum to the same agent would classify sunlight as a late-stage carcino-
gen, in view of the extremely rapid appearance of skin neoplasms in such indi-
viduals (116). This latter finding emphasizes the critical nature of the genetic
background of the individual when such a carcinogen classification is utilized.
From these examples and others, it is clear that the terms “early” and “late” as
used in attempting to correlate multistage models with epidemiologic findings
may not necessarily relate directly to the stages of initiation, promotion, and
progression, as discussed previously.

By comparing the findings in human epidemiology with experimental results
in multistage models in animals, it is possible to define other evidence in support
of a multistage development of neoplasia in the human. In most histogenetic
types of human neoplasia, it is possible to demonstrate a pathologically charac-
teristic preneoplastic and/or premalignant lesion that occurs prior in time to the
malignant process (117). In some of these examples, the premalignant form or
carcinoma-in-situ can be seen to arise in the preneoplastic lesion. Furthermore,
the incidence of cancer in the human clearly increases with age, but different neo-
plasms exhibit different peak incidences during the lifespan of the human (118).
The major incidence of many cancers that exhibit a Mendelian type of inheri-
tance occurs in early childhood, whereas the peak incidence of breast and cervi-
cal cancer is usually in the fifth and sixth decades, and that of prostatic cancer
after the age of 65. These observations may be reconciled with the multistage
nature of neoplastic development in that those neoplasms that occur primarily
late in life require a prolonged process of promotion for their development. As
has been previously pointed out (53), the major causes of human cancer as identi-
fied by Doll and Peto (119) are related primarily to the action of promoting agents
and account for the vast majority of the most common human neoplasms occur-
ring in older age groups. In those neoplasms exhibiting an autosomal dominant
pattern of inheritance, the multistage nature of their development may be related
to the concept that all cells of the organism may be considered as initiated,
exhibiting a single genetic alteration or “hit” as originally proposed by Knudson
(111). The second hit, which results primarily from chromosomal or other global
genetic changes resulting in homozygosity of the altered genetic locus associated
with tumor development, is comparable to the stage of progression (120).
Although our definitive knowledge of specific carcinogenic agents for the human
is not nearly so extensive as that in the animal, there are sufficient data for a num-
ber of human neoplasms that some of the factors involved in the multistage
nature of several types of human neoplasms can be proposed (Table 3). For the
most part, in this table the identity of the initiating agent is not clear and thus is
presumed as occurring “spontaneously.” The evidence for the stage of promotion
is emphasized in this tabulation, while in most cases the stage of progression may
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Table 3
Multistage Factors in Human Carcinogenesis

Reversibility of risk 
Promoting/progressor and/or precursor 

Neoplasm/tissue Preneoplastic lesion agent(s) lesion References

Carcinoma/esophagus Dysplasia Croton oil components ND* (121,122)
Alcohol/smoking Yes (123,124)

Carcinoma/stomach Intestinal metaplasia, dysplasia Smoking Yes (125–128)
Carcinoma/colon Aberrant crypts Bile acids, fat, protein ND (129,130)
Carcinoma/breast Atypical lobular hyperplasia Calories (fat?), alcohol ND (131–134)
Carcinoma/respiratory tract Dysplasia Cigarette smoke Yes (135–138)
Carcinoma/liver Dysplasia, adenomatous Synthetic estrogens, alcohol Yes (139–142)

hyperplasia
Carcinoma/bladder Dysplasia Cigarette smoke Yes (143,144)
Carcinoma/endometrium Atypical hyperplasia Estrogens, antiestrogens Yes (145)
Carcinoma/cervix Dysplasia Cigarette smoke, synthetic Yes (146–149)

estrogens
Carcinoma/prostate Atypical hyperplasia, Androgen, dietary fat ND (150–152)

intraepithelial neoplasia

* ND, Not determined.



be spontaneous. Thus, one may tentatively conclude that the natural history of
neoplastic development in the human, as in other animals, occurs through the
stages of initiation, promotion, and progression. This concept has profound
implications in the prevention, therapy, and management of neoplastic disease in
the human, as examined for a class of chemicals therapeutically useful in the
human, the triphenylethylene antiestrogens.

4. THE TRIPHENYLETHYLENE ANTIESTROGENS: A PARADIGM
OF DRUG DEVELOPMENT IN ANIMALS AND HUMANS

The demonstration of the effectiveness of surgical oophorectomy for the
treatment of breast cancer (153), coupled with an increasing understanding of
the ovarian hormones responsible for vaginal cornification (154), laid the foun-
dation for the use of antiestrogens to treat and prevent breast cancer in the
human. The discovery of the estrogen receptor as the endogenous protein to
which the active component of the ovary responded and which, if present in the
breast cancer, predicted response to endocrine manipulations (155,156) was a
major breakthrough in understanding ovarian-hormone action. Even prior to
the discovery and appreciation of the estrogen receptor, there was great interest
in the structural attributes of estrogen and antiestrogen action.

The triphenylethylene derivatives have a very complex pharmacology, with
both estrogenic and antiestrogenic activity, as exemplified by studies of the
species, strain, hormonal status, tissue, and gene specificity of its action (157).
Since ovarian hormones and presumably estrogens are necessary for the matura-
tion of the immature female reproductive tract, the effects of estrogenic and
antiestrogenic agents have been classified with this as an end point (154). Early
studies established that the phenanthrene ring is not necessary for estrogenic
activity in the mouse vaginal cornification test (158,159). However, a bispheno-
lic structure is sufficient for estrogenic action. The presence of a diethyl substi-
tution of the ethylenic bond of stilbesterol resulted in the potent estrogen,
diethylstilbesterol (160). The triphenylethylene structure is a weak estrogen in
such systems (161); however, replacement of the free ethylenic hydrogen in the
triphenylethylene structure by a halogen increased the potency and duration of
action of the estrogenic action. For example, the chlorinated compound TACE
(Tri-p-anisylchloroethylene) is an effective estrogen in the Allen-Doisey test
(162). In 1958, Lerner and his colleagues synthesized the first nonsteroidal
antiestrogen ethamoxytriphetol, MER 25 (163). Importantly, MER25 was anti-
estrogenic in every species tested (163,164); however, it was withdrawn from
the clinic because of central nervous system (CNS) side effects. When MER 25
was removed from development, other triphenylethylenes were developed.
Clomiphene, while more potent than MER 25, had a mixed agonist/antagonist
activity at the estrogen receptor (165). Nonetheless, several triphenylethylenes
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including clomiphene, nafoxidine, and tamoxifen were tested in both laboratory
animals and in the clinic for activity against breast cancer (cf. 166). The tri-
phenylethylenes have an intrinsic antiestrogenicity (167), but their metabolism
to a 4-hydroxy derivative is advantageous as demonstrated by the increased
antiestrogenic activity of compounds halogenated at the 4 hydroxy position
(168,169). Interestingly, the triphenylethylenes, while potent antagonists of the
estrogen receptor, also have a partial agonist activity (170,171). In addition,
striking species differences in response to triphenylethylenes exist (172). Anti-
estrogens that are potent but have a low intrinsic estrogenicity have been devel-
oped, such as the benzothiophene antiestrogens (173). Antiestrogens with less
intrinsic estrogenic action are being developed, and these include the poly-
hydroxylated antiestrogen, raloxifene. The in vivo effectiveness of the tri-
phenylethylenes is a function of the intrinsic estrogen/antiestrogen action of the
agent, its metabolic activation or inactivation, and the concentration attained at
the target tissue. The ability of tamoxifen to inhibit the estrogen-dependent
growth of specific tumors, including the breast, and to lower the risk of osteo-
porosis and of cardiovascular disease has resulted in widespread interest in
establishing safe and effective therapeutics with target-specific action (166,174).

Determination of structure activity relationships after in vivo administration
are fraught with concerns over the pharmacokinetics and pharmacodynamics of
the different compounds, and this is particularly true for the triphenylethylenes.
These agents have an extremely complex pharmacology. Structure activity
assessments of the triphenylethylenes differ with respect to the end point and
the tissue (including species, strain, and hormonal status) examined. Com-
pounds that have a genotoxic potential in vitro differ in this respect between tis-
sues that have different complements of metabolic capabilities including both
phase 1 and phase 2 enzyme systems, DNA repair activities, and proliferative
rates. The structural basis of genotoxic action of a compound may differ from
its ability to stimulate proliferation, effect tumor promotion, and induce
tumors.

4.1. Metabolism
Tamoxifen undergoes extensive oxidative metabolism resulting in a pattern of

metabolites that reflect the tissue and species under examination (c.f. 175–179).
The metabolism of tamoxifen includes demethylation, deamination, and hydroxyl-
ation pathways mediated by cytochrome P450s (176,180–185), flavin monooxy-
genase (186), and peroxidase (187) enzymes. The three primary serum
metabolites of tamoxifen are the N-desmethyl (188), 4-hydroxy tamoxifen (189),
and N-oxide tamoxifen (190,191). Further metabolism of tamoxifen can occur
including deamination to Metabolite Y (192,193) and didemethylation to Metabo-
lite Z (194). Various combination steps in tamoxifen metabolism have been
detected including products such as 4-hydroxy N-desmethyl tamoxifen and α-
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hydroxy, N-oxide tamoxifen (195,196). Both glucuronidated and sulfated deriva-
tives have also been detected after in vivo administration (197). In addition, low
levels of didesmethyl and 3,4-dihydroxy tamoxifen and compounds E and Y have
been detected as have α-hydroxy tamoxifen, α-hydroxy N-desmethyl tamoxifen,
4-hydroxy desmethyl tamoxifen, and 4-hydroxy, N-oxide tamoxifen (198). In the
rat, males have a higher rate of N-demethylation than females, while female rats
have a higher rate of 4-hydroxylation. In males, CYP1A2 and CYP3A2 may con-
tribute to N-demethylation of tamoxifen, while CYP3A1 predominates in the
female. The predominance of 4-hydroxylation may be due to CYP2C12 or
CYP2A1 in the female rat (176). Metabolic differences between species and dif-
ferent tissues are of interest since tamoxifen is carcinogenic to the rat liver, the
immature mouse uterus, and potentially the human uterus. Comparative analysis
of metabolism has been made between microsomes, cultured cells, and after in
vivo administration (175,179,185,195,198).

At least three lines of evidence indicate that tamoxifen is metabolized to its
primary serum metabolite, N-desmethyl tamoxifen, through the action of
CYP3A. First, molecular modeling analyses indicate that CYP3A is involved
in this metabolic route of tamoxifen (199). Mani and his co-workers (176,185)
have indicated the involvement of CYP3A and possibly CYP1A, CYP2C11,
and CYP2C6 in the metabolism of tamoxifen to its N-desmethyl metabolite in
the rat. Jacolot and co-workers have further demonstrated the importance of
CYP3A in the generation of N-desmethyl tamoxifen in isolated rat hepatic
microsomes (184), and Mani et al. (185) have indicated that CYP3A is the pre-
dominant form active in human microsomes. Metabolic activation of tamox-
ifen has been determined from analysis of the covalent binding of tamoxifen
derivatives to proteins (185,200–202) and to DNA (203–209). The activation
of tamoxifen is partially P450 dependent and may occur through the CYP3A
pathway (85,201–202). White and his coworkers have suggested that CYP3A4
and CYP2B6 mediate activation of tamoxifen in the human, while CYP3A1
and CYP2B1 may mediate its activation in the rat (202). Data from Mani and
Kupfer would support the predominant role of the CYP3A family in this
process (185). The flavin mono-oxygenase has likewise been implicated in the
activation of tamoxifen for protein binding (200), and it is potentially responsi-
ble for metabolism of tamoxifen to the N-oxide (186). The 4-hydroxylation of
tamoxifen is through an as yet uncharacterized pathway believed due to a con-
stitutive P450 (186). A constitutive P450, possibly of the CYP2C class, has
been suggested to be involved in this metabolism (186), while other studies
implicate the inducible CYP1A1 or CYP2B1/2 forms. These latter findings on
the P450 pathway responsible are not supported by antibody-inhibition studies
(186), while the involvement of 3A1 in activation of tamoxifen in rat liver has
been confirmed. One modeling study implicates CYP2C9 or CYP2D6 (199),
while a separate study that examined a limited number of human samples sug-
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gests that CYP2D6 is not involved (210). Studies by White et al. (202) indicate
that CYP3A4 and CYP2B6 may be involved in protein binding detected in
human microsomes incubated with tamoxifen. In vitro studies indicate that
tamoxifen is metabolized to the N-desmethyl, the 4-hydroxy, and under certain
circumstances the N-oxide. In microsomal preparations, various epoxides have
been detected (177) including the 3,4 epoxide, which has been suggested to
bind to microsomal protein under these conditions (201).

A mechanistic hypothesis implicates the α-hydroxy derivative of the allylic
carbon of the ethyl side chain as the reactive intermediate which results in forma-
tion of the DNA adduct (211). This hypothesis is supported by the enhanced
chemical reactivity of the α-hydroxy metabolite compared with the parent
tamoxifen molecule and the decreased reactivity of the deuterated [D5ethyl]
tamoxifen derivative (212,213), and while the P450(s) responsible for this metab-
olism have not been determined, the CYP3A family has been implicated (185).
The metabolic route responsible for generation of the α-hydroxy tamoxifen is
unknown, but the CYP3A gene family is probably involved based on the role of
CYP3A in the generation of the procarcinogenic form. Species differences in the
rate of tamoxifen metabolism have been established, with the mouse a more rapid
metabolizer than the rat, which is more rapid than the human (177,202). In the
mouse, the detoxification pathways of N-oxidation and 4-hydroxylation predom-
inate, in contrast to the N-demethylation route observed in the rat and human.
Certain tamoxifen metabolites are observed in the mouse, but not the rat or
human, including the 4-hydroxy N-oxide and 3,4 dihydroxy tamoxifen. In the rat,
the 3′4′ epoxide was detected in addition to the 3,4 epoxide formed by both
mouse and human microsomes. The rat hepatic microsomes synthesized more
epoxide than did those from either the mouse or human (177). The biological
reactivity of epoxides and the lack of information on the metabolic pathway
involved in their generation suggest that this pathway should be further explored.
A quinone hypothesis has been put forward in which 4-hydroxy tamoxifen is sub-
sequently oxidized to the electrophilic methide quinone (187,214) from which
detected DNA adducts have been deduced to arise (215).

Importantly, toremifene is metabolized by this family of enzymes (CYP3A),
and in vitro but not in vivo data indicate that toremifene may have a genotoxic
potential under certain conditions. At least one modeling paper indicates that
toremifene has structural correlates indicative of carcinogenic potential (216).
Similar to tamoxifen, toremifene is extensively metabolized in both the rat and
the human (217,218) to numerous metabolites including N-desmethyl-
toremifene. The N-desmethyltoremifene is further metabolized to didesmethyl
toremifene, carboxylic acids, and deaminohydroxy derivatives (219). Under
certain conditions 4-hydroxy toremifene is also detected (cf. 220–225). Two
newer triphenylethylene derivatives, droloxifene (226–228) and idoxifene
(229,230), have enhanced clearance rates compared with tamoxifen.
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Species comparisons of tamoxifen metabolism have been performed in micro-
somal preparations and in vivo. The pathways of metabolism that contribute to
the genotoxic and carcinogenic potential of tamoxifen are not entirely delineated
(179). While certain pathways are believed to be involved in the generation of
tamoxifen-derived adducts (179,231), other pathways may contribute to addi-
tional biological activities that impact on cancer development. The biotransfor-
mation pathways available at high and low doses may differ within an individual
and different tissues, as clearly occurs between species. In addition, the accumu-
lation of tamoxifen and its metabolites in tissue relative to serum may contribute
to less well-described patterns of metabolism (232). Furthermore, distinct meta-
bolic pathways may exist in different tissues and between species.

Although evidence of adduct generation has been observed for acute
toremifene administration, a lower number and quantity of DNA adducts are
produced than by tamoxifen (202,204,205); structural alerts imply a genotoxic
potential for toremifene (216), as had been suggested from in vitro studies
(205,233,234). Idoxifene is purported to be without adduct-forming ability;
however, pyrrolidino-tamoxifen results in the formation of adducts (205), indi-
cating a genotoxic potential for idoxifene. Clinically relevant antiestrogens
may be genotoxic with chronic exposure (235), and the mechanism for this car-
cinogenic potential needs to be assessed prior to their use in chronic treatment
strategies for nonmalignant indications.

Distinct mechanisms of activation may occur in different organs with, for
example, tamoxifen (185,236) and toremifene (187,237) undergoing peroxidative
metabolism in the uterus but not in the liver (238). In addition, a low level of
kidney adducts has been observed in the rat with tamoxifen treatment
(203,207,209,238). One study did not detect uterine adducts in humans (236),
while others have detected uterine adducts in both rats (187) and humans (239)
treated with tamoxifen. Numerous adducts have been detected upon administra-
tion of tamoxifen, indicating that more than one pathway contributes to the adduct
load detected after tamoxifen administration, as has been demonstrated in the
mouse (207). The observation of mutations in the p53 gene in hepatic neoplasms
of tamoxifen-treated rats (240) and the suggestion of p53 mutations in samples
from tamoxifen-treated patients (241) indicate that these adducts may also have a
mutagenic potential. In addition, mutations in the Ki-ras gene have been detected
at a higher frequency in endometrial tumors of tamoxifen-treated breast-cancer
patients than in other endometrial neoplasms (241). Recently, a mutagenic action
of tamoxifen has been demonstrated in Fischer lacl transgenic rats administered
tamoxifen (242,243). It will be important to identify those adducts that arise from
activation of the triphenylethylene structure, as well as those which result from
alteration of the endogenous modifications present in DNA (209).

Metabolism of tamoxifen and its phase 1 metabolites by phase 2 conjugation
enzymes may also be an important component of its bioactivation (211). The
DNA adduct-forming activity of α-hydroxy tamoxifen (207,212,213) necessi-
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tates protonation or conjugation (211). Importantly, inhibition of sulfotrans-
ferase inhibits detection of selected DNA adducts while enhancing the detec-
tion of other adducts, implicating phase 2 reactions in its in vivo bioactivation
(207,244). In vitro, both α-acetoxytamoxifen (234,245) and α-sulfate (245)
tamoxifen react with DNA to form adducts. In addition, glucuronidation
(246–248), sulfation (207,244), and conjugation with glutathione (247,248)
influences excretion rates and tissue and species specificity of tamoxifen
action, including its potential for toxicity.

4.1.1. DNA ADDUCTS

The identity of the activated electrophilic metabolite(s) of tamoxifen has not
been completely determined, but α-hydroxy tamoxifen has been implicated as
the reactive intermediate. Several lines of evidence support this contention;
specifically, D5-ethyl tamoxifen is less DNA reactive than the parent tamoxifen
compound (249,250). In addition, α-hydroxy tamoxifen is more reactive than the
parent tamoxifen (233,234). However, the α-hydroxy group must first be proto-
nated or conjugated to create a good leaving group (211), thus creating a very
reactive intermediate. The loss of this leaving group would create a very reactive
carbon center resulting in DNA adduct formation (211). An important study per-
formed by Randerath et al. (207,244) indicates that two pathways exist for the
formation of DNA adducts from tamoxifen, at least in mice. In these studies, pen-
tachlorophenol, an inhibitor of sulfotransferase enzymes (as well as other enzyme
activities), limits the formation of one subset of tamoxifen-induced DNA
adducts, while enhancing the formation of a second set of adducts.

The α-hydroxy tamoxifen derivative is formed in vitro from derivatives of
tamoxifen such as the N-oxide, which retain nitrogen group basicity (190,251).
Importantly, microsomes from mice, rats, and humans synthesize α-hydroxy
tamoxifen. Furthermore, the α-hydroxyglucuronide has been detected in the
liver of rats treated with tamoxifen (246). Other studies have implicated the
CYP3A pathway and possibly the flavin-mono-oxygenase in the generation of
the electrophile(s) from tamoxifen (200). The 3,4 epoxide of tamoxifen has
also been suggested as a precursor of tamoxifen-induced DNA adducts
(201,208,237,252), as have the 4-hydroxy tamoxifen (214,237) and Metabolite
E derivatives (253). Interestingly, droloxifene (3-hydroxy tamoxifen) does not
appear to induce DNA adducts with in vivo administration (205). Phillips et al.
(213) initially suggested that the 1,2 epoxide of tamoxifen may account for up
to 40% of the detected DNA adducts, but it has been suggested that this
metabolite is not formed in vivo; were it to be formed under physiological con-
ditions, it is metabolically stable. The 3,4 epoxide of tamoxifen has likewise
been suggested as a potential source of DNA adducts (201,205,237,252), and
this metabolite is formed by rat, mouse, and to a lesser extent human (177,198).
Several other hypotheses exist with respect to the identity of the precursor
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metabolite including modification of the basic ether side chain (200,216) and
the substitution of the alkyl side chain of ethylene with an α-hydroxyl group
(211). In addition, the quinone methide has been suggested as an alternative
pathway for tamoxifen activation primarily by Pathak and Boddell (206) with
supporting evidence from the work of Moorthy et al. (214). The challenge will
be to determine which adducts are formed in vivo, which are mutagenic, and
which trigger processes leading to tissue-specific carcinogenesis.

The electrophilic metabolite of tamoxifen that is responsible for genotoxic-
ity is unclear. Several groups have proposed a variety of candidates including
α-hydroxy tamoxifen (234,250), 1,2 epoxy tamoxifen (250), 4-hydroxy
tamoxifen (214), 3,4 epoxy tamoxifen (177,254), and the 3′,4′ epoxy
(177,254) tamoxifen metabolites. Lim et al. (177) have detected tamoxifen
3,4 epoxide as a metabolite of tamoxifen, while the 1,2 epoxide was not
detected. In addition, the 1,2 epoxide is chemically stable and the dihydroxy
diol derivative is not observed. Furthermore, both the N-oxide, α-hydroxy
metabolite, and the N-desmethyl, α-hydroxy metabolite have been detected in
the urine of patients that were administered tamoxifen, suggesting that the α-
hydroxylation pathway is a detoxification pathway. The 4-hydroxy, α-
hydroxy tamoxifen derivative is additionally formed. While α-hydroxy
tamoxifen derivatives are not highly DNA-reactive in vitro (250), the genera-
tion of this hydroxyl group when combined with esterification, for example,
sulfation or acetylation, can result in the formation of very reactive intermedi-
ates, which appear responsible for a portion of the spectrum of tamoxifen-
derived DNA adducts (207,234,244,245). Thus, the α-hydroxy metabolite,
which is made by mice, humans, and rats (198), can be activated, at least in
vitro, to a DNA-reactive form (243). Recent studies have demonstrated that
the α-(N2-deoxyguanosinyl) tamoxifen derivatives in which the trans form
predominates are in vivo adducts formed from tamoxifen (234,240,244). In
addition, the dG-N2-tamoxifen adduct epimers have been demonstrated to be
miscoding and hence may be responsible for the generation of mutations by
tamoxifen in vitro. Since polymerase α can insert a G opposite the dG N2

adduct, a G-C transversion can arise, as can small deletions. Similarly, poly-
merase β can result in both G-C and G-T transversions from dG-N2 tamoxifen
adducts (255). Furthermore, the 3,4 epoxide derivative and the 3,4-dihydro-
diol have been detected in preparations from microsomes (177) and may also
result in DNA adduct formation. The hypothesis of Potter and his colleagues
indicates a mechanism whereby toremifene and droloxifene would have a
limited genotoxic potential based on their relative inability to generate the
pro-DNA adduct forming α-hydroxy metabolite (211).
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4.2. Evidence for Initiating Activity of Tamoxifen
4.2.1. STANDARD IN VITRO GENOTOXICITY TESTS OF TAMOXIFEN

The in vitro genotoxicity of tamoxifen has been recently reviewed (c.f. 179
and 231,256). Standard mutational analyses have been performed with tamox-
ifen, and these have been uniformly negative at up to 1 mg per plate (257). Five
strains of Salmonella typhimurium (TA 1535, 1537, 1538, 98, and 100) have
been used both with and without a rat liver postmitochondrial supernate (S9).
Doses up to and including the toxic dose of 50 µg per plate were not mutagenic
(c.f. 179). Furthermore, Tannenbaum (179) has indicated that forward muta-
tions at the hypoxanthine phosphoribosyl transferase locus are not induced by
the administration of tamoxifen either with or without an activated rat S9 in
Chinese hamster ovary (CHO) cells. A dominant lethal study in rats indicated
that tamoxifen was also negative at doses of up to 9.6 mg per rat administered
for 5 d (257).

Results on the mutagenicity of toremifene in bacterial and mammalian muta-
genicity screen have not been published. However, toremifene administration
will induce micronuclei in MCL-5 cells that contain exogenous CYP2E1 or
CYP3A4 without addition of an activating system (252,255). In addition, a low,
but detectable, level of DNA adducts has been observed in rat liver following
acute toremifene administration of 33 mg/kg (258) to 50 mg/kg (204,255) po.
Additionally, human lymphocytes incubated in vitro with 100 µg/mL (but not
lower concentrations) toremifene were also positive for DNA adduct formation
(259). In comparison to tamoxifen, toremifene induced only a low level of
DNA adducts in microsomal activation studies (252,255) and after in vivo
administration (209,246,252). However, horseradish peroxidase-activated
toremifene results in the generation of covalent DNA and protein adducts at a
level equivalent to that of tamoxifen (237).

4.2.2. UNSCHEDULED DNA SYNTHESIS (UDS) ASSAY

A lower level of unscheduled DNA synthesis occurs in tamoxifen-pretreated
rats (45 mg/kg per os for 3 d) than in those that are untreated (179,257), indi-
cating that tamoxifen may induce its own activation. However, unscheduled
DNA synthesis in rat hepatocytes has been demonstrated. Incubation with 2 µg
tamoxifen/mL was used in hepatocytes from rats induced for 3 d with 45 mg
tamoxifen per kg. Alterations were not observed with lower doses of tamoxifen
or with microsomes prepared from rats not pretreated with tamoxifen. Thus,
neither bacterial nor mammalian mutagenesis assays have demonstrated a pos-
itive response with tamoxifen, and only a very weak response was detected in
the unscheduled DNA synthesis (UDS) assay. In addition, the results obtained
with tamoxifen indicate that some type of genetic damage may be induced by
high-dose tamoxifen administration, but that it is not detected in bacterial
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mutagenesis screens or in a mammalian forward mutagenesis assay as cur-
rently performed. These observations are similar to previous findings with
diethylstilbesterol, namely, that gene mutations are not observed in the absence
of cytotoxicity and that carcinogenesis appears independently of measurable
gene mutation (260). However, the inclusion of a metabolic activating system
in the assay can result in the detection of mutations following DES exposure
(261,262).

4.2.3. EVIDENCE OF THE IN VIVO GENOTOXICITY AND INITIATING ACTIVITY

OF TAMOXIFEN

Despite the ability of tamoxifen to induce DNA adducts as detected by 32P-
postlabeling (203–209,212–215,258,259), single-dose administration of
tamoxifen (40 mg/kg) was insufficient to induce sufficient genotoxic damage
to result in focal hepatic lesions as detected with a maximally effective pro-
moting dose of phenobarbital in Fischer rats (263). This lack of initiating
action of a single acute dose (100 times the human therapeutic dose) indicates
either that the carcinogenic effect of tamoxifen is not entirely related to the
induction of DNA adducts, those DNA adducts observed do not give rise to
the carcinogenic action of tamoxifen, or the DNA adducts induced by tamox-
ifen are of an insufficient magnitude to result in carcinogenicity unless
administration is prolonged. Other types of genetic damage, with the acute
administration of single doses of tamoxifen, also result in the induction of
aneuploidy and spindle disturbances. Such genetic damage may instead lead
to apoptotic cell death or irreparable damage to the cell, which precludes its
ability to divide.

Interestingly, the studies by Yager et al. (264) indicated that in rats subjected
to a 70% partial hepatectomy and then administered a single dose of 20 mg
diethylnitrosamine per kg the chronic administration of tamoxifen resulted in
an increase in the number but not the percentage of liver gamma glutamyl
transpeptidase (GGT)-positive foci when administered to female Sprague Daw-
ley rats for 4 mo (264). These studies indicated a genotoxic potential for both
doses of tamoxifen tested (15 or 50 µg/day). In similar studies, tamoxifen
inhibited, in a non-dose-dependent manner, the promotion of GGT-positive
focal hepatocytes by ethinyl estradiol in both DEN and non-DEN initiated rats.

Later studies by Ghia and Mereto (265) further implicated tamoxifen and a
related triphenylethylene, clomiphene, as potentially genotoxic agents in a modi-
fied version of the initiation-selection protocol of Solt and Farber (266). In these
studies, a clear increase in the number and volume fraction of liver GGT-positive
foci was observed when 400 ppm tamoxifen or 1000 ppm clomiphene was
administered as either the initiating or selecting agent (182). The ratio of the rat
dose to the human dose in these studies was approx 50 for tamoxifen and 20 for
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clomiphene. In the initiating study, the rats received the equivalent of nearly 5 mg
tamoxifen/rat/d for 6 wk for a cumulative dose of approx 200 mg/rat.

Williams et al. (267) have demonstrated that tamoxifen but not toremifene
initiated the development of altered hepatic foci in female Sprague-Dawley
rats. In these studies, rats that were administered 40 mg tamoxifen/kg for 2 wk
demonstrated an increase in the number of GST+ cells, while an increase in this
multiplicity was observed for all doses of tamoxifen from 5–40 mg/kg after 12
or 36 wk, but not for 42.5 mg toremifene/kg. Studies in which 20 mg tamox-
ifen/kg was administered for 12 wk, followed by phenobarbital for an addi-
tional 24 wk, resulted in liver neoplasms in Sprague-Dawley but not Fischer
rats. Continuous administration of 40 mg tamoxifen/kg for 36 wk was carcino-
genic in Sprague Dawley rats, while Fischer rats were, by comparison, resistant
during the observation period.

Studies by Carthew et al. (235) more definitively demonstrated that 420 ppm
tamoxifen induces cumulative genetic damage that can be detected after chronic
administration (3 mo), followed by a 6-mo period of recovery or by administra-
tion of the promoting agent, phenobarbital. The rats received the equivalent of ~5
mg tamoxifen/rat/d for 12 wk for a cumulative dose of >400 mg/rat. These find-
ings are in keeping with the structural alerts present in the tamoxifen structure
(216). In addition, tamoxifen induces gene mutations in the liver of female Fis-
cher lambda/lac I transgenic rats administered either 10 or 20 mg/kg/d for 6 wk
(240,241). This corroborates findings by Vancutsem et al. (240) of specific p53
mutations in hepatic neoplasms that arise in tamoxifen-treated rats and is provi-
sionally supported by the observation of an increased incidence of Ki-ras muta-
tions in endometrial tumors arising in patients on tamoxifen compared with those
not administered this drug (241). Recent studies have demonstrated that the α-
(N2-deoxyguanosinyl) tamoxifens in which the trans form predominates are in
vivo adducts formed from tamoxifen (234,245). In addition, the dG-N2-tamox-
ifen adduct epimers have been demonstrated to be miscoding and hence responsi-
ble for the generation of mutations in vitro (255).

4.3. Metabolism of Triphenylethylene Antiestrogens
4.3.1. CLOMIPHENE

Several studies have examined the effect of chronic administration of anti-
estrogens on hepatic endpoints including tumor incidence. Newberne et al.
(268) indicated that 420 ppm clomiphene for 1 yr to rats did not have an effect
on the liver despite its potent action to inhibit gonadotrophin activity. The
gonadotrophic effects of clomiphene were independent of any progestational,
androgenic, or antiandrogenic activity or any action on thyroid-stimulating hor-
mone (TSH) or adrenocorticotropic hormone (ACTH.) Since more than 40 mg
clomiphene/kg/d in the diet reduced diet intake, the dose range tested was 5,
15, and 40 mg/kg/d. In the female, ovarian atrophy and endometrial squamous
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metaplasia were observed, while in male rats, prostate and seminal vesicle
dose-dependent atrophy was noted. A decrease in circulating cholesterol and an
increase in desmosterol were also reported. At the doses given, consistent
organ-to-body weight differences were not observed. The marked effect of
clomiphene to inhibit pituitary gonadotropin release in the rat is in contrast to
the release of gonadotropins, which has been reported to occur in humans.

4.3.2. CHLOROTRIANISENE

Chlorotrianisene (TACE) has been tested in rats at doses of 0, 0.05, 0.2, and
2 mg/kg for 1 yr in the diet (269). In these studies, a decrease in body-weight
gain was observed, as was a slight increase in adrenal and liver weight without
any evidence of liver pathology, although gonadal atrophy was observed. Ear-
lier studies had indicated that TACE can induce the formation of protein
adducts in a microsomal system (270). Despite this property, TACE did not
induce liver neoplasms in the chronic bioassay performed (269).

4.3.3. DROLOXIFENE

Hasmann et al. (271) have reviewed some of the toxicology data on drolox-
ifene (3-hydroxy tamoxifen). Specifically, a comparison of the liver changes
after 6 mo of administration of 2, 20, or 200 mg droloxifene/kg and 0.6, 6, and
60 mg tamoxifen/kg was performed. In these studies, 60 mg tamoxifen/kg/d
induced hepatic neoplasms including adenocarcinomas in the rat, while drolox-
ifene was without effect on proliferative lesions in the liver. In addition, a 2-yr
study comparing 36 mg tamoxifen/kg/d with 4–90 mg droloxifene/kg/d was
performed. A 100% incidence of hepatic neoplasms was observed in the tamox-
ifen treated group, while droloxifene inhibited the spontaneous induction of
basophilic foci. Systemic toxicity was not observed following administration of
100 mg droloxifene/kg to rats for 4 wk. An atrophy in the gonadal tissue of
both male and female rats was observed with this treatment owing to the anti-
estrogenic activity of droloxifene administration to rats (272). In a separate
study, Sprague Dawley rats of both sexes were administered 0, 2, 20, or 200 mg
droloxifene/kg for 6 wk without evidence of liver pathology (273).

4.3.4. TOREMIFENE

Several studies have examined the potential carcinogenicity of toremifene.
Hirsamaki et al. have compared tamoxifen at 45 mg/kg and toremifene at 48
mg/kg and demonstrated an increase in the incidence of hepatic tumors in the
rat with tamoxifen but not toremifene administration (274). This observation
has been extended by a number of investigators. In one study in which female
Sprague-Dawley rats were administered 12 or 24 mg toremifene/kg and sacri-
ficed at 12 or 15 mo, hepatic tumors were not observed; in addition, neither
pituitary tumors not mammary tumors were detected (204). Both Hirsamaki et
al. (275) and Ahotupa et al. (276) have extended previous observations to a
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larger number of animals with 12 or 48 mg/kg for 12 mo; they were sacrificed
or observed for an additional 13 wk. Similarly, Dragan et al. (277) have fed
diets containing 250, 500, or 750 ppm toremifene for 6 or 18 mo and observed
an increase in GGT- but not GST-expressing enzyme-altered foci. In a 2-yr
bioassay with Sprague-Dawley rats of both sexes, toremifene when adminis-
tered at 0.12, 1.2, 5.0, and 12.0 mg/kg was without effect on liver tumor induc-
tion and resulted in a reduction in pituitary and mammary tumor incidence
(278). Additional studies have been performed with administration of
toremifene in the diet at 250, 500, or 750 ppm after the known carcinogen, 10
mg DEN/kg. At the 6-mo sacrifice, the incidence of foci of cellular alteration
was increased in the liver, and at 18 mo hepatic carcinomas were observed in
the rats receiving 500 or 750 ppm toremifene following DEN-initiation (277).

4.3.5. TAMOXIFEN

In subacute toxicity testing in Sprague-Dawley rats, a dose of 0.007 mg
tamoxifen/kg/d represented a no-effect level for various endpoints including
body-weight gain at the 5-, 13-, and 26-wk time-points (279). Severe trophic
changes of the genitourinary tract in addition to a depression of body-weight
gain were observed at doses of 0.7 mg tamoxifen/kg/d and above. Adrenal size
was increased in male rats with doses of 0.7 to 70 mg/kg/d, while adrenal
weights were depressed in female rats with 0.07–7 mg/kg/d for 5 wk. An
increase in lipid in the zona fasiculata was noted with marked hypertrophy of
this layer in some animals. Pituitary size was decreased in both sexes when 0.7
to 70 mg tamoxifen/kg was administered for 5 wk. In male but not female rats,
the basophilic cells of the pituitary were degranulated and the presence of vac-
uoles was noted. The number of PAS-positive granules was decreased after
26–35 wk of administration of tamoxifen, while a decrease in PAS-positive
cells was not observed. These effects on the pituitary resulting from 5 wk of
administration were reversible upon withdrawal of the drug. In male rats
receiving 70 mg/kg/d for 5 wk, the size of the pituitary beta cells was reduced.
By 26 wk of tamoxifen administration, pituitary size was decreased in both
male and female rats. In addition, adrenal size was increased in both sexes at
the highest dose. Hepatic nodular hyperplasia was observed in 2 of 6 males and
4 of 6 females administered 35 mg tamoxifen per kg for 26 wk.

Studies in Alderley Park rats used 0, 2, 20, and 100 mg tamoxifen/kg for 3
mo. Histological changes signifying atrophy were observed in gonadal tissue,
implying an antiestrogenic effect owing to a blockage of estrogenic action on
the hypothalamic-pituitary axis. A depression of body-weight gain was
observed in all treatment groups (257). This study was repeated in female rats
with 0.5 and 2.0 mg tamoxifen/kg or 4 mg clomiphene/kg for 3 mo followed by
immediate sacrifice or sacrifice after an additional 3-mo recovery. In addition, a

106 Part I / Preclinical Antiestrogens



6-mo study was performed with 0, 0.5, 0.8, 2.4, 4.8, and 9.6 mg/kg demonstrat-
ing a decreased body-weight growth and antiestrogenic effects on the gonads.

4.4. Tumor Promotion by Tamoxifen and Related Antiestrogens
Several studies have demonstrated that estrogenic agents are able to induce

hepatocarcinogenesis in the rat. At least two studies in the rat liver indicate that
tamoxifen administration can inhibit at least part of this estrogen-induced hepatic
tumor promotion (280,281). Further studies have indicated that tamoxifen admin-
istration can inhibit the estradiol-induced cell proliferation of hepatocytes
(264,282). However, administration of tamoxifen in combination with an estro-
genic agent can also result in an additive effect in the liver (182). Under certain
circumstances, one can demonstrate a basal effect of tamoxifen to increase
hepatic tumor promotion, while inhibiting that of the co-administered estrogenic
agent. Fischer rats are more sensitive to the promoting action of tamoxifen than
are Sprague-Dawley rats (265). In studies examining the initiating potential of
some triphenylethylene antiestrogens, rats were administered 400 ppm tamoxifen
(average intake of 206 mg per Sprague-Dawley rat and 50 mg per Fischer rat)
for 6 wk with a partial hepatectomy after the first week, after which the rats
were administered 0.02% acetylaminofluorene for 2 wk with administration of
a necrogenic dose of carbon tetrachloride after 1 wk. Nearly 250 mg clomiphene
per rat was administered to Sprague-Dawley rats and 75 mg per rat to Fischer rats
in another study.

Carthew et al. (283) have demonstrated that rat strains differ in their sensi-
tivity to tamoxifen-induced hepatocarcinogenesis. In these studies female
rats of the Fischer, Wistar, and Lewis strains were administered 420 ppm for
1–6 mo. These studies indicate that Fischer rats are less sensitive than the
other two rat strains to the hepatocarcinogenic effects of tamoxifen. In this
study, a lower level of DNA adducts was observed at the 1- and 3-mo time
points in Fischer compared with the Wistar and Lewis strains. In addition,
the level of hepatic-cell proliferation was depressed in the Fischer rat, but
enhanced in the Lewis and to an even greater extent in the Wistar rat. Serum
tamoxifen levels were not different between strains, but the pattern and level
of metabolites that accumulate in the liver did differ, with the Fischer strain
maintaining a higher level of tamoxifen than the more sensitive rat strains.
The number and area of GST-P lesions was 10-fold lower in Fischer than in
the other two strains after 6 mo of tamoxifen administration. Multifocal
hyperplastic nodules were observed in the Wistar rats, while an adenoma was
observed in the Lewis rat at 6 mo. Hepatic neoplasms were observed in the
Fischer rat after 20, but not after 6 mo of tamoxifen administration (283).
The relative resistance of female Fischer rats to tamoxifen carcinogenicity
may be due to the sulfotransferase dimorphism.
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Kim et al. (284) have examined the ability of tamoxifen to promote DEN-
initiated hepatocytes in the newborn rat model in which female Sprague-Daw-
ley rats were administered saline or 100 mg DEN/kg at 1 d after birth and
administered tamoxifen (1 mg/rat/d, s.c.) from 3–12 wk of age. The total
tamoxifen citrate intake was ~50 mg/rat and resulted in a significant increase in
the number of GST-P positive foci. In the second study, adult female Fischer
rats were administered saline or 200 mg DEN/kg and provided tamoxifen 100,
250, or 500 ppm in the diet beginning 3 wk later for a total of 5 wk. A dose-
dependent increase in GST-P foci was observed with total cumulative tamox-
ifen intake of ~60–300 mg/rat.

Six months of administration of 35 mg tamoxifen/kg/d to rats resulted in
nodular hyperplasia of the liver (285). Similar results had been previously
reported by Watanabe et al. (279) with twice the dose of tamoxifen. In addition,
administration of tamoxifen at 0.25, 1.0, and 2.5 mg/kg/d for 10 mo resulted in
a suppression (from 75% in the controls to 10, 25, and 35% in the three doses,
respectively) of the hepatic tumor incidence in male rats administered 100 mg
DEN/kg po, and 200 ppm 2 acetylaminofluorene with a partial hepatectomy
(280), indicating the estrogen-receptor dependence of the majority of tumors
induced by this regimen. A similar result was obtained by Kohigashi et al.
(281) in male Sprague-Dawley rats administered 200 mg DEN/kg, ip, and 0.5
mg DES/rat/d, 1 mg tamoxifen in the diet per rat/d, or both DES and tamoxifen.
Tamoxifen administration increased the size of the lesions in DEN-pretreated
rats compared with those receiving DEN but not tamoxifen; whereas tamoxifen
administration decreased the size of the lesions in the DEN/DES-treated group.

Ghia and Mereto (265) performed initiation-selection studies in both female
Sprague Dawley and Fischer rats. These studies indicated that Fischer rats are
more sensitive to the promoting action of tamoxifen under the conditions tested
than were the Sprague-Dawley strain. In those studies, the rats were fed 200
ppm acetylaminofluorene (AAF) for 2 wk with administration of 1 mL carbon
tetrachloride/kg at the midpoint in the AAF administration. After a 1-wk recov-
ery period from the AAF administration, tamoxifen was administered in the
diet at 400 ppm for 6 wk, resulting in an efficient promotion of GGT-positive
altered hepatic foci. The effective promoting action of tamoxifen in the rat liver
had similarly been demonstrated by Yager et al. (181). Female Sprague-Dawley
rats were administered 25 mg DEN/kg, ip, 24 h after a partial hepatectomy and
1 wk later provided a silastic capsule to release 15 or 50 µg tamoxifen/kg. After
4 mo of tamoxifen administration, an effective promotion of the GGT-positive
foci population was noted.

Dragan et al. (263) demonstrated that tamoxifen administration to female
Fischer rats at 250 or 500 ppm in a semi-purified diet promoted the development
of glucose 6 phosphatase-deficient as well as GGT-positive altered hepatic foci. In
female Fischer rats subjected to a 70% partial hepatectomy followed by adminis-
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tration of 10 mg DEN/kg, tamoxifen administration for 15 mo at a concentration
of 250 ppm in a semipurified diet resulted in an increased incidence of hepatocel-
lular carcinomas compared with the DEN-initiated control, which was not admin-
istered tamoxifen (286). In a study performed in female Fischer rats, rats subjected
to a partial hepatectomy were administered the solvent or 10 mg DEN/kg and 2
wk later were administered tamoxifen or one of its nonisomerizable fixed-ring
derivatives at 25, 100, or 250 ppm in a cereal-based diet (287). In this study, all
three agents were found to be effective promoting agents at the highest dose,
although the order of potency was that tamoxifen was greater than the fixed-ring
compound, which was greater than the ethylated fixed-ring derivative independent
of a pharmacokinetic effect of the parent compound.

In a study performed in female Sprague-Dawley rats (288), rats subjected to a
partial hepatectomy were administered the solvent or 10 mg DEN/kg, and 2 wk
later were administered tamoxifen at 250 or 500 ppm in a cereal-based diet. Alter-
natively, the rats were administered 250, 500, or 750 ppm toremifene. The rats
were sacrificed at 6 or 18 mo, and some degree of promotion was observed for
certain markers with all doses of the triphenylethylenes at both time points. At the
6-mo point, both doses of tamoxifen but none of those of toremifene increased the
incidence of neoplastic nodules in the liver in DEN-initiated rats. By 18 mo of
tamoxifen administration, 8/15 rats presented with hepatocellular carcinomas in
the 500 ppm treatment group, while 18 mo of tamoxifen administration to DEN-
initiated rats resulted in 11/18 and 8/8 of the rats with hepatocellular carcinomas in
the 250 and 500 ppm groups, respectively. Toremifene in the absence of DEN ini-
tiation did not increase the incidence of malignant liver neoplasms. In the presence
of DEN initiation, an increased incidence of hepatocellular carcinomas was
observed for both 500 ppm (7/16) and 750 ppm (11/18) compared with 2/17 in the
DEN-initiated control maintained on the basal diet (277).

4.4.1. CHRONIC BIOASSAY

Greaves et al. (285) demonstrated that 2-yr administration of tamoxifen at 5,
20, or 35 mg/kg/d resulted in a dose-related increase in hepatic tumors in Wis-
tar rats. In a separate study performed by Williams et al. (288) in female
Sprague-Dawley rats, administration of 45.2 mg tamoxifen/kg/d resulted in an
increase in hepatic nodule and hepatocellular carcinoma incidence by 6 months
(N = 7) with and without a 1-mo recovery. In the recovery group, evidence of
progression from adenoma to carcinoma was observed (N = 3). In addition,
treatment for 1 yr with 22 mg tamoxifen/kg/d resulted in a 100% incidence of
hepatocellular carcinomas, while a 70% incidence was observed with 11 mg
tamoxifen/kg. Hepatic tumors were not observed when 2.8 mg tamoxifen/kg/d
was administered to female rats for 1 yr (288). Studies by Hirsimaki further
confirmed the hepatic carcinogenicity of tamoxifen to rats in a study in which
female Sprague-Dawley rats were administered 11.3 or 45 mg tamoxifen/kg/d

Chapter 5 / Triphenylethylene Antiestrogens 109



for 1 yr, in which 3/5 had hepatocellular carcinomas after 1 yr and 5/6 had
malignant liver neoplasms after a further 13-wk observation period (274,275).
Tamoxifen was not carcinogenic to three different strains of mice including
C57B16, DBA, and ICR when administered at 420 ppm in the diet for 2 yr
(289). A previous study in Alderley Park strain 1 mice had demonstrated that 5
or 50 mg tamoxifen/kg increased the incidence of interstitial cell tumors of the
testes and granulosa cell tumors of the ovary in mice after 1 yr of treatment, but
no evidence for hepatic neoplasms was noted (256).

4.5. Progression of Carcinogenesis
4.5.1. SYRIAN HAMSTER EMBRYO (SHE) CELL-TRANSFORMATION ASSAY

Syrian hamster embryo cells have been used to demonstrate that the carcino-
genic action of diethylstilbesterol (DES) was due in large part to its action on the
induction of aneuploidy (261,290). The induction of aneuploidy by DES and sev-
eral of its metabolites has been correlated with their ability to transform these
cells. At least one group of investigators has demonstrated that tamoxifen and 4-
hydroxy tamoxifen (10 µM for 48 hr) can induce transformation of SHE cells in
the absence of an exogenous metabolizing system (256,291). Interestingly, the
presence of a 3-hydroxy group on the stilbene structure as in droloxifene does not
result in the induction of transformation of SHE cells. Droloxifene at a dose of 39
µg/mL did not transform SHE cells in the absence of a metabolic activating sys-
tem (291). Similarly, covalent binding to DNA was not observed with 47 mg
droloxifene/kg p.o. (0.12 mmol/kg) for 4 d as detected by 32P-post labeling (205).
Thus, tamoxifen and its 4-hydroxy metabolite can transform SHE cells.

4.6. Micronuclei Formation
Furthermore, tamoxifen can induce micronuclei in a metabolism-competent

lymphoblastoid cell line, MCL-5 containing CYP1A1 and transfected with
CYP1A2, CYP2A6, CYP2E1, CYP3A4, and epoxide hydrolase (205,244). In
addition, 4-hydroxy tamoxifen, 4-hydroxy toremifene, and clomiphene, but not
droloxifene, induced micronuclei in these MCL-5 cells. In the parental cell
line, which does not contain exogenous drug-metabolizing enzymes, only the
4-hydroxy derivatives of tamoxifen and toremifene induced micronuclei. The
induction of micronuclei indicates that an induction of numerical chromosomal
changes or spindle disruption has occurred.

In MCL-5 human lymphoblastoid cells that contain a variety of P450s, 4-
hydroxy tamoxifen, 4-hydroxy toremifene, and clomiphene increased the inci-
dence of micronuclei, while the 3-hydroxy tamoxifen (droloxifene) did not
(0.25–10 µ/mL). Under certain conditions of forced metabolism, clomiphene,
4-hydroxy tamoxifen, and 4-hydroxy toremifene are able to induce micronu-
clei. These triphenylethylenes may have an intrinsic ability to induce clastoge-
nesis or spindle abnormalities, traits not observed for droloxifene under the
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conditions used. In cells lacking extensive metabolic activities and in the
absence of exogenous metabolizing enzymes, the metabolites 4-hydroxy
tamoxifen and 4-hydroxy toremifene were able to induce micronuclei, while
the parent compounds were without activity, implicating the 4-hydroxylation
pathway in the induction of hepatic aneuploidy or clastogenesis by these
agents. Aneuploidy was increased in MCL-5 cells treated with DES,
clomiphene, tamoxifen, and toremifene, but not in those cells provided 3-
hydroxy tamoxifen (droloxifene). The induction of micronuclei by 4-hydroxy
tamoxifen indicates that this metabolite may be responsible for the aneuploidy
observed with tamoxifen administration. A statistical increase in chromosomal
breakage was observed in hepatocytes of Wistar rats treated once with tamox-
ifen, while breakage after an equimolar dose of toremifene, droloxifene, and
DES did not result in a statistical elevation. When Wistar rats were dosed daily
with tamoxifen or toremifene for 4 wk, both agents increased aneuploidy. How-
ever, only tamoxifen increased breakage after chronic in vivo administration to
female Wistar rats (292). It has been hypothesized that the observed aneuploidy
is due to chromosomal nondisjunction. It appears that DES, clomiphene, and 4-
hydroxy tamoxifen were aneuplodigens but not clastogens, while both tamox-
ifen and toremifene can induce structural chromosomal changes under specific
experimental conditions. These observations suggest that the 4-hydroxylation
pathway may not be the pathway primarily responsible for clastogenesis. Sev-
eral studies have indicated that DES can induce aneuploidy through a process
that in part is due to a disruption of tubulin organization. Loss of tubulin orga-
nization may be causal for chromosomal nondisjunction and hence aneuploidy
(205,260,293,294) through the formation of protein adducts between tamoxifen
and tubulin or displacement of an estrogen metabolite from tubulin.

4.6.1. CHROMOSOMAL ABERRATIONS

Tamoxifen has been shown to increase the incidence of structurally abnormal
chromosomes after acute administration (292,295,296). In one study, toremifene
was shown to increase the incidence of hepatic chromosomal aberrations after in
vivo administration (296), a result not demonstrated in a second study in a differ-
ent rat strain (292). Studies on human lymphocytes have not demonstrated an
increase in sister chromatid exchange or chromosomal aberrations, although at the
highest dose (10 µg/mL, but only in the presence of an S9 activating system,
premature chromosome condensation was observed (179).

4.6.2. ANEUPLOIDY INDUCTION

Tamoxifen is structurally related to DES, a known human carcinogen. A
causal role for the induction of aneuploidy in the induction of cancer has not
been demonstrated. However, the carcinogenic potential of DES best correlates
with its ability to induce aneuploidy (259). Progressive nonrandom aneuploidy
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is a hallmark of malignant neoplasms (49,297). The induction of aneuploidy
can occur through numerous mechanisms that are independent of DNA adduc-
tion (293,298). These include, but are not limited to, altered microtubule
assembly, altered synthesis of the kinetocore proteins, and modulation of
calmodulin levels (293,298).

4.6.3. CELL-CYCLE EFFECTS

Tamoxifen can induce a G1 block in breast-cancer cells (293). In addition,
tamoxifen can inhibit regenerative cell proliferation after a partial hepatectomy
(282), indicative of a hepatic G1 block (299). Furthermore, tamoxifen can
induce micronuclei in a metabolism-competent lymphoblastoid cell line
(205,252). Similar types of effects have been observed with DES (291), indi-
cating that this class of agents may have several actions that disrupt the tightly
coordinated processes of spindle formation and chromosomal integrity
(293,296). Both monopolar spindles and shortened spindles have been
observed with acute tamoxifen administration (295), suggesting that the mech-
anism of tamoxifen-induced aneuploidy might be calmodulin inhibition.
Tamoxifen and structurally similar compounds are known to inhibit calmodulin
(300–303) with doses achieved through accumulation in the liver and other tis-
sues. Agents with antiestrogenic action can halt G1 phase, cell-cycle progres-
sion in breast-cancer cells (304). One mechanism by which triphenylethylene
antiestrogens may inhibit estrogen-induced cell proliferation is through inhibi-
tion of protein kinase C (PKC) (305) or inhibition of calmodulin (300,305).
Calmodulin can bind to the estrogen receptor (306), and this binding mediates
the phosphorylation that is required for activation of the estrogen receptor
(307). In support of this hypothesis, calmodulin antagonists inhibit estrogen-
induced cell proliferation in some tissues (302). The cell cycle changes
observed after antiestrogen administration include a decreased expression of
cyclin D (308), a decrease in pRB (retinoblastoma) phosphorylation (309), a
decreased activity of cyclin-dependent kinases (cdks) that target retinoblastoma
(RB) (309), and the increased expression of CDK inhibitors (310,311). Tamox-
ifen can induce aneuploidy, spindle abnormalities, and altered chromosomal
integrity through an alteration of calmodulin activity or an alteration of cell
cycle components. Administration of 1 µg of tamoxifen/g at the time of a 70%
partial hepatectomy or 6 (but not 12) h later inhibits the compensatory regener-
ation otherwise observed. Interestingly, these effects of tamoxifen on cell pro-
liferation could be reversed by estradiol, implicating receptor mediation for this
effect on the G1 phase of the cell cycle. In addition, tamoxifen inhibits calmod-
ulin, which is an important regulator of cell-cycle effects.

The observation of an apparent threshold for promoting action (311,312)
suggests that a therapeutic index that maximizes the benefits of breast-tumor
suppression while limiting the potential for chronic side effects may be possi-
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ble with sufficiently low doses of tamoxifen (313). Alternatively, synthesis of
structurally or pharmacologically related compounds that are more rapidly
cleared (droloxifene [226–228,314], toremifene [219–225,315,316]), that are
less rapidly metabolized (idoxifene [229,230,317,318]), and that have selec-
tive target-organ estrogenicity/antiestrogenicity (toremifene [219,220],
droloxifene [226], idoxifene [319], and keoxifene [320,321]) might over-
come this problem. Tamoxifen exhibits a range of estrogen-like activities in
laboratory animals (322,323) and in postmenopausal women (324). Although
some estrogen-like effects may prove beneficial upon long-term therapy,
such as decreased serum cholesterol (324,325) and reduced osteoporosis
(324–327), this pharmacology may promote the development of estrogen-
responsive tumors. In the laboratory, tamoxifen administration can promote
the growth of human endometrium (328–330).

Several recent findings indicate that a closer look at estrogen-receptor
pharmacology needs to be taken. These include the cloning of a second estro-
gen receptor ERβ (331–333), which has both similarities to and differences
from ERα receptor. An exciting finding by Carthew et al. (334) demonstrates
that ERα expression is not detectable in hepatic neoplasms. Importantly,
estrogen-regulated genes containing AP1 sites can respond differently to the
same ligand depending upon which estrogen receptor it binds (335). These
recent findings indicate the importance of understanding the expression of
estrogen receptor(s) in hepatic tissue during the stages of cancer develop-
ment, including their signaling pathways and regulation of gene expression.

Growth-factor secretion and the altered expression of growth factor recep-
tors have been implicated in the process of cellular growth control (336). Pep-
tide growth factors, specifically IGF-1 and EGF family members, are likely to
be involved in estrogen-receptor transduction (337–342). Certain estrogen-reg-
ulated genes are induced by nonestrogen response elements including IGF-1
(343) and TGF-α (344), which may be important in growth control in tissues
with a low estrogen-receptor content. The expression of these genes may also
provide a secondary mechanism to induce an “estrogen-like” response in which
a liganded estrogen receptor binds to AP1 sites and induces an estrogenic effect
(335,345–347). While antiestrogens can competitively inhibit some actions of
estrogen, antiestrogens are frequently partial agonists that can activate cell pro-
liferation under certain conditions (323). Tamoxifen can induce TGF-β, which
is growth inhibitory and which regulates apoptosis, in several tissues
(348–351). The mechanism of tumor promotion involves cell- and tissue-spe-
cific changes in proliferation and apoptosis. The perturbation of growth-factor
synthesis and action by the triphenylethylene antiestrogens may partially
underlie their ability to induce tumor promotion in several tissues.
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5. SUMMARY

The finding of a carcinogenic action for tamoxifen in the rat liver suggests a
potential for the risk of the induction of secondary cancers following chronic
administration to the human. However, the probability that such a risk is rele-
vant to the human at clinically relevant doses or for exposure during the portion
of the life cycle during which it is administered needs to be more closely
addressed. The similarity and differences of the model used to examine the car-
cinogenicity of tamoxifen with the human should be very closely examined.
Both species and strain differences in the carcinogenic action of tamoxifen have
been noted due in part to metabolic and hormonal differences. Gavage adminis-
tration of tamoxifen in an oil base results in much higher doses on a mg/kg basis
than are achievable in standard therapeutic regimens used for breast-cancer
therapy or in the clinical trials for chemopreventive measures. Although high-
dose tamoxifen administration for reversal of multidrug resistance is practiced,
a limited population is exposed to such high-dose effects. With respect to
adduct generation, rats generate higher levels of adducts than mice or humans.
Since adduct generation correlates with tumor incidence in rats and the lack of
effect in mice, the pathways for adduct generation need to be detailed at clini-
cally relevant doses with human tissue. Rodents have a higher metabolic clear-
ance than humans and hence potentially a higher tissue accumulation with
comparable serum concentrations (195). Studies by Kohigashi et al. (281) indi-
cate that tamoxifen-induced DNA adducts were not detectable in rats treated
with 0.5 mg tamoxifen/kg. Similar findings suggest that administration of 2–5
mg tamoxifen/kg to the rat does not result in a significant level of hepatic DNA
adducts (205), and rat liver carcinogenesis was not induced by administration of
2.8 mg tamoxifen/kg (288). Approximately 5 mg tamoxifen/kg appears to be
the threshold for detection of liver tumors in the rat (288). Since women are
administered 20 mg tamoxifen/d, they are exposed to 0.3–0.4 mg tamoxifen/kg,
demonstrating the need to understand the metabolic pathways (both phase 1 and
phase 2) involved in DNA adduct formation and the hormonal factors that con-
tribute to liver carcinogenicity in the rat at 10-fold higher doses. Since both the
peak and the total tissue concentration may predicate the metabolic pathway
utilized, distinct metabolism routes may be prevalent upon diet administration,
gavage administration, and human exposure, implicating these differences in
the potential risk of adverse effects in the human at clinically relevant doses.
The induction and modulation of DNA adducts with tamoxifen administration
indicate that chronic administration, especially at high doses, could lead to
mutation and potentially to initiation of the carcinogenic process. In addition,
tamoxifen and related compounds can alter cell-cycle kinetics and hence may
lead to aneuploidy, altered spindle assembly and function, or to a loss of chro-
mosomal integrity. DNA adducts generated from tamoxifen have been detected
infrequently in tissues from individuals treated with tamoxifen, indicating that
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the increased detection of endometrial cancer in such patients may be due more
to its estrogenic action than to its ability to induce adducts or to alter chromoso-
mal stability. The carcinogenicity of tamoxifen and related compounds may
reflect the species and tissue specificity of metabolism (both phase 1 and phase
2), cell-proliferative capacity, and DNA repair.
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1. HISTORICAL PERSPECTIVE

The development of raloxifene (also know as keoxifene) for clinical use was
based on a series of preclinical studies that demonstrated it has a highly desir-
able tissue-specific activity. Results indicated that the therapeutic effects of
raloxifene (LY138481 HCl; LY156758) mimicked some of those of estrogen in
ovariectomized animals by reducing bone loss and lowering serum cholesterol
levels. Conversely, in mammary and uterine tissue, raloxifene acted as an
antiestrogen and inhibited estrogen stimulation without inherent agonist activ-
ity (Fig. 1). Raloxifene was originally synthesized by Jones, who was looking
for an antiestrogen with strong receptor binding (1). Jones hoped to produce a
structure that would combine some features of the estradiol molecule with
novel modifications to affect a potent estrogen receptor (ER) antagonist. The
product of his efforts, as shown in Fig. 2, was a nonsteroidal benzothiophene
derivative with two phenolic hydroxyls, a large basic side chain, and a unique
carboxy hinge connecting the side chain to the olefin (1–3). Recent evidence
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indicates that the dialkyl amine sidechain is critical for in vivo estrogen antag-
onism and that the spatial orientation of the side chain and the carbonyl hinge
may account for tissue-specific effects, specifically the lack of uterine stimula-
tion (2,3). It is likely that Jones and his colleagues at Eli Lilly and Co. (Indi-
anapolis, IN) have opened a new chapter in medicinal chemistry and that we
will see the development of tissue-specific antiestrogens for a number of hor-
monally dependent disorders ranging from breast and endometrial cancer to
uterine leiomyoma and, possibly, Alzheimer’s disease (AD).
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Fig. 1. Tissue specific effects of raloxifene suggest many potential therapeutic applications.
This SERM acts as an estrogen agonist on bone and the cardiovascular system but is anti-
estrogenic in the uterus and breast.



A variety of acronyms have been used to describe compounds like raloxifene
that have tissue-specific activity, including SERM (selective estrogen-receptor
modulator) and TERM (tissue-specific estrogen-receptor modulator). Generally,
SERMs and TERMs are compounds that, like raloxifene, bind to the ER with
high affinity (≤ nM) and induce an appropriate receptor conformation that pro-
motes transcriptional regulation of target genes. It has been proposed that a series
of distinct receptor conformations may be induced by different SERMs, account-
ing in part for the spectrum of tissue-specific effects (4). Studies have shown the
ability of raloxifene-activated ERs to bind to a unique response element in tar-
get-gene promoters, which may mediate the distinctive biological activity (5).
During most of the initial studies of raloxifene, the β form of the ER (ERβ) had
not been identified. Recent data suggest that raloxifene and tamoxifen, as well as
the pure antiestrogen ICI 164,384, bind to ERβ and stimulate transcriptional acti-
vation at AP-1 sites, suggesting that tissue-specific activity of some ER ligands
may involve this new member of the steroid-receptor superfamily (6,7). How-
ever, there is no evidence that raloxifene binds appreciably to other steroid hor-
mone receptors such as those for progesterone or androgen.

2. RALOXIFENE ACTION IN BONE

2.1. Raloxifene In Vitro
The detection of ERs in bone cells, specifically, osteoblasts (which form

bone) and osteoclasts (which resolve bone), suggested the possibility that high-
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Fig. 2. Raloxifene, formally called keoxifene, is a benzothiophene with two phenolic
hydroxyl residues and a large basic sidechain attached to the nucleus through a carboxy hinge.
These unique structural aspects mediate the tissue-specific activity. Adapted from ref. (3).



affinity ligands act directly on these cells (8,9). Although there were far fewer
receptors in these cells than in traditional estrogen-target tissues, measurable
effects, such as induction of cellular proliferation and progesterone receptor
transcription, indicated that sufficient receptors were present to mediate spe-
cific receptor-based cellular responses. Several continuous cell lines have been
used in in vitro analyses to predict and analyze the effects of raloxifene in
bone. Raloxifene has been shown to act similarly to tamoxifen and 17-β-estra-
diol in stimulating the upregulation of creatinine kinase expression in cultures
of bone cells and tissues. In ROS 17/2.8 rat osteogenic sarcoma cells, female
calvaria, and SaOS2 human osteoblast-like cells, nanomolar concentrations of
raloxifene increased expression of the marker significantly as compared with
no treatment or treatment with ICI 164,384 (10). Both raloxifene and tamox-
ifen stimulated increases in creatine kinase when added to cultures by them-
selves, but inhibited E2-stimulated increases when added in combination (10),
suggesting the effects of these SERMs are partially agonistic. Further evidence
of the estrogenic effects of raloxifene on bone cells or their precursors was
reported by Fiorelli et al. (11), who showed that raloxifene bound with high
affinity to ERs in the FLG 29.1 human leukemic cell line, which differentiates
toward an osteoclastic phenotype in vitro. In addition, raloxifene inhibited cell
proliferation, increased progesterone-receptor expression, and induced apopto-
sis, all of which are expected effects of an estrogen agonist (11).

The effect of raloxifene on osteoclast-mediated resorption has also been
assayed in vitro using bone slices. In these analyses, slices were incubated with
interleukin-6 (IL-6)-stimulated osteoclast precursors derived from long bones
of neonatal rats and increasing doses of raloxifene or 17-β-estradiol (12,13).
Both compounds inhibited production of resorption lacunae by differentiating
osteoclasts (12). The possibility that an important direct or indirect target of
raloxifene action may be the osteoclast or a cellular precursor is also supported
by data from Yang et al. (14). Studies have indicated that raloxifene upregu-
lated expression of transforming growth factor-β3 (TGF-β3), which in turn
inhibited resorption in a chicken osteoclast-differentiation model (14). Taken
together, these results suggest that a similar osteoclast-inhibiting mechanism
may be shared by estradiol and raloxifene and that bone protection may occur
through the regulation of cytokine activity.

2.2. In Vivo Analyses
A variety of techniques have been used to assess bone density in vivo,

including relatively simple measurements of calcium content and dry or ash
weight along with more sophisticated imaging approaches, such as peripheral
quantitative computed tomography (pQCT) and dual X-ray absorptiometry
(DEXA). A recent report by Sato (15) suggested that the use of both pQCT and
DEXA may be optimal because the two methods are uniquely effective in
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assessing appendicular and vertebral bone density, respectively. The in vivo
studies have focused on a number of different sites for analysis, including the
femur, tibia, and vertebrae, which were chosen primarily for ease of measure-
ment, although two of these sites (femur and vertebrae) are important locations
of bone loss in human osteoporosis (Fig. 3) (16).

A challenge to researchers in this field is the application of findings in
rodent models that measure osteopenia, or the loss of bone, to the human dis-
ease osteoporosis, which becomes clinically relevant when a fracture is diag-
nosed (17). The fact that the bones of rodents continue to grow longitudinally
virtually throughout their life span complicates extrapolation of the data to
humans, although this growth is considerably slower in mature animals (18).
Osteoporosis involves the loss of both cortical and trabecular (sometimes
called cancellous) bone, but a thorough understanding of how these two com-
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Fig. 3. Most of the preclinical studies involving raloxifene were conducted in rats. Bone-
mineral density; labeled perimeters; and breaking force of the femur, tibia and vertebrae
were assayed.



partments contribute to bone integrity has not been achieved. While some stud-
ies have attempted to improve the applicability of animal experiments by
assessing mechanical loading or crush resistance, the determination of true
bone strength and susceptibility to fracture in animal models remains contro-
versial. For practical purposes, the rat has proven to be a convenient model for
predicting the tendency toward, if not the magnitude of raloxifene-induced
bone protection in a hypoovarian milieu.

Early experiments determined that tamoxifen, raloxifene, and estradiol ben-
zoate were all capable of retarding postovariectomy loss of bone density in 9-
mo-old rats. The assessment of bone density was done by determining the total
ash weight of the rat femurs. Moreover, the increases in total body weight that
accompained the loss of bone density after ovariectomy were also inhibited by
raloxifene and tamoxifen (12).

Later experiments by Black et al. (19) showed that raloxifene inhibited post-
ovariectomy loss of bone-mineral density in the distal metaphysis of the femur
and proximal metaphysis of the tibia in 10–11-wk-old Sprague-Dawley rats. In
these experiments, raloxifene was given daily by oral gavage at 0.1, 1.0, and
10.0 mg/kg/d for 5 wk, ethynyl estradiol was also given orally, but only at a
dose of 0.1 mg/kg/d. The determination of bone density by DEXA showed that
the three highest doses (0.1, 1.0, 10 mg/kg/d) of raloxifene were effective at
maintaining the density of the femur in treated rats compared to ovariec-
tomized controls. In these studies, the densities of the femurs of animals that
received raloxifene and those that received estradiol were not significantly dif-
ferent, but neither treatment was able to maintain bone density at levels
observed in intact animals. Results in the tibia were somewhat different; at this
site, only the two highest doses of raloxifene were effective in inhibiting bone
loss, but the density was indistinguishable from that seen in intact animals.
Furthermore, at high doses, raloxifene was more effective at protecting the
tibia than was estradiol. These results suggested that raloxifene was efficacious
in protecting against bone loss following ovariectomy. However, the studies
were criticized because they were conducted in young animals in which longi-
tudinal bone growth was still occurring (18). As explained by Evans et al.,
osteopenia occurs in immature animals as a result of increased turnover and
chrondroclast-mediated resorption (20). While increased turnover can occur in
adults, resorption by chondroclasts does not. Because the dosing regimen was
short, and the possible contribution of longitudinal bone growth was not con-
sidered, the interpretation and relevance of the results were questioned.

Subsequent analysis of the bone-mineral density of the distal femur metaph-
ysis by pQCT showed that raloxifene was also able to inhibit postovariectomy
bone loss in older Sprague-Dawley rats (Fig. 4) (21). Bilateral oophorectomy
was performed on virgin 6-mo-old animals, which were rested for 4 d and then
administered raloxifene, estradiol or tamoxifen for 35 d. Raloxifene was as
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efficacious as estradiol or tamoxifen in maintaining bone density in these ani-
mals, but it proved to be less potent, requiring higher doses to achieve the same
effect (calculation of ED50: raloxifene, 0.3 mg/kg/d; tamoxifen, 0.1 mg/kg/d;
estradiol, 0.04 mg/kg/d). Interestingly, significant loss of density in the mid-
diaphysis of the femur following ovariectomy was not observed during the
testing time frame. This suggests that the rate or total amount of bone-mineral
density loss may vary at different skeletal sites.

Analysis of the tibia in older animals following ovariectomy detected a signifi-
cant 14.7–19% decrease in bone-mineral density. Differences in the density of the
tibia of sham-operated and ovariectomized rats were first observed 15 d after
surgery, with 10% of the loss occurring by d 16 after surgery (22). Images gener-
ated by pQCT showed that, compared with the tibiae of sham-operated animals,
the tibiae of ovariectomized rats had an increased cross-sectional area, loss of tra-
becular and cortical bone, and increased marrow space by 38 d after surgery (22).
Compared with ovariectomized controls, raloxifene treatment produced signifi-
cantly higher bone-density levels in the tibia at two of the three doses tested (1
and 10 mg/kg/d at p < 0.01 and p < 0.001, respectively). Similarly, estradiol pro-
tected bone at two of three doses; however, as previously discussed, the effective
doses of estradiol were 100-fold less than those of raloxifene.
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Fig. 4. Raloxifene maintains bone-mineral density of the femur of ovariectomized 6-mo-
old rats. The mid-diaphysis of the femur was examined by QCT and volumetric bone-min-
eral density calculated (mg/cm3) following 35 d of daily dosing of raloxifene or vehicle by
oral gavage. a≠b, p < 0.05. Adapted from ref. (22).



The effect of raloxifene in animals with established bone loss was also eval-
uated in a similar model system. Following ovariectomy at 6 mo of age, female
rats were rested for 2 mo to allow development of osteopenia. After the resting
interval, animals were treated for 4 mo with raloxifene or ethynl estradiol.
Analysis of rats 2 mo postovariectomy showed that a significant decrease in
bone area had already occurred, and the loss continued in the untreated animals
throughout the subsequent 4 mo (20). As compared with their effects in
untreated ovariectomized controls, estrogen and raloxifene prevented addi-
tional bone loss in treated rats as measured by bone area, trabecular number,
and separation between trabeculae. Trabecular thickness was not affected by
drugs or surgery.

Neither estrogen nor raloxifene was able to increase cancellous bone area to
levels seen in sham-operated animals at any dose. Histomorphometric mea-
surements of fluorochrome labels administered prior to sacrifice indicated that
ovariectomy increased several indices of bone turnover. Two mo following
ovariectomy, the osteoblast perimeter, osteoclast perimeter, eroded perimeter,
labeled perimeter, and bone-formation rate were all elevated. An additional
analysis 4 mo later indicated that the indices of bone turnover had fallen signif-
icantly, but were still elevated compared with that of sham-operated controls.
These results suggested that high turnover rapid bone loss occurred soon after
ovariectomy. Raloxifene was able to impact eroded and labeled perimeters
most effectively, suggesting that the bone-sparing effects were mediated pri-
marily through action on osteoclasts, as predicted by in vitro bone resorption
assays (5,12,20). Neither estradiol nor raloxifene was able to restore density to
levels seen in sham-operated animals, indicating a lack of anabolic or bone-
forming ability.

Turner et al. (23) tested the ability of raloxifene and estradiol to maintain
bone strength using either three-point bending or direct force. In these experi-
ments 10–11-wk-old virgin female rats were ovariectomized, rested briefly,
and then administered raloxifene, estradiol or vehicle daily for 6 mo. Ovariec-
tomy resulted in a 20% and 22% loss of bone density in the L4 vertebra and
proximal tibia, respectively. These studies confirmed the ability of raloxifene
and estradiol to inhibit bone density loss at both sites. The protection of bone
density achieved by raloxifene was similar to that of estradiol in the vertebral
site but raloxifene was less effective in the tibia. Load analyses of the midshaft
of the femur, L6 vertebra, and femoral neck were conducted, and the breaking
force at each site was determined. Loss of bone strength following ovariec-
tomy was significant at the L6 vertebra and femoral neck but not at the femur
midshaft. Although the calculated breaking force of the L6 vertebra was less
than that of the femoral neck, raloxifene was more effective at the femoral
neck, where post-treatment strength did not differ from that in sham-operated
rats (Fig. 5). Both estradiol and raloxifene preserved bone strength at the two
weakened sites. These data suggest that maintenance of bone density by estra-
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Fig. 5. Raloxifene preserves strength of the femoral neck (A) and L6 vertebra (B) in
ovariectomized rats. Following surgery rats were given raloxifene (Ral) (3 mg/kg/d) or
ethynyl estradiol (EE) (0.1mg/kg/d) daily by oral gavage for 6 mo. Breaking force was
determined using a materials testing machine. * = p < 0.05 vs ovx. OVX = ovariectomized.
Adapted from ref. (24).



diol and raloxifene may result in increased bone strength at some sites in a
long-term dosing regimen. These results also help validate the use of surrogate
density measurements to assess bone strength and suggest the possible effec-
tiveness of antiresorptives like raloxifene and estradiol in preventing load-
induced fracture. The reported effects of raloxifene on bone are summarized in
Table 1.

3. RALOXIFENE ACTION IN THE UTERUS

The previous discussion of the effects of raloxifene and estradiol on bone
indicates that they act similarly, although with different potency, in protecting
bone density and strength. Yet, this is not true in the uterus. In fact, raloxifene
has been shown to be far less stimulatory than estrogen or tamoxifen in in vitro
and in vivo analyses of uterine tissue. Tamoxifen is a widely used breast-can-
cer therapeutic with proven efficacy in reducing the risk of relapse and increas-
ing the disease-free interval (24,25), but recent data indicate that long-term
tamoxifen therapy may increase the risk of endometrial cancer (26,27). Epi-
demiologic studies show that an increased incidence of endometrial cancer is
strongly associated with several risk factors including obesity, tamoxifen ther-
apy, and unopposed estrogen use. As a result of such studies, hormone-replace-
ment regimens now include progesterone to mitigate the stimulatory effects of
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Table 1
Summary of Bone Effects of Raloxifene

Preserves 
Duration bone Preserves Anabolic

Bone Measurement of TX density strength effects References

Femur DEXA 5 wk Yes NR NR (20)
QCT 5 wk Yes NR NR (22)
Ash weight 4 mo Yes NR NR (19)

Femoral neck Breaking force 6 mo NR Yes NR (24)
Tibia QCT 5 wk Yes NR NR (23)

DEXA 5 wk Yes NR NR (20)
Histomor- 4 mo* Yes NR no (21)

phometry
QCT 6 mo Yes NR NR (24)
QCT 10 mo Yes NR NR (50)

L4 vertebrae QCT 6 mo Yes NR NR (24)
QCT 10 mo Yes NR NR (50)

L6 vertebrae Breaking force 6 mo NR Yes NR (24)
QCT 10 mo NR Yes NR (50)

* Established osteopenia.

NR, not reported.



estrogen on the endometrium (28,29). At present, the mechanisms by which
estradiol and tamoxifen increase the incidence of endometrial lesions, includ-
ing neoplasia, are not clear, but uterotrophic drugs or hormones that increase
proliferation of endometrial cells seem to increase risk.

Meanwhile, some studies have used surrogate measurements of uterine
stimulation and cellular proliferation to predict which compounds will more
likely increase endometrial risk. For instance, raloxifene is significantly less
able than estrogen or tamoxifen to stimulate endometrial cell proliferation,
progesterone receptor expression, epithelial hypertrophy, eosinophil-peroxi-
dase activity, and uterine weight. However, there appears to be a significant
person-to-person variation in susceptibility to uterine tumorigenesis, and
increased proliferation does not necessarily promote cancer (30). Thus, the
association of the endpoints just described with endometrial cancer is at pre-
sent correlative rather than mechanistic, and such analyses are likely to iden-
tify mitogenic compounds that impact tumor progression rather than tumor
initiation. Therefore, the ability of compounds that stimulate proliferation to
affect cellular transformation in the uterus remains controversial.

3.1. In Vitro Analyses
One impediment to in vitro uterine studies has been the lack of continuous

cell lines that maintain ER levels and continue to respond predictably to hor-
mones in culture. One cell line that has been reported by several research
groups to maintain hormonal responsiveness in vitro is the human endometrial
carcinoma line Ishikawa. At least two groups have reported that proliferation
of Ishikawa cells was stimulated by tamoxifen (10–6 M) or estradiol (10–8 M)
(31,32). Raloxifene did not stimulate proliferation of the cells and was able to
inhibit estrogen- and tamoxifen-stimulated proliferation as well (31). Ralox-
ifene was also able to inhibit estradiol- and tamoxifen-stimulated phosphoryla-
tion of the insulin-like growth factor (IGF-1) receptor β subunit (31). In both
analyses, raloxifene was more effective in inhibiting tamoxifen-mediated
effects than estradiol-mediated effects. Analyses of alkaline phosphatase activ-
ity in Ishikawa cells showed that raloxifene was less stimulatory than estradiol,
tamoxifen, droloxifene, or toremifene, but more stimulatory than ICI 182,780
or EM-800 following 5 d of in vitro exposure (33). Raloxifene was also able to
block estradiol-induced increases in phosphatase activity.

In related experiments, both estradiol and tamoxifen stimulated creatinine
kinase activity in Ishikawa cells in culture (10,34). Raloxifene did not stimu-
late kinase activity, even at a dose of 1 µM, and was able to inhibit stimulation
by estradiol. In contrast to their effects in Ishikawa cells, however, tamoxifen
and raloxifene acted as estrogen agonists and stimulated creatinine kinase
activity in SaOS2, osteoblast-like cells (34). Thus, differential effects of the
SERMs in these two cell types is an in vitro demonstration of tissue-specific
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activity and further differentiates the activities of raloxifene and tamoxifen in
endometrial cells.

Continuous cell lines derived from the uterine myometrium are exceedingly
rare, but a series of such lines, designated ELTs (Eker Leiomyoma Tumor-
derived), have been derived from leiomyomas in the Eker rat (35). Uterine
leiomyomas are the most common gynecological tumors in premenopausal
women and are the primary reason premenopausal hysterectomies are performed
(36). These tumors are dependent on ovarian steroids, regress after menopause,
and proliferate in cycling women in response to estrogen and perhaps proges-
terone. Gonadotropin-releasing hormone (GnRH) agonists that create a hypo-
ovarian milieu are effective inhibitors of tumor progression in vivo (37). An
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Fig. 6. SERMs have different effects on the endometrial and myometrial compartment of
the uterus. Estrogen stimulates proliferation of both endometrial and myometrial cells.
Tamoxifen is stimulatory to endometrial cells only, while raloxifene does not stimulate pro-
liferation of either cell type.



analysis of consecutive hysterectomy specimens revealed that leiomyomas are
much more common than previously thought (38). Serial 2-mm sections of the
uteri revealed the presence of leiomyomas in 77% of the specimens. Although
tumors were smaller in uteri taken from postmenopausal women, incidence was
not decreased. These data indicate that while leiomyomas are usually subclinical
after menopause, they may not completely regress during the life of the patient
(38).

Because leiomyomas are so common, the effect of postmenopausal supple-
mentation therapies on these cells is of interest. Several ELT cell lines have
been shown to have ERs and progesterone receptors and to respond prolifera-
tively to estradiol (35,39). Fuchs-Young et al. (40) demonstrated that raloxifene
did not induce proliferation of ER-positive ELT-3 cells and also inhibited estro-
gen-stimulated proliferation in vitro. Furthermore, raloxifene inhibited estro-
gen-stimulated increases in progesterone receptor expression in ELT-3 cells
(40). Surprisingly, in contrast to its stimulatory effects in the endometrium,
tamoxifen also inhibited the E2-stimulated proliferation and PR expression in
ELT cells (39,40), suggesting that an analysis of SERM effects in the uterus
must consider both endometrial and myometrial compartments (Fig. 6).

3.2 In Vivo Effects
In vivo analyses of the effects of SERMs on myometrial tumors have been

conducted in two different animal models. In the Eker rat, leiomyomas develop in
intact females by the age of 12 mo. For these studies, rats were treated for 4 mo
starting at 1 yr of age with raloxifene analog, LY326315. This naphthalene com-
pound closely mimics the biologic activity and potency of raloxifene and was uti-
lized during the development of raloxifene for clinical use. Treatment with
LY326315 significantly reduced tumor incidence by 50% (41,42). Tamoxifen
treatment similarly reduced tumor incidence, as predicted by the in vitro cell-pro-
liferation studies (41,42). In the guinea pig, Porter et al. induced abdominal
leiomyomas using chronic estrogen exposure. Raloxifene (10 mg/kg/d) caused a
complete regression of all myometrial tumors within 30 days (43).

To evaluate the effects of SERMs on endometrial cancer cells in vivo, Got-
tardis et al. (44) implanted EnCa101 human endometrial cancer cells into
athymic, ovariectomized mice. Tamoxifen, raloxifene, and other antiestrogens,
including trioxifene, nafoxidine, and enclomiphene, were administered to the
mice for 4–6 weeks. Raloxifene stimulated the growth of the endometrial
tumors less than any of the other SERMs tested, suggesting a reduced level of
inherent agonistic activity. Furthermore, raloxifene was able to inhibit tamox-
ifen-stimulated tumor progression of the xenografts (44,45). The antiestrogen
ICI 164, 384 was similarly able to inhibit tamoxifen-induced growth and was
the only compound tested that did not stimulate the tumors.
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In short-term studies using ovariectomized rats, raloxifene was far less
stimulatory to the uterus than tamoxifen or estradiol. In these analyses, rats
were ovariectomized, rested for 2 wk, and then administered drugs daily for 4
d. Compared with tamoxifen and estradiol, raloxifene did not stimulate
increases in uterine weight or eosinophil peroxidase activity at the minimally
effective dose (2,3,46). When tested at a wide range of doses (0.1–10 mg/kg),
raloxifene also displayed a lack of inherent estrogenic activity and did not
stimulate increases in luminal epithelial-cell height or infiltration of stromal
eosinophils in ovariectomized 5-wk-old rats (19). The results also indicated
that raloxifene lacked the ability to induce increases in stromal expansion or
myometrial thickness at any dose tested (19). In 3-d assays using immature
noncycling rats, raloxifene, but not tamoxifen, was able to inhibit estradiol-
stimulated increases in uterine wet weight. At the maximal dose of 10 mg/kg,
raloxifene was able to counteract the effects of 0.1 mg estradiol/kg/d and
maintain the uterine weight at levels indistinguishable from those of vehicle-
treated controls (3). Data also indicate that raloxifene inhibited the stimula-
tory effects of tamoxifen on uterine weight, eosinophil-peroxidase activity,
and epithelial-cell height, further emphasizing the differences in the
uterotrophic activity of the two SERMs (47).

Recently, interest in the impact of SERMs on tissues exposed to environ-
mental or xenoestrogens has increased. Although the number of reports on
this topic is limited, studies in immature mice treated for 5 consecutive days
indicate that raloxifene (5 mg/kg/d) inhibited increases in uterine weight stim-
ulated by DDT (10 mg/kg/d) or methoxychlor (10 mg/kg/d) (48). However,
raloxifene was not able to inhibit uterine weight increases stimulated by 17-β
estradiol (1 mg/kg) at the dose ratios used in the study.

Some acute studies indicated that raloxifene induced a modest increase in
uterine wet weight that was not dose-dependent and was attributed to water
imbibition rather than cellular hypertrophy or proliferation (3,22). This con-
tention has been challenged by Ashby et al. (49), whose data demonstrated a
small but statistically significant raloxifene-induced increase in both the wet
and dry weight of the uterus in immature, ovariectomized rats. Sundstrom et al.
(50) also provided evidence that raloxifene could act as an estrogen agonist in
the endometrium. Estradiol, tamoxifen, LY117018, and raloxifene all stimu-
lated increased transcription of uterine C3 in luminal epithelial cells of the
uteri of immature rats; this effect was inhibited by progesterone.

Claimed by some to be a more appropriate end point, eosinophil peroxidase
activity was not stimulated by raloxifene at any dose tested (0.01–10 mg/kg/d)
but was stimulated by tamoxifen at all doses tested (0.1, 1.0, and 10 mg/kg/d)
(21,47). Photomicrographs of histological uterine sections showed that estro-
gen- and tamoxifen-treated ovariectomized animals had hypertrophic, colum-
nar luminal epithelium with pseudostratification of the cells. Raloxifene- and

146 Part I / Preclinical Antiestrogens



vehicle-treated rats had predominantly quiescent cuboidal epithelium, indicat-
ing a lack of endometrial stimulation (3,19,46).

In assays in which ovariectomized rats were dosed for a longer period of 5
wk, estradiol, tamoxifen, and nafoxidine stimulated the eosinophil-peroxidase
activity level significantly above that in vehicle-treated ovariectomized animals,
with estradiol achieving the maximally stimulatory effect (21). Raloxifene, on
the other hand, did not stimulate this activity significantly above that in vehicle-
treated ovariectomized controls. In assays in which animals were administered
drugs for 4–10 mo, ovariectomy resulted in a significant threefold to eightfold
reduction in uterine weight. The uterine weights in raloxifene-treated animals
were not different from those in ovariectomized animals (20,51).

These data indicate that in acute dosing regimens using ovariectomized ani-
mals, raloxifene was significantly less stimulatory than estradiol or tamoxifen.
However, in several chronic regimens both raloxifene and tamoxifen reduced the
uterine wet weight in intact rats and inhibited estrogen-induced increases in the
uterine wet weight in ovariectomized animals following 1–4 mo of dosing
administration (52,53). Sourla et al. found that 28 d of tamoxifen administration
to intact rats (100 µg/d), reduced uterine weight by 24%, but after 6 mo of
tamoxifen exposure, uterine weights were indistinguishable from intact controls.
Somewhat surprisingly, these studies and others have shown that in long-term
treatment regimens using ovariectomized and intact rats, tamoxifen-treated ani-
mals did not have an increased uterine weight at the time of analysis. These data
suggest that stimulation of the uterine weight by tamoxifen may be transitory.
Studies by Carthew et al. (54) showed that continuous treatment with tamoxifen
for 24 mo resulted in hyperplasia of the endometrial epithelium for the first 3 mo,
followed by atrophy of the endometrium and myometrium for the remaining 21
mo. The lack of a sustained response may be due to the downregulation of ER,
suppression of ovarian function, or some other biochemical accomodation of the
tissue. Importantly, long-term treatment with tamoxifen (2 yr) was not associated
with an increased incidence of uterine tumors in animal studies (54). It is at pre-
sent unclear how the short-term stimulation of endometrial tissue by tamoxifen
in rats is to be reconciled with the increased incidence of uterine carcinoma in
women undergoing long-term tamoxifen therapy (27). Although DNA adduct
formation in the liver following tamoxifen exposure has been reported, induced
adducts have not been detected in the uterus (55). Thus, the long-term effects of
SERMs in the uterus require further exploration, and studies of relevant primate
models seems appropriate. A summary of the uterine data is shown in Table 2.
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Table 2
Summary of Uterine Responses to SERMs and Estradiol

Endometrium Myometrium Whole uterus

Cell Tumor Epithelial  Eosinophil  Cell Tumor 
prolif- pro- cell peroxdase pro- pro-
eration gression height activity C3 expression liferation gression Weight

Raloxifene ↓ ↓ ↓ ↓ ↑ ↓ ↓ +/—
(Ref) (32) (42) (3,22,45,46,47) (3,22,45,46,47) (48) (40,41) (42,43,44) (3,6,20,45)

TAM ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↑
(Ref) (32,33) (33,42,43) (3,22,45,46) (3,22,46) (48) (40) (42,43,44) (3,45)

Estradiol ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑
(Ref) (32) (33,42,44) (3,22,45,46,47) (3,22,45,46,47) (48)(36,40,41) (42,43,44) (3,20,45)



4. RALOXIFENE EFFECTS IN MAMMARY TISSUE

4.1. In Vitro Analyses
Unlike uterine cells, many estrogen-responsive breast-cancer cell lines are

available for analysis of antiestrogens. Raloxifene and 4-OH tamoxifen have
been shown to inhibit estrogen-induced proliferation of MCF-7 breast-cancer
cells in vitro with IC50s of 0.2 nM and 0.5 nM, respectively (2,3,46). As
Thomas and Kiang (56) have reported, raloxifene is highly effective at inhibit-
ing MCF-7 cell growth, achieving a 54% inhibition of proliferation, compared
with a 33% inhibition by 4-OH tamoxifen. In addition to inhibiting prolifera-
tion, benzothiophene antiestrogens also inhibit the transcription of estrogen-
regulated genes in breast-cancer cells. The raloxifene analog LY117018, which
shares the tissue-specific profile of raloxifene, inhibited the estrogen induction
of four mRNA transcripts in the ER containing cell line EMF-19 (57). More-
over, as Poulin and Labrie (58) have shown, raloxifene competitively inhibited
estrogen stimulation of ZR-75-1 human breast-carcinoma cells, a line that pro-
liferates in response to the adrenal steroids androst-5-ene-3b,7b-diol (C19-d5-
diol3), dehydroepiandrosterone (DHEA), and dehydroepiandrosterone sulfate
(DHEAS). Raloxifene was highly effective at inhibiting proliferation pro-
moted by any of these adrenal steroids and 17-β estradiol, and in the case of
DHEA and DHEAS, raloxifene completely abolished all stimulatory effects.

4.2. In Vivo Effects of Raloxifene
Raloxifene has been tested in a number of in vivo models of mammary develop-

ment and carcinogenesis. A summary of these data is shown in Table 3. In a study
of 7,12-dimethylbenz{a}anthracene (DMBA)-induced carcinomas in Sprague-
Dawley rats, raloxifene and tamoxifen significantly inhibited tumor growth,
although tamoxifen was more effective (59). Both compounds were also tested for
their ability to inhibit mammary-gland development in intact rats and estrogen-
induced increases in uterine weight in ovariectomized rats; raloxifene was more
inhibitory than tamoxifen in both organs (59). The inhibitory effect of raloxifene
on mammary morphogenesis was confirmed in subsequent studies showing that
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Table 3
Summary of Mammary Effect of Raloxifene and Tamoxifen

Breast-cancer cell Tumor 
proliferation progression Chemoprevention

Ral ↓ ↓ Yes
TAM ↓ ↓ Yes
Ref (2,3,44,54,56) (59,61) (62,63)



raloxifene inhibited estrogen stimulation of mammary end-bud formation but
tamoxifen did not (60). Taken together, these studies suggest that raloxifene is a
potent antiestrogen in the mammary gland.

Because DMBA-induced tumors are dependent on prolactin and estradiol for
growth, N-nitrosomethylurea (NMU)-induced tumors are preferred by some
investigators for evaluating the efficacy of antiestrogens. For example, in stud-
ies by Gottardis and Jordan (61), animals received antiestrogens starting 7 wk
after the NMU injections; raloxifene and tamoxifen reduced tumor incidence to
46 and 13%, respectively (61). In assays in which antiestrogens were adminis-
tered 2 wk after the NMU and continued for 7 wk, the final tumor incidence at
25 wk was 29% for raloxifene-treated animals and 28% for tamoxifen-treated
animals (61). Refractory tumors appeared earlier in raloxifene-treated animals,
even though it was used at a fivefold higher dose. Raloxifene (500 µg) and
tamoxifen (100 µg) were similarly effective in reducing the average number of
tumors per animal. These data suggest that while tamoxifen is more effective
and potent at inhibiting tumor growth and incidence, raloxifene is highly antie-
strogenic in mammary tissue, has some ability to prevent tumor development
and thus may be a useful tumor preventative. This possibility is intriguing,
especially in light of the reduced stimulation of uterine tissues by raloxifene as
compared with tamoxifen.

The possibility that raloxifene and tamoxifen prevent mammary tumors was
specifically addressed in studies by Anzano et al. (62,63). In these studies,
55-d-old rats were injected with a single 50-mg NMU/kg dose. Starting 1 wk
later and continuing for 4.5–5 mo, animals were given either 60 or 20 mg of
raloxifene per kg of food. Raloxifene exposure significantly increased the
number of tumor-free rats and decreased the average number of tumors per rat
and the average tumor burden. There was little difference in effect between the
two doses, so no lower efficacy limit could be determined. The results obtained
with raloxifene were comparable with those obtained with tamoxifen, although
tamoxifen was effective at substantially lower doses (1.0 or 0.5 mg/kg food).

5. THE EFFECT OF RALOXIFENE ON SERUM CHOLESTEROL

In contrast to its effects in uterine and mammary tissue, raloxifene acts as an
estrogen agonist on cholesterol metabolism. Multiple studies have shown that
raloxifene, like estrogen, can lower serum lipid levels in ovariectomized rats
(2,19–22). Postmenopausal women are at increased risk of cardiovascular dis-
ease, including atherosclerosis, primarily because of a reduction in circulating
estrogen, but this risk may be lowered by hormone-replacement therapy
(64–66). Although the exact mechanism by which estrogen protects against
cardiovascular disease is unknown, it has been shown that estrogen lowers
serum lipid levels and directly affects vascular smooth-muscle cells (67,68).
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However, these proven cardiovascular benefits are partially offset by the
association between estrogen-replacement therapy and increased risk of
endometrial and breast cancer (69–71). The addition of progesterone to estro-
gen-replacement therapy protected the endometrium, but combined hormonal
therapy was still associated with an increased risk of breast cancer (69). Thus,
the potential therapeutic benefit of a tissue-specific antiestrogen is substantial
if the cardiovascular benefits can be realized without increased risk of breast
and uterine cancer.

When evaluating the role of estradiol or tissue-specific antiestrogens on
serum lipid levels in rat models, it is important to recognize that the predomi-
nant form of cholesterol in rat is high-density lipoprotein (HDL) (72). In
humans, estrogens lower low-density lipoprotein (LDL) and raise HDL levels,
both changes probably contribute to the decrease in cardiovascular disease
(72–75). In rats, however, estrogens lower both LDL and HDL levels, making
an evaluation of the potentially beneficial increases in HDL levels impossible
(72). The use of the rat model to study the effects of estrogen on serum lipid
levels is considered by most to be valid, but extrapolation of results must be
tempered by differences between the lipid profile of humans and rodents.

In 35- and 75-d-old rats, raloxifene, tamoxifen, and estradiol were able to sig-
nificantly lower serum cholesterol levels below those in ovariectomized controls
after only 4 d of dosing (19,45,76). Over a 7-d course, raloxifene began lowering
serum cholesterol levels on d 1 and was maximally effective by d 2 (77). In 3-wk
assays, serum cholesterol levels in the raloxifene, tamoxifen, and estradiol treat-
ment groups remained below those in ovariectomized and sham-operated
throughout the 21 d of dosing (76). Unfortunately, the cholesterol levels in the
sham-operated and ovariectomized groups were the same at all times. Both estra-
diol and raloxifene were able to lower total and HDL cholesterol levels signifi-
cantly compared with those in ovariectomized controls starting at a dose of 0.03
mg/kg/d and 0.3 mg/kg/d, respectively. However, cholesterol levels were signifi-
cantly lower in estrogen-treated animals than in raloxifene-treated animals. Lun-
deen et al. (72) found that raloxifene and tamoxifen lowered the total cholesterol
level after 4 d but found reduced efficacy of both compounds compared to other
reports. Raloxifene lowered cholesterol at all doses tested (0.005–5.0 mg/kg) but
tamoxifen was effective only at the two highest doses, 1.0 and 10.0 mg/kg.

Longer-term studies may be more informative because, in some, ovariec-
tomized animals have significantly higher cholesterol levels than do sham-
operated animals. When serum levels were analyzed 39 d after surgery,
ovariectomy increased the serum cholesterol level by 8–38%. Compared with
ovariectomy, estradiol (0.1 mg/kg), tamoxifen (10 mg/kg), and raloxifene (10
mg/kg) reduced the cholesterol level by 70, 50, and 62%, respectively (21,22).
In these analyses, estradiol was more potent than raloxifene or tamoxifen. In 4-
and 10-mo treatment protocols, raloxifene significantly reduced serum choles-
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terol levels below those in ovariectomized or sham-operated rats (22,51). Data
from the 10-mo study indicated that raloxifene was more efficacious than
estradiol in reducing serum cholesterol levels.

In studies in which ovariectomized rabbits received treatment for 45 wk, estra-
diol and raloxifene lowered serum levels of very low-density lipoprotein (VLDL)
cholesterol and triglycerides compared with those in placebo-treated controls
(78). Neither compound significantly lowered the serum LDL level, and estrogen
alone lowered the serum HDL level. In addition to their effects on serum lipids,
estradiol and raloxifene also reduced the cholesterol content of the inner layer of
the thoracic aorta. Both compounds were able to induce this antiatherosclerotic
effect, but aortic cholesterol levels as well as serum triglycerides were lower in
estradiol-treated rabbits than in raloxifene-treated rabbits (78).

Analysis of coronary arteries harvested from normal New Zealand white rab-
bits showed that both estradiol and raloxifene were able to cause relaxation of
pre-contracted arterial rings (79). This effect was demonstrated in rings
obtained from both male and female rabbits, however, higher levels of ralox-
ifene than estradiol were needed to achieve similar relaxation. Additional evi-
dence of the antiatherosclerotic activity of raloxifene was reported by
Zuckerman and Bryan (80). They reported their assessment of LDL oxidation
and myeloperoxidase-dependent radical formation in murine peritoneal
macrophages, noting that inflammatory processes are an important component
of the tissue damage associated with plaque formation. In these analyses, ralox-
ifene was a more potent inhibitor of in vitro LDL oxidation than was estradiol.
Raloxifene was also effective at inhibiting myeloperoxidase-induced dityrosine
radical formation and neutrophil-mediated myeloperoxidase activity.

Taken together, the studies discussed in this section suggest that, in addition
to lowering serum lipid levels, raloxifene may have specific antiatherosclerotic
activities in the vessel wall. In addition, most studies indicate that estrogen is
more potent and effective than raloxifene at lowering lipids, but that raloxifene
may have other important attributes that contribute to its protection against
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Table 4
Summary of Effects on the Cardiovascular System

Serum cholesterol LDL oxidation Aortic cholesterol

Ral ↓ ↓ ↓
TAM ↓ NR NR
Estradiol ↓ ↓ ↓
References (20,22,23,40,74) (77) (76)

NR, not reported.



cardiovascular disease. A summary of the effects of raloxifene, tamoxifen and
estradiol on the cardiovascular system is shown in Table 4.

6. MECHANISM OF ACTION

The mechanism of action of raloxifene and other SERMs is the subject of
research in a number of laboratories. From all available data, it appears that
raloxifene acts primarily through interaction with the ERs, which act as regula-
tors of transcription and that the unique target-specific profiles of raloxifene
result from a combination of factors involving the ER itself and its interaction
with cofactors and specific DNA sequences. McDonnell et al. (4) have pro-
posed that ER ligands be classified as types I–IV based on their activity in a
number of in vitro analyses. In brief, protease digestion revealed that ligands
like raloxifene, that can act as estrogen agonists or antagonists, induce distinct
ER conformations. In reporter assays, estrogen and 4-OH tamoxifen acted as
agonists when a chimeric receptor was cotransfected into cells along with an
estrogen response element (ERE), but only estrogen was agonistic when the
wild-type receptor was present. ICI 164,384 was antagonistic in both settings.
Raloxifene acted as an estrogen antagonist when the wild-type receptor was
cotransfected with a C3 reporter, but was agonistic when the AF-1 receptor
mutant (mutated AF-2 domain) was included. Using these types of analyses,
the specific profile of ER ligands was determined, allowing their classification
into four groups represented by estradiol, tamoxifen, raloxifene, and ICI
164,384. The proposed basis for the differing biological activity is partly struc-
tural and centers around the ability of a ligand to promote productive interac-
tion of the AF-1 or AF-2 domain of the receptor with DNA. The ability of
some promoters to discriminate between ligands is also considered pivotal to
achieving tissue-specific activity.

In one report, this discriminatory ability was dependent on a transferable
cis element about 90 bp upstream of the promoter (81). The distal and proxi-
mal promoters of the progesterone-receptor gene controlled expression of the
two receptor forms and were found to be differentially responsive to tran-
scriptional repression by antiestrogens. Transcriptional activity from the dis-
tal promoter (PRD) was stimulated by estrogen but only partially antagonized
when ICI 164,384 or the raloxifene analog LY117018 was added. The proxi-
mal promoter (PRP) was completely inhibited when antiestrogens were
added. The difference in ligand responsiveness was found to reside in a trans-
ferable element 5′ of the distal promoter. This fragment was found to be both
positionally independent and transferable, satisfying the criteria for a cis ele-
ment. These data suggest that the tissue-specific activity of SERMs is in part
promoter-specific and is in this case mediated by a cis-acting element that is
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probably acted on in turn by soluble trans factors whose expression may also
be tissue-specific.

Yang et al. (5) have shown that one possible mechanism of the estrogen-
agonist activity of raloxifene in bone is the interaction of a receptor with a
unique response element. A unique polypurine sequence that preferentially
mediated raloxifene-induced transcription of TGF-β3 in osteosarcoma cells
was identified. Importantly, the DNA binding domain of the receptor was not
required for the induction of reporter activity, suggesting an indirect associa-
tion of the receptor with DNA, perhaps through tissue-specific cofactors.
The estrogen metabolites 17-epiestriol and 16-keto-17β-estradiol were more
effective activators of transcription through the response element than was
estradiol, indicating that the endogenous ligand could be a steroid metabo-
lite. Although some of these data have been subsequently qualified, it seems
likely that this unique interaction plays a role in the agonistic activity of
raloxifene in bone.

Recent data showing that ER-β was highly expressed in bone (RNA) and
moderately expressed in the uterus suggest the possible involvement of this
alternate receptor in mediating tissue-specific activity by raloxifene and other
SERMs (82,83). As mentioned earlier, raloxifene binds to ER-β and activates
transcription through the AP-1 site. ER-β is also capable of activating tran-
scription of ERE containing reporters in a ligand-dependent manner (84). It
has also been demonstrated that ER-α and ER-β form heterodimers that can
activate transcription of some ERE-containing promoters (84,85). Together,
these results suggest new mechanisms by which the β receptor may participate
in the tissue-specific activity of raloxifene and other SERMs. Relative levels of
ER-β expression or the ERα:ERβ ratio could determine the activity of tissue-
specific ligands. The discovery of this new receptor, along with promoter-spe-
cific responses, tissue-specific cofactors, and unique ligand-induced receptor
structures, continues to increase the number and complexity of possible mech-
anisms responsible for tissue-specific activity.

In summary, the preponderance of available data indicates that raloxifene
is a high-affinity ER ligand that acts as an estrogen agonist in bone and the
cardiovascular system but is antiestrogenic in the mammary gland and
uterus. The data also suggest that raloxifene inhibits postovariectomy loss
of bone density and bone strength but is significantly less potent than estra-
diol. Although there is still some debate about the level and importance of
uterine-weight stimulation, raloxifene is clearly less uterotrophic than
tamoxifen or estradiol, at least in terms of the eosinophil-peroxidase activity
and epithelial-cell height. Moreover, raloxifene is highly antiestrogenic in
the developing mammary gland and in mammary cancer cells. The mecha-
nism of this tissue-specific activity has not been elucidated but is likely to
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involve unique receptor structure, specialized promoter usage, and possibly
the newly discovered ER-β.
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1. INTRODUCTION

The first antiestrogen, MER 25, described by Lerner et al. (1) 40 years ago
was discovered in the course of a drug-hunting program seeking new lipid-
lowering agents. In the process of evaluating the pharmacologic activity of
new chemical entities, it became clear that MER 25 blocked the action of
estradiol on the vagina. Further studies confirmed that MER 25 has the pri-
mary characteristic of an antiestrogen, that is, it blocks the trophic actions of
endogenous or exogenous estradiol on the uterus and vagina. When adminis-
tered to ovariectomized mice, MER 25 had little effect on the vagina and
minimally stimulated the uterus; thus, MER 25 alone was only a weak ago-
nist on estrogen target organs and can be thought of as the first “pure” antie-
strogen. The term “pure” is used in the pharmacological sense, meaning an
antagonist capable of complete blockade of the actions of the natural ligand
(estradiol) and, as a corollory of this, being devoid of agonist (trophic) activ-
ity. The distinction between the properties of pure antiestrogens and the large
number of other partial-agonist antiestrogens that have been described since
the original work of Lerner et al. (1,2), and that are exemplified by tamoxifen
is the subject of this chapter.
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A high level of interest in antiestrogens has been sustained by their thera-
peutic potential; original pharmaceutical research was driven primarily by
their potential utility in fertility regulation and although this expectation has
proven largely unjustified, their application to the treatment of breast cancer
has amply rewarded this interest. The discovery and subsequent clinical appli-
cation of tamoxifen (2,3) provides the historical perspective for development
of novel pure antiestrogens. Tamoxifen was discovered in an antifertility
research program where synthetic homologues of the nonsteroidal estrogen
chloro-triphenylethylene were tested for their capacity to block implantation of
the fertilized ovum in rats (4,5). Tamoxifen emerged as the perfect contracep-
tive in rats—unfortunately this did not extend to humans—but tamoxifen has
subsequently been established as the endocrine treatment of choice for breast
cancer. From its first successful application in the therapy of advanced breast
cancer (6), the use of tamoxifen was extended to first-line treatment of
advanced disease and then to adjuvant treatment of primary breast cancer until
today, tamoxifen is being evaluated in large-scale clinical trials to test whether
it can prevent the development of breast cancer in women at high risk of devel-
oping the disease (7). The recent report of over 45% reduction in breast-cancer
occurrence in women at high risk of development of the disease in a large NCI
trial, amply justifies consideration of prophylactic therapy with tamoxifen in
spite of potential increased risk of endometrial cancer.

The clinical and commercial success of tamoxifen is based on the beneficial
combination of therapeutic efficacy and modest level of side-effects, together
with the ease of treatment offered by once or twice daily oral administration.
Until very recently when chloro-tamoxifen (toremiphene) was registered for
clinical use (8), no other antiestrogen had reached the U.S. market. This may
be surprising in view of the very large number of other nonsteroidal antiestro-
gens that have been described in the literature in the past 40 years, including
other triphenylethylene analogues (droloxifene [9], idoxifene [10]), substi-
tuted tetrahydronaphthalenes (nafoxidene [11], trioxifene [12]), indole deriva-
tives (zindoxifene [13]) and benzothiophenes (keoxifene [14]), but none of
these has yet proved to offer a sufficient combination of advantages over
tamoxifen in respect of efficacy and tolerance to merit drug registration. All of
these antiestrogens share with tamoxifen the pharmacologic characteristic of
partial-agonist activity; while they antagonize estrogen action, this activity is
incomplete for the reason that each compound has intrinsic estrogen-like stim-
ulatory (agonist) activity. Thus, the net effect of drug treatment is a balance
between agonist and antagonist activity. In the original studies of tamoxifen
reported by Harper and Walpole (4,5), it was clear that the balance between
agonism and antagonism varied depending on the test endpoint used and the
species in which the assay(s) were performed. The term “partial-agonist” accu-
rately conveys the the idea that all of these antiestrogens have some estrogenic
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activity but it does not adequately describe their complex organ, cell and gene-
specific actions (2,15,16).

In clinical use it is not clear to what extent, if any, the partial agonism of the
current generation of antiestrogens affects either efficacy, side-effect profile, or
toxicity. In the case of tamoxifen, although estrogen-like effects on the uterus,
on bone density, and on serum lipid profiles are observed in patients (17), there
is no evidence for tumor-stimulatory effects in patients other than a transient
effect at the start of treatment in a minority of patients (18). Among newer par-
tial agonist antiestrogens, the potential to target tissue-specific agonist actions,
for example on the bone, while avoiding stimulation of the uterus has lead to
renewed clinical interest (19). Agents of this kind have been termed selective
estrogen-receptor modulators (SERMs; 20) and raloxifene (previously known
as keoxifene) has recently been approved by the Food and Drug Administration
(FDA) for the treatment of osteoporosis (19). Despite this imaginitive exploita-
tion of the selective agonist pharmacology of nonsteroidal antiestrogens, the
major thrust of most research in the field has been the desire to eliminate partial
agonism. This objective was pursued in Zeneca (formerly ICI) Pharmaceuticals
and produced the first of a new series of antiestrogens, ICI 164384 (Fig. 1),
which most closely conform to the pharmacologic definition of pure antiestro-
gens (21,22). The remainder of this chapter compares and contrasts the pharma-
cology and mode of action of pure and partial-agonist antiestrogens.

2. DISCOVERY OF PURE ANTIESTROGENS

Although the primary pharmacological property of pure antiestrogens is
clearly defined and the potential clinical advantage(s) of more rapid, more
complete or longer-lasting remissions in breast cancer may be readily under-
stood, it was less clear how such compounds might be realized. At the end of
the second decade of antiestrogen research (late 1970s) the accumulated expe-
rience in Zeneca and many other industrial and academic laboratories pro-
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duced one clear conclusion: further synthetic chemistry based on existing
nonsteroidal lead structures was unlikely to be productive. Attention thus
turned to the potential for modifying the structure of the natural hormone
estradiol while retaining the capacity of target molecules to bind tightly to the
cognate receptor. A high affinity for the estrogen receptor was thought likely
to improve the chance of achieving potency and selectivity. A starting point
for chemistry emerged from collaborative studies between the laboratories of
Roussel-Uclaf Pharmaceuticals and Etienne Baulieu in Paris (23), which had
the objective of preparing an affinity matrix to facilitate purification of the
estrogen receptor (ER). These studies reported that the carbon atom at posi-
tion 7 in estradiol provided the optimum site for attachment of an alkylene
bridge structure between the ligand and the matrix material. Our initial chem-
istry exploited this observation by synthesizing a series of 7-alkyl analogues
of estradiol (22). The second requirement, that for a facile and efficient means
of testing for activity, was satisfied by the rat-uterus assay (24, and see Fig.
2). This assay, as well as providing a reliable means to distinguish between
pure and partial agonist antiestrogens in vivo, has the additional advantage of
requiring modest quantities of compound, a particularly important considera-
tion when the complexity of chemical synthesis may have a major impact on
the length of each cycle of synthesis and testing in the drug-discovery

164 Part I / Preclinical Antiestrogens

Fig. 2. Effects of tamoxifen and ICI 164384 on the immature rat uterus. Groups of 5 imma-
ture female rats received the indicated doses of tamoxifen (A) or ICI 164384 (B) alone
(open bars) or together with 0.5 µg 17β-estradiol benzoate (filled bars) s.c.once daily for
3 d. The vehicle alone (open bar) and estradiol alone (hatched bar) controls are shown
(0 dose) for each experiment. The weight of the uterus was recorded 24 h after the 3rd dose.



process. Additional in vitro tests, for example relative binding affinity (RBA)
assays using ER (25) and inhibition of the growth of human breast-cancer
cells (26), were available to monitor intrinsic potency that may not parallel in
vivo data because of variations in absorption and metabolism. Although RBA
assays are quicker to perform than the rat assay, and in vitro temperature-shift
assays had been proposed at this time to distinguish between agonists and
antagonists (27), this was rejected as the primary screen because the latter
claim proved to be incorrect (25). We also had a clear concept of what mode
of action might underlie pure antagonism. At this time (late 1970s), it was
thought that ligand binding to ER initiated translocation of ER from the cyto-
plasm to the cell nucleus to initiate DNA binding and transcription activation.
A simple concept of how pure antiestrogens might act was to find ligands
which, while binding ER, did not stimulate nuclear transfer. Although one
could measure ER translocation and there was an established precedent for
the existance of such ER ligands (28), the complexity of the assay mitigated
against its routine use. As we shall see later this conceptualization of the mol-
ecular basis for pure antagonism was not entirely unfounded.

Synthesis of 7-alkyl analogues of estradiol where a C10 side chain, together
with a variety of end groups, initially produced partial agonists (Table 1) but an
early breakthrough to the desired profile in the rat-uterus assay emerged with
compound 22, (ICI 163964; ref. 21), which incorporates a secondary amide in
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Table 1
Effects of 7-Substituted Estradiol Analogues on the Immature Rat Uterus

Uterotrophic activity

Dose % % 
Compound R mg/kg sc Agonism Antagonism

Tamoxifen – 1 40 60
18 –CO2H 25 23 30
19 –CH2OH 25 28 33
20 –CH2NEt2 10 33 62
21 –CONH(CH2)5CO2H 25 19 33
22 –CONHC4H9 10 –3 92



the side-chain. This compound was devoid of agonism when administered par-
enterally but had some uterotrophic activity when given orally (21).

Comparison of the activity of the 7α- and 7β-isomers (ICI 163964 and ICI
164275 (21) showed that biological activity resides in the 7α-isomer. Conver-
sion to the tertiary amide produced ICI 164384 (Fig. 1) which is a pure antie-
strogen via both routes; that is it antagonized the uterotrophic action of
estradiol in a dose-dependent and complete manner and, when administered in
the absence of estradiol, had no uterotrophic activity (21). The contrast
between the old and new antiestrogens in the rat-uterus assay is illustrated in
Fig. 2, where tamoxifen (A) or ICI 164384 (B) were administered alone (open
bars) or together with estradiol (filled bars).

The trophic, estrogenic action of tamoxifen limits its capacity to antagonize
estrogen stimulation of the uterus when co-administered with estradiol, whereas
ICI 164384 does not stimulate the uterus and is able to inhibit estrogen action in
a dose-dependent and complete manner. The difference between pure and par-
tial agonist antiestrogens is further illustrated in Fig. 3 where co-administration
to immature rats showed that ICI 164384 also blocked the uterotrophic action of
tamoxifen in a dose-dependent and complete manner (21). This experiment pro-
vides cogent support for the view that each ligand class—that is, full agonists
(estradiol), partial agonists (tamoxifen), and pure antagonists (ICI 164384—
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Fig. 3. Inhibition of the uterotrophic effect of tamoxifen by ICI 164384. Groups of 5 imma-
ture female rats were treated with veicle alone (control), tamoxifen 1 mg/kg alone, or
tamoxifen plus the indicated doses of ICI 164384 s.c. once daily for 3 d. The weight of the
uterus was recorded 24 h after the 3rd dose.



share a common mechanism of action mediated exclusively through the ER and
that the antiestrogen-specific binding sites (AEBS) to which tamoxifen also
binds (29) play no role in mediating tamoxifen partial agonism, since the pure
antiestrogens do not bind to AEBS (30) and would therefore not block AEBS-
mediated effects of tamoxifen. Consistent with this interpretation of the data is
the demonstration that both tamoxifen and ICI 164384 compete with [3H]-estra-
diol for binding to the ER in a concentration-dependent manner parallel to that
of estradiol (21). ICI 164384 has an RBA of 19, significantly greater than that of
tamoxifen (RBA = 2.5) and as desired in our drug profile, more like that of
estradiol (RBA = 100). Comparing oral and parenteral routes of administration,
ICI 164384 was approx 10-fold less potent orally suggesting either modest
absorption and/or metabolism in the gut.

Enhanced potency was sought by further modifications of the side-chain
(22) to produce ICI 182780 (Fig. 1) in which the alkyl bridge is 9 rather than
10 carbon atoms long, the amide is replaced by sulphoxide and the terminal
chain is fluorinated to reduce metabolic susceptibility (31). ICI 182780, now
named Faslodex®, has entered drug develoment and has successfully com-
pleted a Phase II clinical trial (32).

Subsequent to the description of ICI 164384 several other laboratories have
reported pure antiestrogens that encompass further synthetic modifications of
the steroidal 7α-alkyl amides (33), alternative positioning of the side chain on
the steroid nucleus as in the 11β-amidoalkoxyphenyl derivatives (34), as well
as nonsteroidal pure antiestrogens from Zeneca (35) and elsewhere (36,37).

3. PHARMACOLOGY OF PURE ANTIESTROGENS

3.1. Reproductive Tract
As we have seen the pure antiestrogens, unlike tamoxifen, do not stimulate the

uterus. This difference is likely to be of clinical significance for two reasons. First,
lack of uterotrophic activity should eliminate the concerns that have arisen from
the reports of an increased incidence of endometrial cancer in patients treated
with tamoxifen (38) and second, the possibility is opened up that pure antiestro-
gens could treat proliferative disorders of the uterus such as endometriosis and
fibroids, conditions where treatment with partial agonists is inappropriate.

That there is a mechanistic connection between tamoxifen partial agonism
and endometrial carcinoma is founded on the well-known association between
unopposed estrogen replacement therapy in postmenopausal women and an
increased incidence of the disease. However, this connection remains
unproven for tamoxifen in women and caution is indicated by the fact that the
predominant action of tamoxifen on the rodent uterus is to cause hypertrophy
rather than hyperplasia of the luminal epithelium (39). The risk-benefit equa-
tion remains strongly in favor of continuing tamoxifen therapy in women with
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breast cancer (40). Comparative studies of tamoxifen and pure antiestrogens in
two animal models serve to illustrate further potential advantages in use of the
new agents. Studies by Gottardis et al. (41) with a human endometrial carci-
noma grown in nude mice, which is stimulated by tamoxifen (42), showed that
pure antiestrogens inhibit both estrogen- and tamoxifen-stimulated tumor
growth (41). Again direct extrapolation to the clinical setting should be moder-
ated by the apparent paradox that tamoxifen has been used with some success
to treat endometrial cancer (43). The estrogenic activity of tamoxifen and other
partial agonists causes developmental abnormalities of the reproductive tract
in neonatal rodents (44–46). As might be anticipated, pure antiestrogens did
not cause such effects and, when co-administered with tamoxifen, blocked
these “toxicological” consequences (46). The absence of effects on reproduc-
tive-tract development could be particularly relevent to the anticipated use of
pure antiestrogens to treat gynecologic conditions in premenopausal women.

The effects of pure antiestrogens on reproductive function in cycling rats
and in menstruating primates have also been studied to investigate likely out-
comes in women. In adult female rats, comparison of the effects of treatment
with ICI 182780 with that of ovariectomy showed a similar rate of uterine
involution (31) and in ovariectomized, estrogen-treated primates, ICI 182780
treatment achieved a similar rate and extent of endometrial involution as estro-
gen withdrawal (47). In rats, pure antiestrogens block ovulation and cyclical
vaginal cornification (35,48). In menstruating monkeys, ICI 182780 com-
pletely blocked cyclical endometrial proliferation in the majority where
plasma steroid measurements indicated that ovulation was also blocked (49).
In those monkeys where ovulation occurred during ICI 182780 treatment
(approx 25%), endometrial proliferation was still reduced but was not blocked
completely (49). The reasons for differential responses to the same dose of
drug between individuals is not known but differences between individuals
may simply be an extension of the well-established differential thresholds for
response between different reproductive-tract endpoints (35). A complicating
factor in interpreting antiestrogen effects on the uterus is their concurrent
action on the hypothalamic-pituitary-ovarian axis and consequent effects on
estrogen secretion. In rats, ICI 182780 at doses which proved effective in
reducing the weight of the uterus, had no effect on plasma gonadotrophin con-
centrations (31) suggesting that pituitary function was unaffected. In monkeys
treated with ICI 182780, no postcastration-like increase of plasma
gonadotrophins was detected (Fig. 4) but plasma estradiol concentrations did
increase (Fig. 5; Dukes and Wakeling, unpublished studies). A similar increase
of plasma estradiol without a concurrent change in gonadotrophins was noted
in premenopausal women treated with ICI 182780 for 7 d prior to hysterec-
tomy; in these women endometrial proliferation was blocked by ICI 182780
(50). This increased estrogen secretion following pure antiestrogen treatment
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Fig. 4. Plasma FSH in ICI 182780-treated monkeys.

Fig. 5. Plasma estradiol in control and ICI 182780-treated menstrual cycles in monkeys.



remains to be explained. Further analysis of the central effects of pure antie-
strogens is presented later.

The therapeutic efficacy of pure antiestrogens in benign gynecologic condi-
tions remains to be explored further in clinical trials but the successful clinical
pharmacology study of Thomas et al. (50), together with the effective treat-
ment with ICI 182780 of a monkey with uterine adenomyosis (51), provide
preliminary evidence that such studies are worth pursuing.

3.2. Bone
An important potential consequence of the therapeutic use of pure antiestro-

gens is the anticipated loss of bone by analogy with that seen in women treated
with GnRH analogues (52), which reflects that seen as a natural consequence
of the cessation of ovarian function at the menopause. Model studies in rats
have provided conflicting evidence. Experiments with ICI 182780 did not
reveal any gross loss of bone or reduction of mineral density at doses which
caused an ovariectomy-like involution of the uterus (Fig. 6; 53). Similarly,
EM-800 did not reduce bone density at effective antiuterotrophic doses (54)
and ICI 164384 did not affect bone turnover or trabecular bone volume (55).
However other investigators have reported bone loss in rats treated with ICI
182780 (56,57). It is probable that there is a differential threshold for antiestro-
gen action between the bone and uterus and direct evidence for this is reported
in studies with the nonsteroidal pure antiestrogen, ICI 189154 (35). In the case
of ICI 182780, a Phase II trial currently in progress is designed to test whether
a dose of drug can be chosen that is effective on the uterus but which is also
bone-sparing. The outcome of this study will have important implications
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because if pure antiestrogens do not cause bone loss, it will open up for the
first time the prospect of effective, well-targeted, long-term medical treatment
of endometriosis and fibroids.

3.3. Brain
The balance between positive and negative feedback of estrogens on the

hypothalamus and pituitary controls ovarian function and the menstrual cycle.
In general, negative feedback through ERs in the hypothalamus controls
luteinizing hormone-releasing hormone (LH-RH) secretion which in turn
determines pituitary output of follicle-stimulating hormone (FSH) and LH.
Direct effects of estrogen on ER in the pituitary gonadotrophs can also affect
gonadotrophin secretion. Thus, blockade by pure antiestrogens of ER action in
either or both tissues is likely to cause significant disruption of the menstrual
cycle. An anticipated outcome is an inappropriate stimulation of the ovary.
Studies with EM-800 in mice have reported this effect; a significant increase in
ovarian size (58). Studies with another nonsteroidal antiestrogen, ICI 189154
showed ovarian hyperstimulation at a dose >15-fold that required to inhibit
ovulation (35). Although as previously noted, ICI 182780 also caused
increased estrogen secretion in monkeys and women, there was no evidence of
ovarian hyperstimulation or changes in gonadotrophin secretion in rats (31,48)
or monkeys (Zeneca, unpublished studies). The difference between ICI 182780
and the two nonsteroidal antiestrogens might be explained by the apparent
inability of ICI 182780 to penetrate the blood-brain barrier (BBB) first pro-
posed to explain the lack of an effect of ICI 182780 on plasma gonadotrophins
and body-weight gain in rats (31,48). Whole-body autoradiographs of rats
treated with 14C-ICI 182780 showed the lack of penetration of the drug into the
brain and cerebrospinal fluid (CSF) (Zeneca, unpublished studies), a result
confirmed independently by the studies of the capacity of tamoxifen or ICI
182780 to block the uptake of [3H]estradiol by rat tissues (59). Tamoxifen
blocked uptake in all tissues including the uterus, pituitary, and hypothalamus
but ICI 182780 blocked uptake in all tissues including the uterus and pituitary
except the hypothalamus (note: the pituitary is outside the BBB). The limited
data available in humans from the clinical pharmacology studies that show that
ICI 182780 did not alter gonadotrophin concentrations (32,50), is consistent
with a failure of ICI 182780 to penetrate the BBB in women.

Estrogens in the brain have important physiological effects other than those
associated with reproductive function as well as profound psychological
effects on mood, sleep patterns, and cognitive ability (60). One of the most
common debilitating symptoms of the menopause is the onset of frequent and
sometimes severe hot flashes associated with estrogen withdrawal-induced
vasomotor instability. Not surprisingly, the most common side effect of tamox-
ifen treatment is hot flushes (61), an effect also reported in women treated with
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the SERM, raloxifene (62). Since ICI 182780 does not enter the brain, it can be
anticipated that the drug will not cause central estrogen withdrawal-like effects
in patients. This is supported by the limited clinical data available to date,
which noted no increase in the severity of hot flushes in patients where symp-
toms were already apparent and no onset of flushes in women free of flushes
before treatment began (32). Longer-term studies, particularly in pre-
menopausal patients, are necessary to establish whether drug treatment with
ICI 182780 will avoid the psychological effects of estrogen withdrawal from
the brain. The profound importance of this is clear and further emphasized by
recent data that indicate the role estrogen withdrawal might play in the onset or
progression of Alzheimer’s disease (AD) (60).

3.4. Normal and Cancerous Breast
The effect of pure antiestrogens on the normal breast has been studied in the

rat and mouse. In both species, the mammary gland develops postpubertally by
outgrowth from the nipple of an extensively branched structure to fill the mam-
mary fat pads. In the rat ovariectomized at 30 d of age, hormone replacement
with either estradiol, tamoxifen, or other partial agonists mimicked the normal
developmental process, whereas ICI 164384 had no effect and, when co-
administered with estradiol or tamoxifen, completely blocked ductal extension
(63). Similarly, local implantation of either ICI 164384 or ICI 182780 into the
developing mouse mammary gland caused ductal regression and inhibited
DNA synthesis in terminal end buds (64). Thus, ICI 164384 and ICI 182780
are pure antiestrogens in the normal breast.

In breast-cancer models, the pure antiestrogens also inhibit tumor growth.
This activity was demonstrated in carcinogen-induced rat and mouse mammary
tumors (65,66) as well as in two different human breast tumors grown as
xenografts in nude mice (31,67). Although tamoxifen also inhibits the growth of
human breast-tumor xenografts in nude mice, its activity in these model sys-
tems appears to be short-lived since all of these tumors resume growth after
about 3 mo (68,69). The development of resistance to continued tamoxifen
treatment in this model system reflects the clinical situation where most patients
whose tumors respond initially, experience relapse of the disease. In nude mice,
the growth of these tamoxifen-resistant tumors can be attenuated by treatment
with pure antiestrogens (67,70,71), clearly demonstrating the absence of cross-
resistance between the two classes of antiestrogen, and strongly implying that a
major cause of relapse in patients is related to the estrogenic activity of tamox-
ifen. Direct comparison of the efficacy and duration of antitumor activity of
tamoxifen and ICI 182780 in xenografts of human MCF-7 breast-cancer cells
showed that the pure antiestrogen prevents tumor growth for at least twice as
long as tamoxifen and may also provide a greater degree of tumor regression
(71). In the latter studies, although resistance to the antitumor action of ICI
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182780 developed, tumors did not grow in all of the animals, suggesting an
indefinite and potentially “curative” effect in some. This would be consistent
with studies with MCF-7 cells in vitro, which showed that ICI 182780 blocked
cell growth in more than 90% of cells, whereas tamoxifen effected growth
blockade in only 60% of cells (31). This difference in efficacy could be suffi-
cient in some tumors to lead to effective cure of the disease.

In patients with breast cancer, a Phase I trial in which tumors were biopsied
before and after 7 d treatment with ICI 182780, showed that the drug caused
significant reductions of ER, of progesterone receptor (an estrogen-regulated
protein), of Ki67 an indicator of proliferative activity (72) and an increase in
the number of apoptotic cells (73). Following this study, a Phase II trial of ICI
182780 was conducted in patients who had relapsed on tamoxifen treatment
(analogous to the nude mouse studies referred to earlier). Drug treatment pro-
duced responses in two-thirds of patients (32). The mean duration of response
of 26 mo was significantly longer than that achieved previously in such a
group of patients using the standard high-dose progestin therapy (74). These
clinical results are consistent with what was predicted from the animal-model
studies. Faslodex is now being assessed in Phase III trials in patients with
advanced disease treated previously with tamoxifen.

4. MODE OF ACTION

Target-cell response to estrogens is dictated by the presence or absence of
ER; estradiol binding to ER initiates a sequence of events that includes dissoci-
ation of heat-shock proteins, dimerization, and binding to discrete DNA
sequences termed estrogen-response elements (EREs) in the regulatory regions
of target genes (75). The ligand-receptor complex regulates gene activity by
recruiting other proteins to the transcriptional complex; these proteins may act
with ER as coactivators or corepressors of transcription (76). There is no pre-
cise molecular description of these events but ligand-induced conformational
changes in the ER dimer, which differ for estradiol and antiestrogens (77), are
likely to influence strongly protein-protein interactions in the transcriptional
complex since such changes will alter the relative orientation of the two major
independent transcriptional activation domains (AF1/AF2) of the ER (78). Par-
tial agonism of tamoxifen has been attributed to the fact that one of the activa-
tion domains (N-terminal AF1) of ER remains active in the tamoxifen-ER
complex (78), but more complex schemes involving the efficiency of coactiva-
tor or corepressor coupling in the transcriptional complex are necessary to
account for the gene-specific actions of antiestrogens (79). Thus, among partial
agonists that show varying degrees of agonism depending on which response
is measured, agonism is cell-, promotor-, and effector-sensitive (79,80). Fur-
ther complexity is added by the recent description of a third activation domain
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(AF2a) in ER, which may function when AF1 and AF2 are inactive and might
thus account for how certain ligands act as full agonists in the bone and cardio-
vascular system (81), and of a novel form of ER designated ERβ (82,83). Fur-
thermore, the ER can be activated in a ligand-independent manner by other
signaling molecules, for example dopamine (84), epidermal growth factor
(EGF) (85), cAMP (86), and insulin-like growth factor (IGF-1) (86,87) and so
antiestrogen effects, for example on IGF-1 synthesis (88), could indirectly
affect ER activity. Recently, it has been shown that growth factor-induced
phosphorylation of ER can amplify the partial agonist effect of tamoxifen (89).

In contrast to the partial agonists, studies examining the mode of action of
the pure antiestrogens have produced a uniform conclusion; that is that the
ability of the ER to activate or inhibit transcription in a ligand-dependent or
independent manner in vivo is completely attenuated by ICI 164384 and ICI
182780 (16). Multiple changes in ER function following pure antiestrogen
treatment appear to contribute to the blockade of estrogen action. These
include impaired dimerization (90), increased turnover (91) and disrupted
nuclear localization (92). The rapid loss of ER following ICI 164384-treatment
of cells in culture (91,93), or from the uterus after in vivo treatment (94) is
likely to play a major role in abrogating estrogen action and would account for
the efficacy of pure antiestrogens in blocking ER activation induced by other
mediators like dopamine, cAMP, and growth factors (84–87,95). This could
have important therapeutic implications in breast cancer since no other treat-
ment option leads to removal of the ER. In women with breast cancer treated
with ICI 182780, the median tumor ER index was reduced from a pre-treat-
ment median of 0.72 to 0.02 (72) suggesting that the pure antiestrogen also
leads to rapid loss of ER in humans.

As a consequence of the “downregulation” of ER by ICI 164384 and ICI
182780, the transcription of ER-regulated genes should be inhibited. This has
been studied both in animal models and in humans. In the rat uterus, estradiol
and tamoxifen stimulate the expression of a number of genes, including com-
plement component C3 (96), calbindin-D (97), IGF-I (88), vascular endothe-
lial-cell growth factor and c-fos (98). In each case ICI 164384 or ICI 182780
showed no induction of transcription and, when adminstered prior to estradiol
or tamoxifen, completely blocked estrogen or tamoxifen induction of these
genes (88,96–98). Similarly, these two compounds act as pure antiestrogens on
the transcription of estrogen-inducible genes in human breast-cancer cells in
vitro (93,99,100), in vivo (71), and in patients with breast cancer (72).

The contrasting actions of tamoxifen and the pure antiestrogens also extend
to effects on genes that are downregulated by estrogens. For example, expres-
sion of the IGF-binding protein 3 (IGFBP3), is suppressed by estradiol and
tamoxifen, whereas ICI 182780 significantly stimulated expression (101).
Similarly, blockade by ICI 182780 of estrogen-suppressed transcription of sev-
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eral other genes, pMGT1 (102), IGFBP5 (103), and quinone reductase (104),
allows these genes to be expressed. ICI 164384 and ICI 182780 also effec-
tively inhibit cell growth and the transcription of estrogen-regulated genes in
human breast-cancer cells resistant to growth inhibition by tamoxifen
(105,106) consistent with the absence of cross-resistance in vivo between the
two classes of antiestrogen (32,71). It is not known whether ERβ functions in
vivo in the control of transcription of specific target genes but in vitro transfec-
tion studies have demonstrated this potential. The pure antiestrogens are fully
effective in blocking ERβ-induced transcription in vitro (83,107).

5. CONCLUSIONS

Clinical experience with tamoxifen has established unequivocally the
tremendous value of antiestrogen therapy in the treatment of breast cancer and
has illustrated the potential of antiestrogen treatment to reduce the incidence of
the disease in women at high risk. The development of new agents, termed
“pure” antiestrogens and exemplified by Faslodex, was based on the under-
standing that tamoxifen-like drugs are not devoid of estrogen-like actions and
that their intrinsic partial-agonist effects may have undesired consequences.
The potential therapeutic advantage of the pure antiestrogens, which have no
partial agonist activity, has been demonstrated in disease models where
Faslodex blocked breast-tumor growth for twice as long as tamoxifen, more
effectively reduced the development of the disease, and was effective against
tamoxifen-resistant breast and endometrial tumors. Based on successful Phase
II clinical trials that demonstrated efficacy in women experiencing disease pro-
gression following tamoxifen treatment, Faslodex is currently in Phase III tri-
als in advanced breast cancer. The mode of action of Faslodex is unique; the
downregulation of ER following drug exposure implies that all cell-growth
signals operating through the receptor will be attenuated. This novel action
may provide greater efficacy than can be achieved with conventional antiestro-
gens or other drugs like aromatase inhibitors, which reduce estrogen synthesis.

Complete blockade of estrogen action by Faslodex could potentially have
adverse effects in patients, for example unfavorable changes of serum lipid
profile, increased rates of bone loss, and adverse effects in the brain. Only clin-
ical trials will determine the extent or significance of these, but data available
to date have indicated no change in serum lipids in patients and that the drug
dose required to achieve a full antagonist effect on the uterus in the rat had no
effect on bone density. Also, in rats there is evidence that Faslodex does not
cross the BBB. The possible adverse effects of pure antiestrogens may assume
greater significance for drug treatment of benign gynecological conditions
such as endometriosis, where effects on bone could limit utility. Phase II clini-
cal trials are currently addressing these important questions.
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II ANTIESTROGENS: CLINICAL



1. INTRODUCTION

During the 1960s, many pharmaceutical companies around the world were
involved in the study of the structure-activity relationships of the antiestro-
gens. Each compound was an effective antifertility agent in the laboratory rat,
but it was clear that the properties scientists were observing in animals did not
translate into a clinically useful contraceptive. A number of preliminary clini-
cal trials in breast cancer were conducted with several new antiestrogens
because of the recognized link between estrogen and the growth of some breast
cancers (1,2). It had also been found in the laboratory that antiestrogens could
block the binding of radioactive estradiol in its target tissues, so the rationale
for clinical studies in the 1970s was strong.

The Upjohn Company in Kalamazoo, MI conducted extensive tests on
their new antiestrogen, nafoxidine; but in the 1970s, after numerous clinical
studies around the world, development was abandoned because all patients
suffered severe toxic side effects (3). Similarly, clomiphene, an impure mix-
ture of geometric isomers, was tested, but concerns about potential side
effects or toxicities, particularly cataracts, prevented further clinical devel-
opment for long-term treatment. Clinical studies were abandoned in the early
1970s (4).
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The late Dr. Arthur Walpole deserves the credit for pursuing the application
of tamoxifen as a potential palliative treatment for advanced breast cancer in
postmenopausal women (5). Tamoxifen, however, was only one of numerous
compounds being tested by pharmaceutical companies during the 1960s. Table
1 compares and contrasts the different compounds that underwent evaluation.

Dr. Mary Cole and coworkers at the Christie Hospital in Manchester, UK,
conducted the first preliminary evaluation of ICI 46, 474 for the palliative
treatment of breast cancer. Initially, 46 postmenopausal patients with late-stage
disease were treated with the drug; 10 patients responded (6). These results
were subsequently confirmed in a small dose-response study by Dr. Harold
Ward in Birmingham, UK (7). Over the past 20 years, tamoxifen has become
the endocrine treatment of choice for all stages of breast cancer (8). However,
the results of the adjuvant clinical trials have been evaluated rigorously, so it is
possible to draw some conclusions about the actions of tamoxifen.

2. OVERVIEW OF CLINICAL TRIALS

The 1998 Oxford Overview Analysis (9) involved any randomized trial that
was started before 1990. The analysis included 55 trials of adjuvant tamoxifen
vs no tamoxifen before recurrence. The study population was 37,000 women
with node-positive and node-negative breast cancer, thus comprising 87% of
world evidence of known randomized clinical trials. Of these women, fewer
than 8000 had a very low or zero level of estrogen receptor (ER) and 18,000
were classified as ER-positive. The remaining nearly 12,000 women were
unknown for ER but the authors estimated that two-thirds would be ER-posi-
tive based on the normal distribution of ER in random populations.

This clinical-trial database (9) can now be used to answer the questions raised
over the past two decades by laboratory results and hypotheses. In the 1970s,
three laboratory observations emerged that merited evaluation in clinical trial: 1)
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Table 1
Comparison of Earlier Clinical Experience with Antiestrogens as a Treatment 

for Advanced Breast Cancer

Daily dose Response 
Antiestrogen (mg) Year rate (%) Toxicity

Ethamoxytriphetol 500–4500 1960 25 Acute psychotic episodes
Clomiphene 100–300 1964–1974 34 Fear of cataracts
Nafoxidine 180–240 1976 31 Cataracts, ichthyosis, 

photophobia
Tamoxifen 20–40 1971–1973 31 Transient 

thrombocytopenia



tamoxifen blocks estrogen binding to the ER so patients with ER-positive dis-
ease would be more likely to respond than those with ER-negative disease (10);
2) tamoxifen prevents mammary cancer in rats (11,12) so the drug could reduce
the incidence of primary breast cancer; and 3) long-term treatment was better
than short-term treatment to prevent rat mammary carcinogenesis, so longer
adjuvant therapy with tamoxifen should be superior to short-term adjuvant ther-
apy (13–15,), i.e., five yr of tamoxifen should be superior to 1 yr of tamoxifen.
By the late 1980s, tamoxifen had been shown in the laboratory to block estrogen-
stimulated breast-tumor growth but to encourage the growth of human endome-
trial cancer implanted in the same athymic mouse (16,17). The clinical question,
therefore, became “are patients, who are receiving long term adjuvant tamoxifen
therapy, at risk for an increased incidence of endometrial cancer?” (17).

In the process of evaluating the impact of translational research, it is important
to establish what works, and achieves clinical progress, and what does not. A clin-
ical trial should not be started without a strong hypothesis and the incorporation
of the relevant scientific results. For convenience, the discussion in this section
will be subdivided, but the end points of duration of tamoxifen usage, menopausal
status, and ER status interact, so the size of a pharmacologic effect can change.

2.1. ER Status and the Duration of Tamoxifen
The ER status of the patient is highly predictive of a treatment response to

long-term tamoxifen therapy. The treatment effect, based on receptor status, is
summarized in Table 1. The recurrence reductions produced by tamoxifen in
ER-positive patients are all highly significant (2p < 0.00001) and the trend
between the different devation of tamoxifen is also highly significant (χ2 =
45.5, 2p < 0.00001). By contrast, the therapeutic effect of tamoxifen on ER-
negative patients is minimal. Additionally, the questions could be asked, “Does
more ER give a better response to tamoxifen?” and “Does an additional prog-
esterone receptor (PgR) assay help to improve the results with tamoxifen?” In
the trials of about 5 yr of tamoxifen, the proportional reductions of recurrence
were 43 ± 5% and 60 ± 6% for patients with below or above 100-femto-
moles/mg cytosol ER protein. This translated to a reduction in mortality of 23
± 6% and 36 ± 7%, respectively. Clearly, one can conclude the ER is a power-
ful predictor of tamoxifen response; a conclusion consistent with tamoxifen’s
proven mechanism of action as an estrogen antagonist in breast cancer (18).
Although PgR positive status might be thought to be of benefit, these data
show that there was little additional value if the tumor was already ER-posi-
tive. A comparison of interactions is shown in Table 2. Comparing the 2,000
women who had ER-positive and PgR-negative tumors and the 7,000 women
who had ER-positive and PgR-positive tumors shows there was no apparent
difference in the effect of tamoxifen on either the recurrence rates or mortality
rates. Additionally, the numbers were too few (602 women) in the Overview
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Analysis (9) to allow a meaningful prediction of the benefits of tamoxifen in-
patients who had an ER-negative but PgR-positive tumor.

The Overview Analysis also provides unequivocal proof of the laboratory
principle (13–15) that longer adjuvant tamoxifen therapy was predicted to pro-
vide more benefit. The duration of therapy is extremely important for the ER-
positive premenopausal woman with large amounts of circulating estrogen that
can rapidly reverse the effect of short-term tamoxifen treatment. The effect of
the duration of tamoxifen treatment on the reduction of recurrence rates and the
reduction of death rates is shown in Fig. 1. The duration of tamoxifen is critical
for the premenopausal patient, as an effect is virtually nonexistent with 1 yr of
treatment compared with the benefit of 5 yr of treatment. It is also important to
point out that the reduction of death rates in women under 50 yr of age and over
60 yr of age treated with 5 yr of tamoxifen is identical, at around 33% (Table 3).
By contrast, the effect of tamoxifen duration on women over the age of 60 is
less dramatic because 1 yr of tamoxifen is much more effective in post-
menopausal women. These data are illustrated in Table 4, which shows a two-
to threefold increase in the effectiveness of tamoxifen by increasing the dura-
tion from 1 to 5 yr, whereas there is a 20-fold increase in tamoxifen’s effective-
ness for premenopausal women with an increased duration of 1 to 5 yr (Fig. 1).

2.2. Contralateral Breast Cancer
Tamoxifen consistently reduces the risk of contralateral breast cancer (i.e., a

second primary breast cancer in the other breast) independent of age (9). Women
have a proportional risk reduction that is 27 ± 11% or 31 ± 7% if they are below or
above the age of 50, respectively. The principle “longer is better” is also true for
the reduction of risk for contralateral breast cancer with adjuvant tamoxifen ther-
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Table 2
A Comparison of the Proportional Risk Reduction of Adjuvant Tamoxifen Therapy

Based on ER Statusa

Duration of tamoxifen (yr)

Patient Response 1 2 5

Estrogen receptor-poor
Percent reduction in recurrence rates (± SD) 6 ± 8 13 ± 5 6 ± 11
Percent reduction in death rates (± SD) 6 ± 8 7 ± 5 –3 ± 11

Estrogen receptor-positive
Percent reduction in recurrence rates (± SD) 21 ± 5 28 ± 3 50 ± 4
Percent reduction in death rates (± SD) 14 ± 5 18 ± 4 28 ± 5

a Nearly 8000 patients are ER-poor and 18,000 patients are ER-positive.

Adapted with permission from ref. (9).
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Fig. 1. The relationship between the duration of adjuvant tamoxifen therapy in ER-positive
premenopausal patients and the reduction in recurrence and death rate. A longer duration of
treatment has a dramatic effective on patient survival. Adapted from ref. (9).

Table 3
A Comparison of the Proportional Risk Reduction of Adjuvant Tamoxifen Therapy

Based on PgR Status in Populations of ER-Positive Patients.

ER + PgR– ER + PgR+ 
Patient Response (n = 2000) (n = 7000)

Percent reduction in recurrence rates (± SD) 32 ± 6 37 ± 3
Percent reduction in death rates (± SD) 18 ± 7 16 ± 4

Adapted from ref. (9).

Table 4
Proportional Risk reductions in 60–69-yr-old breast-cancer patients when the known

ER-poor Patients are Excludeda.

Duration of tamoxifen (yr)

Patient Response 1 2 5

Percent reduction in recurrence rates (± SD) 26 ± 6 33 ± 4 54 ± 5
Percent reduction in death rates (± SD) 12 ± 6 12 ± 5 33 ± 6

a The duration of adjuvant tamoxifen is 1, 2, or 5 yr.

Adapted with permission from ref. (9).



apy. Five years is better then 2 yr or 1 yr of adjuvant therapy with tamoxifen (Fig.
2). In fact, 1 yr of adjuvant tamoxifen does not significantly reduce the incidence
of contralateral breast cancer compared to control because the standard deviation
(SD) is so large (13 ± 13% reduction compared to control).

It is interesting to note that a quarter of the women allocated to the known
adjuvant trials in the Overview Analysis (9) were Japanese, who have an
annual incidence of contralateral breast cancer in patients not receiving tamox-
ifen of 2 per 1000 compared with 6 per 1000 elsewhere in the world. There-
fore, if 5 yr of tamoxifen can halve contralateral breast cancer, then the
absolute benefit for Japanese women would be 1 per 1000 and 3 per 1000 else-
where for both young and old women. Finally, the proportional reduction in
contralateral breast cancer appears to be similar in women whose initial tumor
being treated with tamoxifen was ER-poor (29 ± 15%) compared with the rest
of the study population (30 ± 6%). This is an important result for the potential
application of tamoxifen for the reduction of contralateral breast cancer in the
woman with a primary breast cancer that is unequivocally ER-negative.

2.3. Endometrial Cancer
The overall increase in the incidence of endometrial cancer in the

Overview Analysis was two- to threefold (9). There was no association with
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Fig. 2. The relationship between the duration of adjuvant tamoxifen and the reduction in
contralateral breast cancer. A longer duration is clearly superior and the 5-yr result that pro-
duces a 47% reduction in contralateral breast cancer is equivalent to the result observed in
the tamoxifen-prevention trial. Adapted from ref. (9).



dose, i.e., 20 mg and 30–40 mg daily produced relative risk ratios of 2.7 and
2.4, respectively. However, there was a suggestion that 1 and 2 yr of tamox-
ifen doubled the incidence of endometrial cancer and 5 yr quadrupled inci-
dence. However, the side effect is so rare (i.e., the numbers are too small)
that the risk ratios are not significantly different from one another for each
duration of tamoxifen. It is, however, important to state that the absolute
increase in endometrial cancer was only half as big as the absolute decrease
in contralateral breast cancer.

The Overview Analysis was able to identify 3,673 women who took 5 yr of
adjuvant tamoxifen. With 26,400 woman-years of follow-up before breast-can-
cer recurrence in this group, there were seven endometrial-cancer deaths. It is
estimated that during the whole first decade, the cumulative risk was 2 deaths
per 1,000 women. It is important to state that the current knowledge about the
association of tamoxifen with endometrial cancer will improve these statistics.
In general, the reported trials were conducted without awareness of the
endometrial side effects of tamoxifen. This is no longer the situation and early
detection will improve mortality figures associated with tamoxifen.

3. CONCLUSIONS

Tamoxifen has been extensively tested in clinical trials of adjuvant therapy
for 20 years. The Overview shows that the proportional mortality reductions
were similar for women with node-positive or node-negative disease (9). How-
ever, the absolute reductions in mortality were much greater in node-positive
than node-negative disease. Additionally, patients with ER-positive disease
have an increased reduction in death rate with longer duration of tamoxifen
treatment, whereas patients who are ER-negative do not benefit from tamox-
ifen, regardless of the duration of therapy. The value of a long duration of
treatment is most important for the premenopausal patient (Fig. 1). This latter
finding is new, as the results for premenopausal women could not be ascer-
tained with certainty in earlier Overviews (19). The Oxford Overview Analysis
has established the veracity of the laboratory concepts that tamoxifen would be
most effective in ER-positive disease, longer duration would be more benefi-
cial, and tamoxifen would prevent primary breast cancer, in this case contralat-
eral disease (9–15).

Overall, the absolute improvement in recurrence was greater during the
first 5 yr following surgery but improvement in survival increased steadily
throughout the first 10 yr. This is an important finding because the patient is
clearly benefiting from tamoxifen despite stopping therapy. There is an accu-
mulation of the tumoristatic/tumoricidal actions of tamoxifen for at least the
first 5 yr of treatment, but the benefit continues after therapy stops. This is
also true for the reduction in contralateral breast cancer; the breast seems to
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be protected so the value remains after therapy stops. This observation is
extremely important for the application of tamoxifen as a preventive because
a 5-yr course of tamoxifen would be expected to protect a woman from
breast cancer for many years afterwards.

Finally, the risk/benefit ratio of tamoxifen therapy can be stated to be
strongly in the benefit category. The risk of endometrial cancer, a concept
derived from laboratory studies (17), is of concern, but the benefits clearly out-
weigh the risks. In contrast, early concerns about the carcinogenic effects of
tamoxifen in the rat liver do not translate to the clinic as there is no evidence
from the Overview Analysis of an increase in either liver or colorectal cancer
in-patients who take tamoxifen (9).
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1. INTRODUCTION

Tamoxifen (Fig. 1) is the endocrine treatment of choice for all stages of hor-
mone-responsive breast cancer. Additionally tamoxifen has been shown to
reduce the incidence of cancer of the opposite breast (1) and has recently been
demonstrated to prevent breast cancer (2). Although most women with hor-
mone-responsive advanced breast cancer respond to tamoxifen, their disease
eventually becomes refractory to tamoxifen. These patients are known to
respond to second-line hormonal therapies. In this chapter, we will focus on
new antiestrogens that are currently available or are being developed for use
following tamoxifen failure. We have divided these new agents into three
groups according to their target-site specificity and molecular properties (3);
tamoxifen-like agents, raloxifene-like agents, and pure antiestrogens.

2. TAMOXIFEN-LIKE ANTIESTROGENS

2.1. Toremifene
Toremifene (Fig. 1) is a chlorinated derivative of tamoxifen, which is cur-

rently approved in the US for the treatment of advanced breast cancer in post-
menopausal women. Toremifene was initially developed in Finland and is
marketed in the US under the name Farnesdon®. The recommended daily dose
is 60 mg administered orally.
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2.1.1. PRECLINICAL STUDIES

At low concentrations (10–7 to 10–6), toremifene has an estrogen antagonis-
tic effect on the growth of ER-positive, MCF-7 cell lines, while at higher doses
(>10–6), it is oncolytic and its effects can not be reversed by estrogen (4–7).
Toremifene controls the growth of DMBA-induced rat mammary carcinomas
(8–11) but appears to be three times less potent than tamoxifen (12), which
correlates with clinical observations.

Toremifene blocks the growth of ER-positive, MCF-7 tumors implanted in
athymic mice but does not inhibit the growth of ER-negative, MDA-MB-231
tumors or mixed tumors containing both ER-positive and ER-negative cells (13).
Interestingly, however, toremifene has been shown to have a cytolytic effect, in
vivo, on an ER-negative, glucocorticoid-sensitive mouse uterine sarcoma (4).
Like tamoxifen, acquired resistance to toremifene has been reported in mice
implanted with MCF-7 tumors, in the form of toremifene-stimulated tumors (14).

Toremifene acts as a partial estrogen antagonist on the rat uterus and
results in modest increases in uterine weight when administered alone
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compared with tamoxifen.



(8,15,16). Toremifene, like tamoxifen, stimulates the growth of human
endometrial tumors implanted in athymic mice (17). To date, there has been
no increase in the incidence of liver or uterine cancers associated with
toremifene use, but the drug has only been used in patients with advanced
breast cancer and has not yet been evaluated in the adjuvant setting, where
long-term toxicity can be assessed.

2.1.2. TOXICOLOGY

Large doses of toremifene do not produce DNA adducts in rat liver and
long-term therapy does not result in liver cancers in rats (18,19). Large
doses of toremifene can, however, promote rat liver and kidney carcinogen-
esis (20).

2.1.3. PHARMACOLOGY

Toremifene is extensively metabolized in animals and humans (16,21).
Toremifene is metabolized in a similar manner to tamoxifen, with demethyla-
tion, deamination, and production of a more potent 4-hydroxylated derivative
being the predominant pathways (22). The time to steady state and terminal
half-life of toremifene, as measured by high-performance liquid chromatogra-
phy (HPLC), are 2 wk and 5 d, respectively (21,23–27).

2.1.4. CLINICAL STUDIES

2.1.4.1. Phase I and II. Phase I studies demonstrated that toremifene is
well-tolerated with minimal toxicity and has activity against breast cancer
(23,28,29).

Phase II studies of toremifene in postmenopausal women with advanced
breast cancer demonstrated response rates of 21–68%, at doses of 20–240 mg
daily, used as a first-line therapy (Table 1) (30–35). Toxicity was mild, with
approx 50% of patients reporting hot flashes (33). Responses were seen in soft
tissue and visceral sites and did not appear to be related to level of ER concen-
trations (30). Median duration of response was approx 14 mo (33).

2.1.5. DOSE-RESPONSE TRIALS

In one clinical trial, patients with advanced breast cancer were treated with
toremifene at a dose of 240 mg daily (34). An objective response rate of 68%,
with 26% complete response (CR) rate, was reported suggesting that high
doses of toremifene may improve outcome (34). However, a recent clinical
trial, which randomized patients with untreated, advanced breast cancer to
tamoxifen (20 mg/d) or toremifene (60 mg or 200 mg/d), reported no statisti-
cally significant difference in response rate between the toremifene arms (36).
In addition, another small randomized trial reported a worse response rate with
240 mg daily compared with 60 mg daily of toremifene (37).
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2.1.6. TOREMIFENE VS TAMOXIFEN

Three small, randomized trials have compared tamoxifen to toremifene as
first-line treatment for advanced breast cancer (Table 2) (37–39). One trial noted
similar response rates for tamoxifen (20 mg/d) compared with toremifene (40
mg/d) (38). A comparison of tamoxifen (40 mg/d) with toremifene (60 mg or 240
mg/d), reported superior response rates for toremifene 60 mg daily compared
with the other treatment arms (37). In contrast, another trial reported inferior
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Table 1
Phase II Trials of Toremifene in Postmenopausal Women with Advanced,

Previously Untreated Breast Cancer

Dose of 
toremifene

Response rate (%)

(mg qd) CR PR SD References

20 21 0 26 Valavaara (31)
60 54 17 26 Valavaara (30)

48 26 26 Gunderson (33)
50 25 42 Modig (35)
45 15 35 Valavaara (32)

240 68 26 Hietenen (34)

CR, complete response; PR, partial response; SD, stable disease.

Table 2
Clinical Trials Comapring Toremifene with Tamoxifen in Post-

menopausal Women with Advanced Breast Cancer

Dose/schedule
Response rate (%)

(mg qd) RR CR References

TOR 60 50 0 Konstantinova (37)
TOR 240 35 6
TAM 40 36 1
TOR 40 26 14 Nomura (38)
TAM 20 28 5
TOR 240 29 3 Stenbygaard (39)
TAM 40 42 16
TAM 20 19 5.8 Hayes (36)
TOR 60 21 5.6
TOR 200 23 5.6

TOR, toremifene; TAM, tamoxifen; RR, response rate; CR, com-
plete response; qd, daily.



response rates for toremifene, 240 mg daily, compared with tamoxifen, 40 mg
daily (39). However, these trials were too small to be statistically significant and,
therefore, no firm conclusions can be drawn.

An international trial randomized 648 previously untreated patients with
advanced breast cancer to tamoxifen 20 mg daily or toremifene 60 mg or 200
mg daily (36). There was no statisically significant difference between the
three arms with respect to response rate, median survival, or time to disease
progression (36). In addition, quality-of-life assessments were similar
between the three arms, although less nausea was observed in the toremifene-
treated patients (36). Therefore, it appears that toremifene is a suitable alter-
native to tamoxifen as first-line treatment of hormone-responsive, advanced
breast cancer.

2.1.7. TOREMIFENE AFTER TAMOXIFEN

Response rates to toremifene following tamoxifen failure in Phase II trials are
generally low, suggesting that toremifene exhibits cross-resistance to tamoxifen
(Table 3) (40–45). In the largest of these trials, patients who had been heavily
pretreated for advanced breast cancer received toremifene 200 mg daily follow-
ing tamoxifen failure (45). A response rate of 5%, with a 2% CR rate was
reported, suggesting cross-resistance between the two agents (45).

2.1.8. TOREMIFENE AND ER-NEGATIVE TUMORS

Toremifene has been reported to have a cytolytic effect on the growth of an
ER-negative mouse uterine sarcoma (4) and therefore, a mechanism of action
independent of the ER has been postulated. In one small trial of nine patients
with ER-unknown, tamoxifen-resistant advanced breast cancer, a 33%
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Table 3
Clinical Trials of Toremifene in Patients with Advanced,

Tamoxifen-Refractory Breast Cancer

Dose/schedule
Response rate (%)

(mg qd) RR CR References

200 33 0 Ebbs (40)
60 25 0 Hindy (41)
300 33 0
240 0 Jonsson (42)
120 14 0 Asaishi (43)
120 4 2 Pyrhonen (44)
200 5 2 Vogel (45)

RR, response rate; CR, complete response; qd, daily.



response rate was reported for toremifene at a dose of 200 mg daily (40).
However, the Cancer and Leukemia Group B (CALGB), reported a
0% response rate in 20 patients with ER-negative, moderately pre-
treated advanced breast cancer treated with toremifene 400 mg daily (46).
This suggests that the predominant mode of action of toremifene is through
the ER.

2.1.9. EFFECTS ON BONES AND LIPIDS

Similar to tamoxifen, toremifene does not appear to increase bone loss in
postmenopausal women (47). A recent study suggests that the beneficial effects
of toremifene on bones can be augmented by concurrent bisphosphonate treat-
ment (47).

Toremifene has similar effects to tamoxifen on the lipid profile, resulting in
a reduction of low-density lipoprotein (LDL) and total cholesterol (47). In con-
trast to tamoxifen, however, toremifene appears to increase high-density
lipoprotein (HDL) cholesterol (47).

2.2. Droloxifene
Droloxifene (Fig. 1) or 3-hydroxytamoxifen was originally developed in

Germany and later in Japan. Despite being previously tested in metastatic breast
cancer, is currently being developed as an osteoporosis agent.

2.2.1. PRECLINICAL STUDIES

Compared with tamoxifen, both droloxifene and N-desmethyldroloxifene
bind to MCF-7 cells with 10 times greater avidity (48,49). Droloxifene arrests
estrogen-induced cell replication (50–52) in G0/G1 (53). Droloxifene does not
inhibit the growth of ER-negative breast-cell lines and therefore, its mode of
action appears to be predominantly through the ER (52).

Although droloxifene has antiestrogenic effects in the immature rat uterine-
weight test, it causes a partial increase in uterine wet weight when administered
alone (50,54). The partial estrogen agonistic effects of droloxifene are slightly
less potent than those of tamoxifen (51,54) but result in maintenance of bone
density in the ovariectomized rat (55). Droloxifene inhibits the growth of the
rat mammary tumor-DMBA-(50,56) and NMU-(57) induced rat mammary
tumors. Droloxifene inhibits only the growth of ER-positive tumors in athymic
mice (52,54).

2.2.2. TOXICOLOGY

Droloxifene, does not produce DNA adducts or hepatocellular carcinomas
in rats. In comparison, tamoxifen, administered at a similar dose for 2 yr,
resulted in 100% incidence of hepatocellular carcinomas (53). There was a 2%
incidence of hepatocellular carcinomas in rats administered droloxifene at very
high doses for 2 yr (53).
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2.2.3. PHARMACOLOGY

Unlike tamoxifen, droloxifene is rapidly absorbed and excreted and does
not seem to accumulate. Steady-state levels are achieved within 5 h (58).
Droloxifene is metabolized to N-desmethyldroloxifene and 4-methoxydrolox-
ifene and both free and glucuronide conjugates of the parent drug and metabo-
lites can be detected in the blood (58).

2.2.4. CLINICAL STUDIES

Droloxifene has been primarily tested in patients with advanced, pretreated
breast cancer. Results of phase II trials are shown in Table 4 (59–65).

In the largest study, 369 postmenopausal patients, with metastatic, inopera-
ble recurrent or primary locoregional breast cancer, were randomized to
receive 20, 40, or 100 mg daily, with response rates of 30, 47, and 44%,
respectively (59). In a similar study, in which 68% of patients were pretreated,
overall response rates of 17, 30, and 31% and complete response rates of 0, 3,
and 10%, were noted in patients treated with droloxifene at doses of 20 mg, 40
and 100 mg, respectively (60). Overall response rates vary from 15–47% in
these Phase II trials and there does not appear to be a dose-response effect.
However, in one study, 10 patients with advanced breast cancer, 40% of whom
were pretreated, experienced response rates of 60 and 80%, following treat-
ment with droloxifene at doses of 100 mg every 2 or 3 d, respectively (61).
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Table 4
Clinical Trials Utilizing Different Doses 

of Droloxifene in Advanced Breast Cancera

Dose of 
droloxifene Response
(mg) rate (%) References

20 30 Raushning (59)
17 Bellmunt (60)
14 Abe (62)

40 47 Raushning (59)
30 Bellmunt (60)
5 Abe (62)

100 44 Raushning (59)
31 Bellmunt (60)
17 Abe (62)
15 Haarstad (64)
60/80 Ahlemann (61)

120 15 Abe (63)

a Patients received droloxifene at 100 mg
every 2 or 3 d.



In all studies, droloxifene was well-tolerated with gastrointestinal symp-
toms and hot flashes being the most commonly reported symptoms.

2.3. Idoxifene
Idoxifene (Fig. 1) was initially developed by the Cancer Research Campaign

Laboratory in the UK and is currently being developed by SmithKline
Beecham in the UK.

2.3.1. PRECLINICAL STUDIES

Compared with tamoxifen, idoxifene binds to the ER with two times greater
affinity, resulting in a small increase in its ability to inhibit the growth of ER-
positive, MCF-7 breast-cancer cells, in vitro (66). Unlike tamoxifen, idoxifene
is not metabolized to a 4-hydroxy derivative and therefore is a less potent
antiestrogen (67). Idoxifene has less potent antiestrogenic activity than tamox-
ifen in immature rat uterine tests, but has less uterotropic activity than tamox-
ifen when administered alone (66).

Idoxifene inhibits the growth NMU-induced rat mammary carcinomas, at a
dose range of 1–2 mg/kg (66). Higher doses than tamoxifen are required to
inhibit tumor growth in this model, since idoxifene is not metabolically acti-
vated (66).

2.3.2. TOXICOLOGY

Idoxifene has not been evaluated as a rat liver carcinogen. However, tamox-
ifen’s genotoxic effects on rat liver are likely due to its metabolites (68). As
idoxifene is not metabolically activated, it is anticipated that it will not result
in rat liver tumors.

2.3.3. PHARMACOLOGY

Preliminary studies in the laboratory demonstrate no metabolism of idox-
ifene over 48 h following administration (69). The most likely metabolite of
idoxifene, 4-hydroxyidoxifene, has not been detected clinically. Idoxifene
has an initial half-life of 15 h and a terminal half-life three times that of
tamoxifen (70).

2.3.4. CLINICAL STUDIES

One clinical study involving 20 patients, with pretreated, advanced breast
cancer treated with idoxifene has been reported (71). Idoxifene was adminis-
tered at doses of 10, 20, 40, or 60 mg daily. The overall response rate was 14%,
with no complete responses and a further 29% of patients experiencing stable
disease (71). Toxicity was mild and not dose-related, with nausea, anorexia,
and fatigue the most commonly reported symptoms.
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3. RALOXIFENE-LIKE ANTIESTROGENS

3.1. Raloxifene
Raloxifene (Fig. 2) is a selective estrogen-receptor modulator (SERM),

which has recently been approved for the prevention of osteoporosis in post-
menopausal women.

3.1.1. PRECLINICAL STUDIES

Raloxifene has been shown to have high affinity for the estrogen receptor
and be a potent antiestrogen, as well as having little uterotrophic activity in the
rodent uterus (72). Raloxifene has been shown to preserve bone density in
oophorectomized rats (73–75). Raloxifene has antitumor activity against
breast-cancer cells in vitro (76) and prevents rat mammary tumorigenesis (77).

3.1.2. CLINICAL STUDIES

Raloxifene is not planned for use as a breast-cancer treatment. However,
one small study demonstrated a 30% response rate in pretreated patients with
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Fig. 2. Structures of raloxifene-like antiestrogens, LY 353,381, EM 800, and EM 652 (the
active metabolite of EM 800), compared with raloxifene.



advanced breast cancer (78). In a large randomized trial where postmenopausal
women were randomized to raloxifene or placebo, raloxifene significantly
maintained bone density compared with placebo (79) and on the basis of this
study, the drug is now approved for the prevention of osteoporosis in post-
menopausal women. Additionally, this trial demonstrated that raloxifene, like
tamoxifen, reduced circulating LDL cholesterol levels. Unlike tamoxifen, there
was no significant difference in uterine thickness between the raloxifene-
treated patients and the placebo group (79).

Recent data suggest that raloxifene, like tamoxifen, may prevent breast can-
cer, through its antiestrogenic effects on the breast (80,81). One of these stud-
ies actually noted a decrease in the rate of endometrial cancer in the
raloxifene-treated patients compared with patients who received placebo (81).
On the basis of this data, the next large prevention study will randomize post-
menopausal women at risk of breast cancer to tamoxifen or raloxifene.

3.2. LY 353,381
LY 353,381.HCL (Fig. 2) is a benzothiophene analog with selective estro-

gen receptor (ER) modulator activity similar to, but not identical with ralox-
ifene, which is being developed for the treatment of breast cancer.

3.2.1. PRECLINICAL STUDIES

LY 353,381.HCL contains an ether linked basic side chain, which makes it a
highly potent estrogen antagonist, and a methoxy group, which increases oral
bioavailability (82,83). In rats, LY 353,381.HCL prevents the ovariectomy-
induced increase in body weight and serum cholesterol levels, in a dose-depen-
dent manner, with efficacy similar to estrogen and raloxifene. (84). In the rat
uterus, LY 353,381.HCL has a marginal effect on uterine weight compared
with ovariectomized controls (84). This observation is similar to raloxifene,
but opposite to that seen with estrogen. LY 353,381.HCL has little or no stimu-
latory effect on the rat endometrium, as demonstrated by no change in uterine
epithelial-cell height (84). LY 353,381.HCL prevents tibial bone loss and pre-
serves the strength of the femoral neck in ovariectomized rats (84). In uteri of
immature rats treated with estrogen, LY 353,381.HCL antagonized the estro-
gen-induced elevation in uterine weight comparable to vehicle-dosed control
levels (84). Therefore, although similar to raloxifene, LY353,381 is more
potent, has minimal uterine stimulation and preserves cortical bone, which
may offer a therapeutic advantage over raloxifene in postmenopausal women.

3.2.2. CLINICAL STUDIES

To date, LY 353,381.HCL has been evaluated in one Phase I clinical trial
(85). In 32 patients with refractory metastatic breast cancer, there was one
minor response and nine patients had stable disease (85).
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3.3. EM 800
EM 800 (or EM 652) (Fig. 2) is a SERM that is being developed as a treat-

ment for breast cancer. Recent data suggest that EM 800 is a raloxifene-like
agent rather that a pure antiestrogen.

3.3.1. PRECLINICAL STUDIES

EM 800, administered orally, acts as an antiestrogen on the breast, both
inhibiting the growth of hormone-responsive breast cancer, in vitro (86) and in
vivo (87), and preventing the growth of breast cancer in rats (88).

EM 800 appears act as a pure antiestrogen on the uterus. In both intact and
ovariectomized mice, EM 800 administered for 24 wk did not result in estro-
genic effects on the uterus or vagina (89). Additionally, in vitro studies using
EM 652 (the active metabolite of EM 800) demonstrate that the drug is a
potent antiestrogen in human endometrial cells, resulting in no increase in
alkaline phosphatase activity even in the presence of estrogen (86). EM 800,
like raloxifene, does not dramatically reduce bone density in rats (82).

3.3.2. CLINICAL STUDIES

EM 800 is currently being evaluated in a large randomized trial in patients
with tamoxifen-refractory metastatic breast cancer who will receive EM 800 or
anastrozole. No results are available from this trial.

3.4. Pure Antiestrogens
The pure antiestrogens were originally developed in the 1980s in the UK.

One of the pure antiestrogens, ICI 182,780 (Faslodex) (Fig. 3), is currently
being evaluated in two large, international, randomized trials. In the first trial
patients with tamoxifen-refractory, metastatic breast cancer are randomized to
anastrozole or Faslodex. In the second trial, patients with tamoxifen-naïve,
metastatic breast cancer are randomized to tamoxifen or Faslodex.
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3.4.1. PRECLINICAL STUDIES

ICI 182,780 competively blocks estrogen binding to the ER (90), but has,
additionally, been noted to cause a rapid loss of ER, in vitro (91,92). ICI
182,780 inhibits the growth of ER-positive, MCF-7 breast-cancer cells (90),
more completely than tamoxifen (93), and, like tamoxifen, does not inhibit the
growth of ER-negative breast-cancer cells.

ICI 182,780 acts as a complete antiestrogen in the immature rat. ICI
182,780 has been demonstrated to inhibit the partial estrogen-like effects of
tamoxifen on the rat uterus (90). The pure antiestrogens inhibit the growth of
tamoxifen-stimulated tumors in athymic mice for prolonged periods, although
growth eventually occurs (94,95). Additionally, in preliminary studies, ICI
182,780-resistant tumors have been developed (95). ICI 182,780 inhibits the
growth of tamoxifen-stimulated endometrial cancer in athymic mice (17). In
rats with established DMBA-induced breast cancers, the combination of a
luteinizing hormone releasing hormone (LH-RH) analog and the pure antie-
strogen, ICI 164,384, results in a more rapid decrease in tumor size and uter-
ine weight than with the LH-RH analog alone (96).

3.4.2. TOXICOLOGY

There are no proven reports of genotoxicity or carcinogenesis with ICI
182,780. ICI 182,780, as would be expected, results in a reduction of cancel-
lous bone in rats (97).

3.4.3. PHARMACOLOGY

ICI 182,780 must be given by subcutaneous or intramuscular injection due
to poor oral bioavailabilty.

3.4.4. CLINICAL STUDIES

In a Phase II clinical study of postmenopausal women with advanced breast
cancer who had failed tamoxifen, treated with ICI 182,780 each month by
intramuscular injection, there was a 69% overall response rate (98). The treat-
ment was tolerated without major side-effects, the main toxicity being some
pain and redness at the injection site. There is currently a large international
study ongoing where postmenopausal women with advanced, tamoxifen-
refractory breast cancer are randomized to ICI 182,780 or anastrozole. Prelim-
inary results of this study should be available in the near future.
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1. INTRODUCTION

In 1936 Lacassagne suggested that if breast cancer was caused by a spe-
cial genetic susceptibility of the breast to estrogen, then perhaps a therapeu-
tic antagonist could be found to prevent the disease (1). It is now 40 years
since the first description of the target, the estrogen receptor (ER), by
Elwood Jensen (2) and the report of the first nonsteroidal antiestrogen
MER25 by Leonard Lerner (3). Regrettably, MER25 was not useful clini-
cally, but a related compound, tamoxifen, first reported by Harper and Wal-
pole as an antifertility agent in animals (4,5), subsequently has become the
endocrine therapy of choice for all stages of breast cancer (6,7). There are
now more than 10 million woman-years of clinical experience with adjunct
tamoxifen therapy, and there is unimpeachable evidence that the benefits
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accrued in lives saved and the reduction of contralateral breast cancer far
outweigh any risks (8).

A focus on the toxicology and pharmacology of tamoxifen during the past
decade has propelled the concept of antiestrogens to prevent breast cancer into
clinical testing. Indeed, much of the impetus was catalyzed by the advocate
community who demanded ideas be rapidly translated from the laboratory to
the clinic. Tamoxifen is the first success in the effort to prevent breast cancer.
The drug represents a triumph of translational research that, for the first time,
provides options for women with risk factors for breast cancer.

However, not all women who develop breast cancer have recognized risk
factors for the disease. Studies estimate that about half the women who present
with a diagnosis of breast cancer would not have been preselected for special
monitoring (9). As a result of this observation, alternate breast cancer-preven-
tion strategies have been devised to broaden the applicability of antiestrogens.
Raloxifene, an antiestrogen paradoxically available for the prevention of
osteoporosis (10), is the first of a series of selective ER modulators that are
planned to prevent osteoporosis and coronary heart disease in postmenopausal
women but with the advantageous side effect of preventing breast and endome-
trial cancer (11,12).

In this chapter we will first describe the biological rationale for the direct
(tamoxifen) and indirect (raloxifene) strategies to prevent breast cancer in
women. We will then consider the issue of a woman’s risk to test an antiestro-
gen and finally discuss the results of current trials.

2. THE BIOLOGICAL BASIS FOR BREAST-CANCER
PREVENTION WITH ANTIESTROGENS

Tamoxifen has been tested extensively in the laboratory and clinics for three
decades. There are now estimated to be 10 million woman-years of experience in
the use of tamoxifen for the treatment of breast cancer. However, the value of
tamoxifen as a potential preventive requires special criteria and additional bene-
fits over and above antitumor properties. The rationale for the use of tamoxifen as
a preventive comes from proof that it prevents mammary cancer in the laboratory,
evidence that it prevents contralateral breast cancer in adjuvant clinical trials, and
a careful examination of clinical toxicology based on laboratory studies.

Tamoxifen prevents the development of mammary tumors in response to mam-
mary carcinogens (13–15). The antiestrogen is effective both at the time of car-
cinogen administration (13) and during the promotional phase of carcinogenesis
(14,15). Additionally, long-term tamoxifen treatment is superior to early ovariec-
tomy in preventing the development of mammary tumors in high-risk strains of
female mice (16,17). This was Lacassagne’s original experimental model (1) and
is an important laboratory result because tamoxifen was originally classified as an
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estrogen in the mouse. One result could have been that tamoxifen increased mam-
mary tumorigenesis in the mouse model, and would have introduced a note of
caution for clinical testing. In fact, the results strongly supported clinical trials to
test the worth of tamoxifen to prevent breast cancer in high-risk women.

The observation that tamoxifen reduced the incidence of contralateral breast
cancer (18) acted as a catalyst, with the laboratory evidence (13), to go forward
with a feasibility study to test the toxicology and compliance of patients in a
small pilot study (19,20). The original observation (18) that tamoxifen pre-
vents contralateral breast cancer has been confirmed in numerous individual
trials (8). Indeed, these data provide the strongest proof that antiestrogens had
the potential to be effective preventives in high-risk women. However, the
safety of tamoxifen in well women was the most important issue a decade ago.
If estrogen is essential to prevent osteoporosis and coronary heart disease, then
perhaps the long-term use of an antiestrogen would predispose women to
osteoporosis and coronary heart disease. However, a decade ago, a series of
laboratory studies demonstrated the antiestrogens exhibited target-site speci-
ficity (15,21–23). They were estrogens in bone but were antiestrogens in
breast. This laboratory demonstration of selective ER modulation translated to
the clinic (24) and opened the door for the second strategic approach to prevent
breast cancer in postmenopausal women with only age as a risk factor.

Tamoxifen is an antitumor agent with beneficial effects in maintaining bone
density (24–26) and reducing circulating cholesterol (27). Indeed, there are
suggestions from the literature that tamoxifen can reduce the incidence of car-
diac conditions (28–30). A decade ago, based on laboratory evidence and
emerging clinical studies, we suggested that drugs should be developed that
prevent coronary heart disease or osteoporosis, but prevent breast and endome-
trial cancer as beneficial side effects (6,22). Additionally, an early concern
about the carcinogenic potential of tamoxifen (23,31) suggested that this was
not going to be the agent of choice for well women without risk factors for
breast cancer. Tamoxifen produces only a modest increase in early-stage, low-
grade endometrial cancer (32), and there is little evidence for complete car-
cinogenesis in human tumors (33–36). New agents that are completely
antiestrogenic in the uterus would be ideal as agents in general medicine. This
concept provided the scientific rationale for the subsequent development of
raloxifene for the prevention of osteoporosis.

Despite the strong scientific rationale for the use of antiestrogens to prevent
breast cancer, the demonstration of effectiveness is an enormous task. The key
to success is the identification of high-risk women so that an evaluation of
risks and benefits can be made in raloxifene clinical trials.

Although the cause of breast cancer is unknown, multiple factors that are
associated with an increase in the risk of breast-cancer development have been
identified. These can be grouped under the general headings of genetic and
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familial factors, hormonal factors, benign breast disease, and environmental
factors. In addition, age is a major breast-cancer risk factor, with half a
woman’s lifetime risk of breast-cancer development occurring after age 65
(37) (Table 1).

3. BREAST-CANCER RISK FACTORS

Family history is probably the most well-recognized risk factor for breast
cancer, and it is now known that two forms of risk are associated with a fam-
ily history of the disease. A genetically inherited predisposition to breast can-
cer is believed to account for only 5–10% of breast-cancer cases (38,39).
Although infrequent, these mutations are significant since they are associated
with a lifetime risk of breast-cancer development of 50–80% (40,41). At pre-
sent, two predisposition genes, BRCA1, located on chromosome 17q21 (42),
and BRCA2, located on chromosome 13q12-13 (43), have been identified.
Both genes are inherited in an autosomal dominant fashion and are character-
ized by an extremely high risk of breast-cancer development that begins at a
young age. Both genes also confer an increased risk of ovarian cancer devel-
opment, which in BRCA1 carriers is estimated to be 10% by age 60 (44), and
is lower in BRCA2 carriers. In addition, germ-line mutations of the tumor-
suppressor gene p53, as seen in patients with the Li-Fraumeni syndrome, may
account for about 1% of breast-cancer cases occurring in women age 40 and
younger (45,46).

Most women with a family history of breast cancer do not have the geneti-
cally transmitted form of the disease, and therefore their increase in risk is
much less than that seen in women who have inherited a predisposition gene.
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Table 1
Probability of Developing and Dying 

of Breast Cancer at Given Age Intervals

Risk of  Risk of  
developing dying of 

breast cancer breast cancer
Age (%) (%)

20–40 0.49 .09
35–55 2.53 .56
50–70 4.67 1.04
65–85 5.48 1.01
Birth–110 10.2 3.6
65–110 6.53 1.53

Adapted with permission from ref. (37).



The cumulative probability that a 30-yr-old woman with a mother or sister
with breast cancer will develop breast cancer by the age of 70 is reported to be
between 7 and 18% (47,48). While this risk increases as the number of rela-
tives with breast cancer increases, the probability of cancer development if
both a mother and sister have bilateral breast cancer has been reported to be
only 25% (46,48). The cumulative risk of breast-cancer development in
women with a family history of breast cancer rarely exceeds 30%, making it
critically important to distinguish those women with hereditary breast cancer
from those with a family history of the disease. Factors that should increase the
clinician’s index of suspicion that a woman is at risk for genetically transmit-
ted breast cancer include multiple relatives (maternal or paternal) with the dis-
ease, a family history of ovarian cancer in association with breast cancer, and a
family history of bilateral and/or early onset of breast cancer. Although not all
women with these factors will have genetically transmitted breast cancer, a
referral for genetic counseling will allow the construction of a detailed pedi-
gree to estimate both breast-cancer risk and the competing causes of death due
to an increased risk of the development of other types of cancer.

Breast cancer is clearly related to endogenous hormones, and numerous
studies have linked breast cancer risk to the age of menarche, menopause, and
first pregnancy. Although the absolute age-specific incidence of breast cancer
is higher in postmenopausal than premenopausal women (49), the absolute rate
of rise of the curve is greatest up to the time of menopause, then slows to one-
sixth of that seen in the premenopausal period. Further support for the promo-
tional role of estrogen in breast-cancer development comes from the
observations that early menarche (50), late menopause (51), nulliparity, and
late age at first birth (52), all increase the risk of breast-cancer development.
An increased number of ovulatory cycles is suggested to be the common
mechanism of increased risk.

Other hormonal risk factors have been suggested, but are not as well-estab-
lished. Abortion, whether spontaneous or induced, has been reported by some
authors to increase risk (53,54), while other studies have found no relationship
between abortion and breast-cancer risk (55,56). Studies of the effect of lacta-
tion on breast-cancer risk have also been inconclusive (57,58), but recent stud-
ies have suggested that a long duration of lactation reduces breast-cancer risk
in premenopausal women (59). Physical activity in adolescence is reported to
decrease risk, perhaps due to a higher rate of anovulatory cycles (60,61), but
an increased level of physical activity later in life has not been shown to reduce
breast-cancer risk (62). Postmenopausal obesity also has been shown to
increase risk (63), perhaps due to increased peripheral estrogen production, but
this relationship between weight and risk is not observed in premenopausal
women. In fact, some studies have reported an inverse relationship between
weight and risk at a younger age (64).
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The effects of exogenous hormones in the form of oral contraceptives and
hormone-replacement therapy on breast-cancer risk have been studied exten-
sively, but few firm conclusions may be drawn. Overall, there is no convincing
evidence of an increase in breast-cancer risk in women who have ever used
oral contraceptives (65). However, some studies have suggested that the long-
term use of oral contraceptives in young women prior to first birth may
increase breast-cancer risk (66,67).

Two recent meta-analyses of the effect of estrogen-replacement therapy
demonstrate small but statistically significant increases in risk for users (68,69).
However, Steinberg et al. (68) noted no increase in risk until after at least 5 yr of
estrogen use, after which a proportional increase in risk for each year of estrogen
use was observed, while Sillero-Arenas (69) did not observe a significant associa-
tion between duration of hormone-replacement therapy and breast-cancer risk. In
summary, although hormonal risk factors are clearly implicated in the pathogene-
sis of breast cancer, most of them are associated with a relative risk of breast-can-
cer development of three or less (Table 2), and the presence of a single hormonal
risk factor is insufficient to classify a woman as high-risk.

The relationship of benign breast disease to breast carcinoma was a subject
of confusion for many years. The use of a standard classification of benign
breast diseases as nonproliferative, proliferative, or proliferative with atypia
has resolved much of the controversy. The histologic diagnoses comprising
these categories are shown in Table 3. Nonproliferative disease is associated
with no increase in breast-cancer risk while proliferative disease increases risk
by a factor of 1.5–2.0, and atypical hyperplasia by a factor of 4–5. Approxi-
mately 70% of palpable breast masses contain nonproliferative disease (70)
and only 3.6% are atypical hyperplasia. The incidence of atypia is somewhat
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Table 2
Magnitude of Known Breast-Cancer Risk Factors

Relative Risk <2 Relative Risk 2–4 Relative Risk >4

Early menarche Age >35 first birth Gene mutations
Late menopause 1° relative with Lobular carcinoma in situ

breast cancer
Nulliparity Radiation exposure Ductal carcinoma in situ
Proliferative Prior breast cancer Atypical hyperplasia

benign disease
Obesity
Alcohol use
Hormone

replacement



higher in biopsies performed for mammographic lesions, ranging from 7–10%
(71,72). However, the risk of breast-cancer development 15 yr after a diagno-
sis of atypical hyperplasia is only 8% in the absence of a family history of
breast cancer. Proliferative breast disease is also noted more frequently in
women with a significant family history of breast cancer than in controls, fur-
ther supporting its role as a risk factor (73).

Another benign breast lesion that is clearly associated with an increased risk
of breast-cancer development is lobular carcinoma in situ (LCIS). In the past,
LCIS was though to be a malignant lesion, albeit one with a favorable progno-
sis. However, the finding that LCIS is associated with a risk of breast-cancer
development of approx 1% per year, the observation that the risk of carcinoma
is equal in both breasts, and the finding that neither the extent of LCIS in the
breast nor its presence at a margin of resection influence the risk of subsequent
cancer have led LCIS to be regarded as a risk factor for breast-cancer develop-
ment rather than the actual precursor of carcinoma (74).

A number of environmental factors have also been linked to breast-cancer
risk. Exposure to ionizing radiation, whether secondary to nuclear explosion or
medical procedures, has been clearly demonstrated to increase breast-cancer
risk (75–77). The level of risk varies with the age of exposure, with a minimal
increase in risk observed for exposure in women older than 40 yr. A large
amount of attention has been directed towards the role of diet in the etiology of
breast cancer. This link has been suggested by the large international variation
in breast cancer-incidence rates, and the observation that national per capita fat
consumption correlates with breast-cancer incidence and mortality. However,
prospective studies of diet and breast-cancer risk have failed to identify a rela-
tionship between dietary fat intake and breast-cancer incidence for up to 10 yr
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Table 3
Classification of Benign Breast Disease

Nonproliferative Proliferative Proliferative with atypia
no increase in risk RR 1.5–2.0 RR 4.5–5.0

Cysts, micro or macro Papilloma Atypical ductal hyperplasia
Duct ectasia Sclerosing adenosis Atypical lobular hyperplasia
Fibroadenoma
Moderate or sever hyperylasia
Mastitis
Fibrosis
Metaplasia, squamous 

or apocrine
Mild hyperplasia



of follow-up (78). The lack of a relationship between dietary fat intake and
cancer risk within the context of a Western diet is confirmed by a pooled analy-
sis of seven cohort studies involving a total of 337,819 women that demon-
strated no difference in risk for women with the lowest and highest quintile of
fat intake (79). However, all of these studies have addressed fat intake in adult
life, and they do not exclude the possibility that fat intake during childhood
and adolescence may influence subsequent breast-cancer risk.

Stronger evidence exists to support an association between alcohol and
breast cancer. A meta-analysis of 12 case-control studies demonstrated a rela-
tive risk of 1.4 for each 24 g of alcohol consumed daily (80). Defining a rela-
tionship between age of alcohol consumption and breast-cancer risk is more
difficult, with conflicting data on the importance of drinking early in life
(81,82). A summary of the magnitude of increase in risk associated with the
factors discussed is provided in Table 2.

4. INTERACTIONS AMONG RISK FACTORS

A major problem in the clinical identification of the “high-risk woman” is
the lack of knowledge of the interactions among the various factors known to
alter breast-cancer risk since the majority of studies have focused on defining
individual risk factors. Most women have a combination of factors that both
increase risk and are protective, complicating the assessment of an individual’s
level of risk. In addition, it is unclear whether the risk conferred by multiple
risk factors is additive, multiplicative, or varies with the risk factor under
study.

The interactions between a family history of breast cancer and other risk fac-
tors have been examined, often with conflicting results. Dupont and Page (70)
observed that the combination of atypical hyperplasia and a family history of a
first-degree relative with breast cancer increased the relative risk of breast cancer
to 11 times that of an index population, compared to a relative risk of 4.4 for
atypia alone. However, Rosen (83) found that the presence of a family history of
breast carcinoma did not alter the level of risk after a diagnosis of LCIS, a lesion
often considered part of a continuum with atypical hyperplasia. An analysis of
data from the Nurses Health Study (84) found that in women with a mother or sis-
ter with breast cancer, known risk factors of age at menarche or menopause, par-
ity, age at first birth, alcohol use, and the presence of benign breast disease did not
further alter risk. In contrast, Anderson and Badzioch (85) and Brinton et al. (86)
have reported that hormonal factors further modulate risk in women with a family
history of breast cancer, although the effect varies with the factor under study.

Studies of the interaction between estrogen-replacement therapy and other
known breast-cancer risk factors also have variable results, depending on the
risk factor under study. In a meta-analysis of 16 published studies, Steinberg et

220 Part II / Antiestrogens: Clinical



al. (68) found that the effect of estrogen replacement did not differ among
parous and nulliparous women and those with or without benign breast dis-
ease. However, an enhanced risk was observed in women with a family history
of breast cancer. The analysis of the interaction among risk factors is further
complicated by the fact that some factors may be important for the risk of pre-
menopausal, but not postmenopausal, cancer, and vice versa, and these effects
may not be constant over time.

A model to predict the risk of breast-cancer development in women at a
given age over a defined time interval was developed by Gail et al. (87) using
data from 4,496 matched pairs of cases and controls in the Breast Cancer Diag-
nosis and Demonstration Project. The model incorporates the risk factors of
age at menarche, age at first live birth, number of first-degree relatives with
breast cancer, and number of previous breast biopsies, and has been shown to
predict risk accurately in two validation studies of women undergoing annual
mammographic screening (88,89). However, the model overpredicts breast
cancer risk by 33% among women age 60 and younger who do not undergo
annual screening. There are several other limitations of the model. Because
only first-degree relatives are considered, it is not an appropriate model for
women with extensive family histories of breast cancer, where risk may be
underestimated. In women with risk due to LCIS, or atypical hyperplasia, the
model underestimates risk, since the higher relative risk for breast biopsy is
2.0. Similarly, for the woman with nonproliferative disease, the model may
overestimate risk. In spite of these limitations, the model is a clinically useful
tool for identifying a woman’s level of risk over a clinically relevant time
period, after correction for competing causes of mortality.

5. IDENTIFICATION OF CANDIDATES 
FOR CHEMOPREVENTION

Women at increased risk for breast cancer would seem to be ideal candidates
for chemoprevention initiatives. However, from the preceding discussion it is
apparent that the problem of identification of the high-risk woman is far from
solved. There is no consensus regarding what level of increase in risk is clinically
relevant. The interactions among risk factors and their variability over time are
poorly understood, and most of the data on risk comes from studies of white
women, so little is known about the impact of ethnic diversity on risk. Finally,
with the exception of women with mutations of breast cancer-predisposition
genes, the majority of women with risk factors will not develop breast carcinoma.
In addition, a recent study of the fraction of breast-cancer cases in the United
States attributable to well-established risk factors identified only 47% of patients
as having attributable risk factors (90). A family history of breast cancer
accounted for only 9.1% of cases, while relatively minor risk factors such as later
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age at first birth and nulliparity contributed 29.5% of cases. In a similar study, Sei-
dman et al. (91) noted that only 21% of breast-cancer cases in women age 30–54
and 29% of cases in women age 55–84, occurred in women with one of 10 com-
mon breast-cancer risk factors. The majority of women in the studies described
had minor risk factors that increase the relative risk of breast cancer only twofold,
and most had only a single risk factor. This level of “increased risk” would not
meet the entry criteria for the trials of breast-cancer prevention in high-risk
women discussed below. This data suggests that even if women with a very small
increase in breast-cancer risk were targeted for prevention initiatives, a large num-
ber of cases would continue to be missed.

6. RESULTS OF BREAST-CANCER PREVENTION TRIALS 
WITH ANTIESTROGENS

The results of four studies of the effect of antiestrogens on breast-cancer inci-
dence have been published. Two of these were specifically targeted to women at
increased risk for breast cancer development. The biggest study, the National
Surgical Adjuvant Breast Project (NSABP) P1 study included 13,388 women
aged 35 and older who were randomized to tamoxifen 20 mg daily or placebo
(92). Eligibility for the trial was based on the level of breast-cancer risk.
Women aged 60 or older were eligible regardless of the presence of breast-can-
cer risk factors. For those age 35–59, the 5-yr risk of breast-cancer develop-
ment, as calculated by the Gail model (87), had to be equal or greater than that
of a 60-yr-old. The trial was reported at a mean follow-up of 3.6 yr. At that time,
175 cases of invasive carcinoma had occurred in the placebo group and 89 in
the tamoxifen group, a 49% reduction in incidence. A statistically significant
reduction in the rate of intraductal carcinoma from 69 to 35 cases, p = 0.002,
was also noted. The major effect of tamoxifen was on the incidence of estrogen
receptor (ER)-positive tumors. There were 130 ER-positive tumors in the con-
trol group and 41 in the tamoxifen group, with no differences noted in ER-neg-
ative tumors (31 and 38) or ER-unknown (14 and 10). The concern that patients
on tamoxifen might develop unfavorable breast cancers was not supported by
the stage data. Two-thirds of the cancers were 2 cm or less in size, and 60%
were node-negative. The benefits of tamoxifen were seen across all age groups,
with a relative risk of 0.65 for those aged 49 and younger, 0.52 for those 50–59,
and 0.47 for women aged 60 and older. The effect of tamoxifen on women with
mutations in breast cancer-predisposition genes has not been reported, although
such an analysis is planned. The subset of women with LCIS has been analyzed,
and tamoxifen reduced the risk of breast-cancer development by 57% in this
group.

In addition to the reduction in breast-cancer incidence, a 19% reduction in
the risk of hip, wrist, and spine fractures was noted in the tamoxifen arm of the
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trial. No difference in the risk of ischemic heart-disease endpoints was
recorded. Toxicity in the tamoxifen arm was limited to women age 50 and older.
A 2.5-fold increase in endometrial cancer (36 vs 15 cases) and an increased risk
of venous thrombosis and pulmonary embolism (53 vs 28) were observed. Two
additional deaths from pulmonary embolism occurred in the tamoxifen arm,
although both patients had significant comorbidities.

The study reported by Powles and colleagues from the Royal Marsden hos-
pital also randomized high-risk women to tamoxifen or placebo for 8 yr (93).
The sample size was 2,471, and eligibility criteria included one first-degree
relative with breast cancer before age 50, a first-degree relative with bilateral
breast cancer, or a first-degree relative of any age plus an additional first- or
second-degree relative. Women with a prior benign breast biopsy and a first-
degree relative of any age were also eligible. At a median follow-up of 70 mo,
34 breast cancers were noted in the tamoxifen group and 36 in the placebo
group, 8 of which were ductal carcinoma in situ (DCIS), a relative risk of 1.06.
In this study, 42% of participants received hormone-replacement therapy, but
their outcome was no different than that observed for women not taking hor-
mones. Data on other endpoints and toxicity was not reported.

The other two studies were not limited to high-risk women. Veronesi et al.
(94) studied 5408 women aged 35–70 who had had a total hysterectomy for a
non-neoplastic disease. Of the 5408 women randomized, 1422 withdrew from
the study, leaving 3837 in the trial. When first reported, only 149 women (77
tamoxifen, 72 placebo) had completed 5 yr of treatment. Only 12.4% had a
first-degree relative with breast cancer, compared to 55% in both the Marsden
and NSABP trials. Only 41 cases of breast cancer occurred in the study popu-
lation, 19 in the tamoxifen arm, and 22 in the placebo arm. Among women on
treatment for at least 1 yr there were 19 breast-cancer cases in the placebo
group and 11 in the tamoxifen group. Characteristics of breast-cancer cases
including size, nodal status, histologic grade, and hormone-receptor status did
not differ between groups. A significant increase in the incidence of venous
thromboembolic problems was observed in the tamoxifen arm (p = 0.005),
although the majority of these were superficial phlebitis.

The final study, reported by Jordan and colleagues (95), analyzed breast-can-
cer cases in a population of 10,533 women in randomized trials of raloxifene.
Patients were selected for study entry on the basis of risk factors for osteoporo-
sis. Sixty-four percent of participants were over age 60, with a median age of
68.5 yr. The remaining 3767 had a median age of 54.6 yr. There was a two-to-
one randomization to the raloxifene arm, with raloxifene given at doses of 60
mg or 120 mg daily. After a median follow-up of 33 mo, 58 breast cancers had
occurred, with a relative risk of 0.46 for the raloxifene arm. When cases deter-
mined to have been present at study entry by review of mammograms and
pathology were excluded, the relative risk of breast cancer decreased to 0.37 for
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patients taking raloxifene. When only patients on raloxifene treatment for 18
mo or more were analyzed, the relative risk of breast cancer decreased to 0.32.
A 70% reduction in the incidence of ER-positive tumors was observed in this
study while the incidence of ER-negative tumors was unaffected. The data from
the chemoprevention trials is summarized in Table 4 and shown graphically in
Fig. 1. These data represent the rationale for testing raloxifene for the preven-
tion of breast cancer in high-risk women.

7. STUDY OF TAMOXIFEN AND RALOXIFENE (STAR)

The STAR trial is a Phase III, double-blind trial that will assign eligible
postmenopausal women to either daily tamoxifen (20 mg orally) or raloxifene
(60 mg orally) therapy for 5 yr. Trial participants will also complete a mini-
mum of two additional years of follow-up after therapy is stopped.

The STAR trial’s primary aim is to determine whether long-term raloxifene
therapy is effective in preventing the occurrence of invasive breast cancer in
postmenopausal women who are identified as being at high risk for the disease.
The comparison is to be made to the established drug, tamoxifen. Its secondary
aim is to establish the net effect of raloxifene therapy, by a comparison of car-
diovascular data, fracture data, and general toxicities with tamoxifen. It is clear
that the activation or suppression of various target sites around a woman’s
body is similar for tamoxifen and raloxifene, but an evaluation of the overall
comparative benefits of the agents will be an important new clinical data base
for raloxifene in postmenopausal women.

Premenopausal women at risk for breast cancer are, currently, not eligible
for the STAR trial. Although there is extensive information about the efficacy
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Table 4
Results of Breast-Cancer Chemoprevention Studies

Breast cancer/1000 woman-yr

High RR 
Trial risk # Subjects Age Placebo Tamoxifen (95% CI)

NSABP P1 Yes 13,388 ≥35 6.5 3.6 0.55 
(0.42–0.72)

Powles Yes 2471 >30, ≤70 5.0 4.7 1.06 
(0.7–1.7)

Veronesi No 5408 ≥35, ≤70 2.3 2.1 Not 
significant

Jordan No 10,533 Post- 3.7 Raloxifene 0.46 
menopausal 1.7 (0.28, 0.75)



of tamoxifen in premenopausal breast-cancer patients (8) and women at risk
for breast cancer (92), clinical experience with raloxifene is confined to moni-
toring the action of the drug in postmenopausal women. Raloxifene is classi-
fied as an antiestrogen with less estrogen-like actions than tamoxifen (96–98).
However, tamoxifen has been shown to produce a small decrease in bone den-
sity in premenopausal women (99), and there is concern that raloxifene might
produce greater decreases in bone density. The National Cancer Institute is
currently conducting a randomized study of raloxifene (60 mg daily and 300
mg daily) in high-risk premenopausal women to address the issue of raloxifene
and bone density. Additionally, short-term raloxifene treatment (5 d or 28 d),
causes elevations in circulating estradiol but does not prevent ovulation (100),
consistent with the known elevation of steroid hormones produced by tamox-
ifen in premenopausal breast-cancer patients (101). The changes in endocrine
function produced by raloxifene will also be assessed as a prelude to the
recruitment of premenopausal high-risk women to the STAR trial.
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Fig. 1. Comparison of the evaluable events observed in the studies to reduce the incidence
of breast cancer. The NSABP P-1 trial is the only prospective clinical trial designed to test
the worth of an antiestrogen for preventing breast cancer in a large number (13,388) of
high-risk women; the figure illustrates the effect of tamoxifen on both invasive and nonin-
vasive (DCIS) breast cancer (92). By contrast, the Royal Marsden Hospital study (93) is a
pilot project originally designed to be a toxicity evaluation in 2,471 high-risk women, and
the Italian Tamoxifen Prevention Study (94) reports 5-yr data on 5,408 normal-risk young
women. The raloxifene data (95), which can only be estimated from published abstracts, is a
secondary end-point from 10,553 postmenopausal women in osteoporosis trials. The
reported cases include both invasive and noninvasive (DCIS) breast cancers.



The results from the STAR trial are anticipated by 2006. Clearly, it will be
invaluable to establish the overall benefits of the drugs with regard to breast-
cancer incidence, coronary heart disease, and osteoporosis. The comparisons
of endometrial cancer will be most instructive because the standard of care,
i.e., self-reporting, will be employed in the STAR trial rather than routine
screening with annual biopsies.

8. CONCLUSIONS

During the past 60 years, Lacassagne’s (1) suggestion that an antiestrogen
could prevent breast cancer has become a reality. The success of tamoxifen and
the promise of raloxifene have opened the door to the testing of a range of novel
compounds and acted as a catalyst for the discovery of novel molecules to prevent
multiple diseases associated with advancing age after the menopause.
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III INHIBITION OF ESTROGEN

SYNTHESIS



1. INTRODUCTION

There are two biological subtypes of human breast carcinoma: those that
are hormone-dependent and those that are hormone-independent. Estrogen is
thought to be the primary mitogen for the hormone-dependent subtype, but
the exact mechanism(s) by which it promotes and stimulates growth has not
been fully established. In both the adjuvant and metastatic setting estrogen
deprivation is beneficial in a proportion of patients. To this end, hypophysec-
tomy and adrenalectomy have been performed in postmenopausal women
while ovarian ablation (surgical or radiation-induced) remains a treatment in
premenopausal women (1). These irreversible procedures have significant
morbidity and do not address estrogen biosynthesis occurring in extraglandu-
lar or peripheral tissues (2,3).

Currently there are three medical approaches to estrogen deprivation of
breast tumors. One is to block estrogen receptors (ER) with antagonists such as
tamoxifen. A second is to inhibit gonadotrophins by continuous administration
of gonadotrophin-releasing hormone (GnRH) or one of its analogues (4). The
third is to decrease circulating estrogens by inhibiting their biosynthesis. The
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target of such inhibition is the aromatase enzyme, which catalyzes the final
step in estrogen production in humans (5,6).

In this chapter, estrogen synthesis with respect to therapeutic inhibition is
examined in detail. Particular emphasis has been placed on the aromatase
(estrogen synthetase) enzyme complex, which is responsible for the final step
in the estrogen biosynthetic pathway. Firstly, the aromatase P450 gene,
CYP19, and tissue-specific estrogen production regulated by alternate CYP19
promoter usage is described. The potential both for estrogen production within
the breast to promote carcinogenesis, as well as for intratumoral estrogen syn-
thesis to enhance breast-tumor growth, are then discussed. Subsequently, aro-
matase enzyme inhibitors, which have recently become available for the
treatment, and possible prevention, of breast cancer in women, are introduced
according to current classifications. Cell culture and in vivo models used for
preclinical evaluation of aromatase inhibitors are described providing a back-
ground to their clinical development. Nonpharmacologic aromatase inhibitors
are reviewed and targets of inhibition of the aromatase pathway other than
enzyme inhibitors are proposed. The clinical experience and future potential of
aromatase inhibitors are described in more detail in the next chapter.

2. AROMATASE AND ESTROGEN SYNTHESIS

2.1. The Aromatase Enzyme Complex
The initial step in estrogen biosynthesis is the cleavage of the cholesterol side

chain to yield pregnenolone, a process catalyzed by the enzyme desmolase. A
subsequent multi-step process culminates with the conversion of the androgens
to estrogens by aromatase (estrogen synthetase) (Fig. 1). This enzymatic
process is the rate-limiting step in estrogen biosynthesis and ultimately results
in the conversion of C19 steroids, such as testosterone and androstenedione, into
the C18 steroids, estradiol and estrone, respectively. Located in the endoplasmic
reticulum, aromatase is an enzyme complex composed of two proteins: aro-
matase cytochrome P450 (aromatase P450) and reduced nicotinamide adenine
dinucleotide diphosphate (NADPH)-cytochrome P450 reductase. Aromatase
P450 binds androgen substrates and, in the presence of molecular oxygen and
NADPH, catalyzes a series of slow steps to produce 2-beta-hydroxy-19-aldehy-
des, which then collapse rapidly and nonenzymatically to estrogens. NADPH-
cytochrome P450 reductase, a ubiquitous flavoprotein component of the
endoplasmic reticulum in most cells, transfers reducing equivalents from
NADPH to aromatase P450. For every mole of C19 steroid metabolized, the aro-
matase reaction utilizes three moles of oxygen and three moles of NADPH (7).
The principal source of substrate presented to the aromatase enzyme complex in
breast tissue is circulating androstenedione. As a result, the primary product of
aromatization in the breast is estrone. Estrone may be converted locally to estra-
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diol, the most biologically active estrogen, by 17β-hydroxysteroid dehydroge-
nase (8). Aromatization of androgens via the aromatase complex and aromatase
P450 in particular, is a unique, rate-limiting reaction in steroidogenesis. It is
therefore a logical target for the selective inhibition of estrogen synthesis cru-
cial to the treatment of estrogen-dependent malignancy.

2.2. CYP19, the Aromatase Gene
Aromatase cytochrome P450 is the product of the CYP19 gene located on

chromosome 15 (9). CYP19 is a member of the cytochrome P450 gene super-
family, which includes over 300 members in at least 36 families (10). Since
cloning of the complementary DNA (cDNA) a decade ago (11,12) the human
CYP19 gene has been well-characterized (13–21). The gene spans over 75 kb
and consists of at least 16 exons (Fig. 2). The nine coding exons, exon II to
exon X, are contained within a 35 kb region. Exon II contains 38 bp of the 5′
untranslated sequence and 145 bp of the coding sequence including a putative
membrane-spanning domain. Exon X contains a heme-binding region charac-
teristic of the cytochrome P450 superfamily, the translational termination
codon, 1336 bp of the 3′ untranslated sequence and two polyadenylation sig-
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Fig. 1. The steroid biosynthetic pathway. Estrogen synthesis results from the irreversible
conversion of androgens by the aromatase enzyme complex. Cyt, cytochrome; SCC, side-
chain cleavage; HSD, hydroxysteroid dehydrogenase.



nals. Alternate use of these polyadenylation signals produces two distinct
mRNA species of 3.4 and 2.9 kb. Direct sequencing of polymerase chain reac-
tion (PCR) products of exons III, VII, and X has shown that CYP19 contains
common polymorphisms (22)

Tissue-specific expression of the CYP19 gene is determined, in part, by the
use of distinct promoters in each tissue. Transcription initiation occurs via spe-
cific promoters upstream of each of the seven untranslated exons, I.1, 2a, I.4,
I.2, I.3, I.5, and 1 f. Exons I.1, 2a, and I.2 are transcribed chiefly in the pla-
centa. Exon 1.4 is transcribed in adipose tissue and fetal liver. Exon 1.3 is also
transcribed in brain tissue. Exon I.5 is transcribed in fetal intestine and fetal
liver (23) and exon 1 f is transcribed in brain tissue (24). All transcripts,
regardless of tissue type, are then spliced at a common 3′-splice junction
upstream of the start of translation in exon II. Different tissues therefore con-
tain mature transcripts which differ at their 5′-untranslated termini. The protein
encoded by each of these transcripts is, however, always the same.

In the ovary, aromatase P450 expression is regulated by a proximal promoter,
PII, located approx 140 bp upstream of the start of translation (17,25) (Fig. 2).
Aromatase P450 expression from PII is controlled by follicle-stimulating hor-
mone (FSH). When bound to its cell-surface receptor, FSH causes an increase in
intracellular cAMP, which, in turn, stimulates aromatase P450 expression (26).
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Fig. 2. The human CYP19 gene and promoter region. The closed bars represent translated
sequences. Exon II encodes 38bp of the 5′untranslated sequence and 145bp of the amino-
terminal protein-coding sequence. The septum in the open bar in exon II represents the 3′-
acceptor splice junction for the untranslated exons. The sequence immediately to the left of
the septum is that present in mature transcripts whose expression is driven by promoter II.
The five untranslated exons I.1, 2a, I.2, I.3, and I.4 are indicated in their approximate loca-
tions. The location of exon I.5 and 1 f have not been determined at this time. Exon X
encodes 1336bp of the 3′ untranslated sequence and contains a heme-binding region (HBR)
and two alternative polyadenylation signals (AATAAA, ATTAAA). The genomic region
shown spans at least 75 kb. The distance indicated by the gap between I.4 and I.2 is
unknown. Adapted with permission from ref (25a).



cAMP-induced transcription results, in part, from binding of the steroid receptor
Ad4BP/SF-1 to a single hexameric element upstream from the PII transcription
start site. Further interactions possibly involving Ad4BP/SF-1 and other unchar-
acterized trans-activating factors have been suggested (27).

In adipose tissue, aromatase P450 expression is regulated by promoters I.4,
II and I.3 (20,28). Exon I.4 contains a glucocorticoid response element (GRE)
and an Sp 1 nuclear transcription-factor consensus sequence as well as a GAS
(interferon-γ [IFN-γ] activation sequence) element (29) (see Fig. 2). Class I
cytokines and glucocorticoids stimulate expression from promoter I.4 via a
second-messenger pathway consisting of a Jak 1 kinase and a STAT 3 tran-
scription factor that binds to the GAS element. Once glucocorticoid receptors
are bound to the GRE and Sp1 is bound to its site, transcriptional activation
from promoter I.4 is initiated (30). Though second-messenger pathways medi-
ating aromatase P450 expression via promoters II and I.3 are not yet defined,
the stimulatory action of cAMP and phorbol esters suggests that protein kinase
A (PKA) and protein kinase C (PKC) pathways could be involved (31).

Adipose tissue is the main site of peripheral estrogen production by androgen
aromatization. It consists of adipocytes and stromal-vascular cells. Aromatase
P450 expression occurs primarily in the stromal component (32). Transcript
expression patterns are constant with increasing age and at different body sites
with exon I.4-specific transcripts occurring in greatest relative copy number
(28). Age-related increases in conversion of androstenedione to estrone appear
to be mostly due to observed progressive increases in adipose tissue aromatase
P450 transcript levels (33). Interestingly, a different transcription expression
pattern has been observed in breast adipose tissue from patients with breast can-
cer. In a significant number of breast-cancer patients, promoter II and I.3-spe-
cific transcripts appear in high copy number relative to I.4-specific transcripts
(34,35). Cultured fibroblasts have been shown to produce exon I.4-specific tran-
scripts when stimulated by Class 1 family cytokines in the presence of gluco-
corticoids. Alternatively, when aromatase expression is stimulated by dibutyrl
cyclic AMP, PII and exon I.3-specific transcripts predominate (20,31).

Since it appears that expression levels of specific transcripts are influenced
by the types of stimulatory factors present, the differences in transcript expres-
sion between malignant and nonmalignant tissue may reflect the factors
secreted by malignant and nonmalignant cell types. It has also been suggested
that increased expression of I.3-specific transcripts in malignant breast tissue
may reflect induction of aromatase transcription in a subpopulation of the
epithelial component of the tumor (36). It is also conceivable that if common
polymorphisms, already identified within the CYP19 protein-coding region,
also occur within the promoter region, then individual variations in tissue-spe-
cific promoter use and therefore individual differences in susceptibility to
breast cancer, could occur.
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2.3. Estrogen Production in Women
In premenopausal breast-cancer patients (Fig. 3), the ovaries, and in particu-

lar the granulosa cells of the ovarian follicle, are the most important source of
estrogen production (37,38). Currently available aromatase inhibitors are
unable to completely block ovarian estrogen production in premenopausal
women (39–41). There is also concern that blocking ovarian estrogen produc-
tion may cause a reflex increase in gonadotrophin levels and result in an ovar-
ian hyper-stimulation syndrome. As a result, clinical use of aromatase
inhibitors in the management of breast cancer is currently focused on their use
as single agents in postmenopausal women. The role that they may have in
combination with other hormonal agents in the treatment of premenopausal
breast cancer has yet to be elucidated.

With the onset of menopause (Fig. 3), the ovaries secrete some testosterone
and androstenedione but cease to produce significant estrogen and proges-
terone. Relative to premenopausal women, circulating plasma estrogen con-
centrations are drastically reduced in postmenopausal women. Production of
estrogen essential to the growth of hormone-dependent breast tumors does
continue however via aromatization of adrenal androgens in peripheral sites
including muscle, liver and, most substantially, adipose tissue (42–45). Fur-
thermore, adipose aromatase P450 activity increases both with age and with
body weight (33,46,47). At peripheral sites, androstenedione, primarily pro-
duced in the adrenal glands, is converted into estrone. Conversion of testos-
terone into estradiol is a lesser contributor to peripheral estrogen production
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Fig. 3. Sources of estrogen in pre- and postmenopausal women.



(48). The extraglandular sites of estrogen production in postmenopausal
women are more amenable to inhibition by aromatase inhibitors than the
ovaries of younger women.

2.4. Estrogen Production in Normal and Malignant Breast Tissue
In contrast to the low plasma estrogen levels that occur in post-

menopausal women with and without breast cancer (49), high estrogen con-
centrations are present in both normal and malignant breast tissue.
Furthermore, intratumoral estrogen concentrations are higher than those in
normal breast tissue (8,50–52). Aromatase activity is detectable in biochem-
ical assays of normal breast tissue and 40–70% of breast tumors (53–57).
Immunocytochemical, radiometric, and in situ hybridization studies examin-
ing the location of aromatase P450 in normal and malignant breast tissue
have detected the enzyme complex and mRNA transcripts in both stromal
(57–60) and epithelial cells (57,60,61).

Though there has been considerable controversy (62) regarding the clinical
relevance of intratumoral estrogen production, a growing body of evidence
from both in vitro and in vivo studies suggests that intratumoral aromatase
synthesizes sufficient estrogen to stimulate estrogen-dependent tumor growth
(63–66). Furthermore, studies designed to determine whether intratumoral aro-
matase-derived estrogen plays a functional role in stimulating tumor-cell pro-
liferation have shown a positive relationship between markers of
intratumoral-cell proliferation such as DNA polymerase α and proliferating-
cell nuclear antigen (PCNA), and aromatase P450 activity (60,67). This rela-
tionship has also been shown to be abrogated by aromatase inhibitors in in
vitro studies of tumor samples from patients before and after treatment with
aromatase inhibitors (68). Not surprisingly, studies suggest that those patients
with breast carcinomas that express aromatase activity respond best to treat-
ment with aromatase inhibitors (69,70).

As illustrated in Fig. 4, studies have shown that areas of increased aromatase
activity (70) and mRNA levels (71) in normal breast tissue occur most often in
the same quadrant in which breast tumors have been detected. Augmented aro-
matase activity detected in tissue surrounding a breast tumor, as well as within
the tumor itself, may be caused by stimulatory factors released from the tumor.
Alternatively, inherently higher aromatase activity in breast tissue may be the
primary event initiating tumorigenesis. Evidence exists that supports both of
these hypotheses.

In the first instance, breast tumors often produce a desmoplastic reaction,
which involves recruitment and stimulation of fibroblasts and smooth-mus-
cle cells resulting in interspersing of stromal and tumor cells (72). Proliferat-
ing stromal cells involved in the desmoplastic reaction express significant
aromatase activity (58). In vitro studies of stromal cells have shown that aro-
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Fig. 4. Aromatase P450 transcript levels and tumor location in 15 mastectomy specimens.
In 10 out of 15 cases, the highest aromatase P450 transcripts levels (as determined by
reverse transcriptase-PCR) were found in breast quadrants bearing a tumor. In five cases
where tumor occupied two adjacent quadrants, the index quadrant was chosen to be the one
bearing the largest bulk of the tumor. Adapted with permission from ref. (71).



matase activity can be regulated by a variety of factors including members of
the class I cytokine family (e.g., interleukin-1 [IL-1], IL-6, or tumor necrosis
factor-α [TNF-α], reviewed ref. 73) and prostaglandin E2 (31). These factors
are produced by malignant breast cells as well as macrophages and lympho-
cytes, which can represent up to 50% of breast-tumor volume (74). Indeed
cytosol prepared from breast tumors or activated macrophages and lympho-
cytes, but not normal breast tissue, has been shown to stimulate aromatase
activity significantly (75,76). It is conceivable then that stromal-cell-derived
estrogen functions in a positive feedback mechanism by acting through the
estrogen receptor (ER) on tumor cells to stimulate growth factor and
cytokine production and secretion (77). These stimulatory factors may then
promote further tumor growth in an autocrine and paracrine fashion while
stimulating further neighboring and intratumoral stromal-cell proliferation
and aromatase P450 expression (78,79). Finally, estrogen produced by ER-
positive breast-tumor epithelial cells may stimulate growth via an autocrine
action (72).

On the other hand, a number of studies suggest that increased aromatase
P450 activity in normal breast tissue precedes, and may promote, tumorigen-
esis. Aromatase P450 mRNA transcript analysis has shown a similar magni-
tude of variability in aromatase P450 activity between quadrants from
mastectomy specimens that do not contain malignancy compared to those
that do, suggesting that variable aromatase activity is a feature of normal
breast tissue (71). Furthermore, one study has shown that the highest levels
of aromatase P450 transcripts occur in the lateral regions of normal breasts
where cancer most commonly arises (80). Recent studies of transgenic mice
that overexpress the aromatase P450 gene under the control of mouse
mammary tumor virus enhancer/promoter have shown that increased aro-
matase expression leads to a range of histological abnormalities in mam-
mary tissue indicative of preneoplastic changes (81). This suggests that
enhanced expression of aromatase P450 could predispose mammary tissue
to preneoplastic changes, which may, in turn, increase the risk of developing
breast cancer.

These mechanisms of breast aromatase involvement in estrogen-dependent
tumor growth are not necessarily exclusive. Enhanced aromatase expression in
breast tissue may be related to tumor promotion in a number of ways: by
occurring in normal tissue thereby providing a favorable environment for car-
cinogenesis, by occurring as a result of factors produced by breast tumors, and
by occurring as a result of factors produced by tumor-induced infiltrating
macrophages and lymphocytes. In light of the current focus on development
and clinical use of aromatase P450 inhibitors as described below and in the
next chapter, elucidation of the role aromatase P450 in both normal and malig-
nant breast tissue is essential.
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3. AROMATASE ENZYME INHIBITORS

3.1. Classification
There are two main types of aromatase enzyme inhibitors: the competitive type

and the mechanism-based or suicide inhibitors (Table 1). Competitive inhibitors
compete with the substrate (i.e., androstenedione) for reversible noncovalent
binding to the active site of aromatase P450. Inhibitors in this class may be either
steroidal or nonsteroidal. Suicide inhibitors also compete for the active site of aro-
matase P450, but are converted to reactive, alkylating species by the enzyme.
These then form covalent bonds at or near the active site, thus irreversibly inacti-
vating the enzyme (82). All suicide inhibitors described to date are steroids.

Steroidal inhibitors, which usually have an androgen structure, associate with
the substrate-binding site of aromatase. Nonsteroidal inhibitors, which include
aminoglutethimide, its analogues, several imidazoles, and a number of triazoles,
interact with the cytochrome P450 moiety of the system. Although steroidal
inhibitors are capable of inhibiting the aromatase enzyme specifically, they have
the potential to induce unwanted agonist or antagonist effects, especially on estro-
gen, glucocorticoid, androgen, or progesterone receptors. Furthermore, suicide-
type steroidal inhibitors may show long-lasting effects in vivo, since the affected
enzyme should remain inactivated even after free inhibitor is no longer present

244 Part III / Inhibition of Estrogen Synthesis

Table 1
Aromatase Inhibitor Classification

Type of 
aromatase Drug or 
inhibition natural product Structure Generation

Competitive Aminoglutethimide Nonsteroidal First
Rogletimide (pyrido- Nonsteroidal Second

glutethimide)
Fadrozole (CGS 16949) Imidazole Second
Letrozole (CGS 20267) Triazole Third
Vorozole Triazole Third
Anastrozole (Arimidex®) Triazole Third
Lignans Diphenolic Natural compound

Phytoestrogens
Flavonoids Diphenolic Natural compound

Phytoestrogens
Sesquiterpene lactones Phytoestrogen Natural compound

Suicide Testololactone Steroidal First
Formestane (4-hydroxy- Steroidal Second

androstenedione)
Exemestane Steroidal Third



(83). Interestingly, the steroidal suicide-type inhibitors formestane and exemes-
tane do not appear to have significant effects on plasma levels of cortisol, aldos-
terone, 17-hydroxyprogesterone, DHEAS, LH, and FSH (84–86).

Unlike steroidal aromatase inhibitors, nonsteroidal inhibitors are more likely to
exhibit lack of specificity, as they have the potential to block several cytochrome
P-450-mediated steroid hydroxylations. Their potential advantage is that they are
less likely to exhibit agonist or antagonist properties observed with steroids and
are more likely to be orally absorbed. Aminoglutethimide, a first generation nons-
teroidal aromatase inhibitor, not only inhibits aromatase but also inhibits choles-
terol side-chain cleavage in the adrenal glands. The resulting suppression of
cortisol synthesis creates the need for administration of replacement corticos-
teroid. Rogletimide, a second-generation nonsteroidal aromatase inhibitor, is a
less potent analog of aminoglutethimide, which does not inhibit cholesterol side-
chain cleavage (87,88). Another second-generation nonsteroidal drug, fadrozole,
does not appear to affect levels of aldosterone and cortisol when used in low
dosages (89,90). Letrozole, anastrozole, and vorozole are all third-generation
nonsteroidal aromatase inhibitors. These triazole derivatives have no discernible
effects on adrenal function at dosages that effectively inhibit aromatase (91,93).

3.2. Models for Preclinical Evaluation of Aromatase Inhibitors
3.2.1. IN VITRO

Microsomal preparations from rat ovaries (stimulated with pregnant mare
serum gonadotrophin) or from human placenta provide a useful source of aro-
matase (94–96). Tritiated androgens are added to these preparations in the
presence of an NADPH-generating system and estrogen synthesis is measured
indirectly by the amount of tritiated water released. Incubation of this test sys-
tem in the presence of a prospective inhibitor allows the potency of the
inhibitor to be determined. Subsequently washing the microsomal preparations
with dextran-coated charcoal, reincubating them with androgen precursor, and
measuring residual enzyme inhibition also allows for classification of the
inhibitor as reversible or irreversible. Data from studies in the rat ovarian gran-
ulosa model which demonstrate dose dependent inhibition of aromatase by
vorozole and aminoglutethimide is shown in Fig. 5.

Cell lines have also been explored as a mechanism for characterizing aro-
matase inhibitors. Human MCF-7 breast-cancer cells in particular can convert
physiological concentrations of androgens to estrogens via the aromatase enzyme.
Autocrine stimulation of DNA synthesis occurs in this cell line when estrogen
binds to ER. As a result, aromatase-enzyme inhibition can be observed in this sys-
tem either directly, by the tritiated water method described previously, or indi-
rectly, by its biological influence on DNA synthesis. Furthermore, measurement
of aromatase activity following pre-incubation of MCF-7 cells with an aromatase
inhibitor can allow for differentiation between competitive and suicide inhibitors.
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As shown in Fig. 6, pre-incubation with the competitive class of inhibitors can
cause an augmentation of subsequent androgen stimulation of aromatase activity
and DNA synthesis whereas suicide inhibitors cause a decrease (97).

Though the inherent, low-level aromatase activity expressed by MCF-7 breast
carcinoma-cell line has proved extremely useful for the identification of aro-
matase inhibitors, it does not mimic the enhanced intratumoral aromatization,
which is believed to play a significant role in the growth of human breast carci-
nomas. Stable transfection of MCF-7 cells with the human aromatase P450 gene
produces clonal lines that can express aromatase P450 at 1,000 times the endoge-
nous level in wild-type MCF-7 cells (64). Androstenedione-supported growth of
these cells is dependent on aromatase P450 and is blocked in the presence of aro-
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Fig. 5. Effect of increasing concentrations of vorozole and aminoglutethimide on estra-
diol and progesterone synthesis in rat granulosa cells. Rat ovarian granulosa cells were
cultured and steroid synthesis was stimulated with an FSH preparation. The effects of
increasing concentrations of vorozole and aminoglutethimide were tested and compared
in this system. At the end of incubation, estradiol and progesterone were measured by
radio-immunoassay. Estradiol synthesis was inhibited with an IC50 value of 3.0 ± 0.2 nM
for vorozole and 3900 ± 2800 nM (mean ± SD) for aminoglutethimide. Adapted with
permission from ref (96a).



matase inhibitors. Not only is this in vitro model of augmented aromatase activ-
ity useful for screening of aromatase inhibitors, growth of these cells in vivo, as
described below, provides a model of intratumoral aromatase activity.

3.2.2. IN VIVO

Though in vitro models provide the means to examine the biochemical phar-
macology of aromatase inhibitors, they do not provide information regarding
the more complex aspects of a living system such as drug bioavailability, drug
metabolites, intratumoral effects, or interactions with other hormones. In vivo
models of hormone-dependent tumor growth are therefore essential to preclin-
ical drug evaluation.

Induction of mammary tumors in cycling female rats with dimethyl-
benz(a)anthracene (DMBA) or dimethylnitrosourea (NMU) provides a model of
premenopausal breast cancer. These carcinogens induce mammary tumors,
approx 80–90% of which are ovarian hormone-dependent (96), within 6–8 wk of
administration (98,99). The ability of aromatase inhibitors to inhibit ovarian
estrogen secretion, to cause mammary tumor regression, or to halt tumor growth
can be assessed in these animals. Figure 7 provides an example of the distinct
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Fig. 6. Aromatase activity of MCF-7 cells after exposure to aromatase inhibitors. The cells
were preincubated for 24 h with aromatase inhibitors. Activity was compared to controls
incubated with androgen alone. 14α-OHAT (14α-hydroxy-4-androstene-3,6,17-trione) and
4-OHA (4-hydroxyandrostenedione or formestane) are suicide inhibitors. AG (aminog-
lutethimide) and CGS (fadrozole) are competitive inhibitors. ap < 0.05; bp < 0.01; cp < 0.001
vs androgen alone. Adapted with permission from ref. (97).



effects of 4-hydroxyandrostenedione (formestane) and aminoglutethimide on
tumor growth in this model. Tumor volume in animals treated with 4-hydroxyan-
drostenedione (formestane), a suicide inhibitor, is decreased markedly within 2
wk, whereas tumor volume in animals treated with only aminoglutethimide, a
competitive inhibitor, increases over the study period. Tumor regrowth in the
presence of aminoglutethimide has been attributed to increased gonadotrophin
levels, occurring as a result of feedback regulatory mechanisms triggered by the
initial estradiol suppression, which stimulate aromatase synthesis by the ovaries.
On the other hand, 4-hydroxyandrostenedione appears to suppress the hypothal-
amus-pituitary axis as well as estrogen synthesis, thereby enabling sustained
tumor regression in this premenopausal model (100).

248 Part III / Inhibition of Estrogen Synthesis

Fig. 7. Effect of 4-hydroxyandrostenedione (formestane) and aminoglutethimide on DMBA-
induced, hormone-dependent mammary tumors in the rat. Percentage change in tumor volume
in rats treated with 4-hydroxyandrostenedione, aminoglutethimide or 4-hydroxyandrostene-
dione plus aminoglutethimide vs controls. ■, 8 animals injected with vehicle; ●, 10 animals
injected with 4-hydroxyandrostenedione (50 mg/kg/d); ●, 8 animals injected with aminog-
lutethimide (50 mg/kg/d); ▲, 6 animals injected with 4-hydroxyandrostenedione and aminog-
lutethimide (50 mg/kg/d each). Adapted with permission from ref. (100).



Models of postmenopausal breast cancer in which estrogen is produced by
nonovarian aromatization of androgens have been developed in ovariec-
tomized athymic mice carrying hormone-dependent human tumors. For exam-
ple, the JEG-3 human choriocarcinoma-cell line exhibits aromatase activity
and is tumorigenic in nude mice (101). As illustrated in Fig. 8, aromatization
of circulating androgens to estrogens by JEG-3 xenografts can be assessed in
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Fig. 8. Effect of the presence of the presence of JEG-3 tumors and treatment with vorozole
on the uterus weight (A) and aromatase activity (B) in ovariectomized mice. Vorozole was
administered orally once a day for 5 d. Uterus weight and aromatase activity was measured
1 h from the last drug administration. Results are expressed as a mean ± SEM. * p < 0.005
vs control; +p < 0.005 vs tumor. Adapted with permission from ref. (102).



ovariectomized nude mice by uterine weight as well as by direct measurement
of enzyme activity in tumor explants (101,102).

Though the JEG-3 tumor grown in nude mice provides a good model to
study the action of aromatase inhibitors on local tumor estrogen production,
models composed of human breast tumors better simulate the clinical applica-
tion of aromatase inhibitors. Athymic mice coinoculated with MCF-7 cells and
Matrigel, a basement membrane preparation that enhances tumorigenicity, pro-
vides an in vivo model of hormone-dependent human breast-cancer suitable
for screening aromatase inhibitors (103). Treatment of these mice with either
the aromatase inhibitor formestane (shown in Fig. 9) or the antiestrogen
tamoxifen results in significant suppression of tumor growth.

As previously discussed, estrogen is synthesized in the postmenopausal
women in peripheral, extraglandular sites. Furthermore, intratumoral aromatase
activity may play a significant role in hormone-dependent breast-tumor growth.
Two comparable models have been developed from the MCF-7 mouse model
using ovariectomized athymic mice to simulate hormone-dependent breast-tumor
growth in postmenopausal women. In one model ovariectomized athymic mice
are co-inoculated with human aromatase gene-transfected MCF-7 cells and
Matrigel (66). In the other, established aromatase gene-transfected MCF-7 tumors
are transplanted to the animals (104). When supplemented with androstenedione,
the growth rate of the aromatase gene-transfected MCF-7 tumors in these models
is greater than or equal to growth in intact mice. These models demonstrate the
ability of aromatase to provide an endogenous source of estrogen to stimulate
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Fig. 9. The effect of formestane on tumor growth in athymic mice co-inoculated with MCF-7
cells and Matrigel. 2.1 × 106 MCF-7 cells in Matrigel suspension were injected subcuta-
neously into each flank of the mice. Subcutaneous injections of 1 mg formestane/mouse/d
were begun 45 d after inoculation. Adapted with permission from ref. (103).



tumor growth and may be useful in assessing both the biological significance of
intratumoral aromatase as well as the effect of aromatase inhibitors on intratu-
moral aromatase. They have been used to study the effect of a number of aro-
matase inhibitors, either alone or in combination with the anti-estrogen
tamoxifen, on tumor growth, intratumoral aromatase activity, hormone-receptor
expression, and uterine weight (104,105). Tumor growth data from experiments
with formestane, tamoxifen, and letrozole in this model are shown in Fig. 10.

The effect of aromatase inhibitors on peripheral aromatization in vivo can
be studied in male rhesus or cynomolgus monkeys, in whom most of the circu-
lating estrogen is extragonadal in origin (106). Following a continuous infu-
sion of [73H]androstenedione and [414C]estrone, both the rate and extent of
conversion of androstenedione to estrone and estradiol in plasma can be mea-
sured. In this model, vorozole has been shown to cause a dose-dependent inhi-
bition of in vivo peripheral aromatization with 50% inhibition observed at an
intravenous dose of 130 ng/kg (107).

Recently, transgenic mice that overexpress the aromatase gene under the con-
trol of mouse mammary tumor virus enhancer/promoter have been developed
(81). This model provides the opportunity to study the effects of locally produced
estrogen on mammary epithelial cells. Histological abnormalities indicative of
preneoplastic changes occur in the mammary epithelial cells of these mice sug-
gesting that overexpression of the aromatase gene may lead to an increased risk of
developing neoplasia and increased susceptibility to environmental carcinogens.
Studies of the aromatase gene and other oncogenes such as myc, ras, and int-2
(108–110), which have been shown to act in combination with hormonal stimula-
tion to produce breast cancer, may be possible using a bitransgenic version of this
model. The ability of aromatase inhibitors to block development of morphologi-
cal abnormalities in this model and any future bitransgenic versions will be useful
in assessing their use in the prevention of breast cancer.

3.2.3. IN VOLUNTEERS

The same double-label continuous infusion technique with [73H]androstene-
dione and [414C]estrone employed in animal models has been used to measure
inhibition of peripheral aromatase activity in male and postmenopausal female
volunteers. In Fig. 11, vorozole administered 4 h prior to isotope infusion is
shown to inhibit peripheral aromatization in healthy female volunteers (111).

4. CLINICAL APPLICATIONS OF AROMATASE INHIBITORS

4.1. Treatment of Newly Diagnosed (Adjuvant) 
and Advanced Breast Cancer

Antagonizing the effects of estrogen is a major strategy in the treatment and,
more recently, in the prevention of breast cancer. The anti-estrogen tamoxifen
has been shown to cause significant remission of cancer and delay in time to pro-
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Fig. 10. (A) Growth curve of aromatase gene-transfected MCF-7 tumors in ovariectomized
athymic mice receiving combined or single agent treatment with aromatase inhibitor and/or
antiestrogen. Aromatase-transfected MCF-7 cells suspended in Matrigel were inoculated into
the mice 1 d prior to initiation of daily 0.1 mg androstenedione supplementation. Treatment was
with formestane (■; 0.5 mg/d), letrozole (◆; 0.25 mg/d), tamoxifen (∆; 3 µg/d), formestane +
tamoxifen (■; 0.5 mg/d + 3 µg/d), letrozole + tamoxifen (◆; 0.25 mg/d + 3µg/d), or, as a con-
trol, vehicle alone (●; 0.1 mL/d) and continued for 6 wk. There were four mice in each group.
(B) Effect of combined or single agent treatment with aromatase inhibitor and/or antiestrogen
on aromatase activity in aromatase gene-transfected MCF-7 tumors. Tumors were removed
from animals described in (A). TAM, tamoxifen; CGS, CGS 16949 (letrozole); * p < 0.05;
** p < 0.001 vs control. Adapted with permission from ref. (105).



gression of ER-positive advanced breast cancer in both pre- and postmenopausal
women. Likewise, tamoxifen has been shown to increase both disease-free and
overall survival of women when given after primary treatment for breast cancer.

The efficacy of aromatase inhibitors in the treatment of patients who
progress after tamoxifen has been established (112–114). At present they are
being tested in the adjuvant setting. Their interaction with tamoxifen and other
pure anti-estrogens, when administered either in combination or sequentially,
as well as the order in which to give them, remains to be determined. Current
clinical applications of aromatase inhibitors in breast cancer will be discussed
in more detail in the next chapter.

4.2. Prevention
Since the antiestrogen tamoxifen has been shown to lower the incidence of

contralateral breast cancer in women with breast cancer (115–118), multiple
large international trials have been launched to determine its use in the preven-
tion of breast cancer in healthy women. As discussed previously in this chap-
ter, increased basal aromatase activity and estrogen levels in normal breast
tissue may predispose to breast cancer. This and the apparent protective effect
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Fig. 11. Effect of different doses of vorozole on in vivo peripheral aromatization in normal
postmenopausal women. Twelve healthy postmenopausal women were treated with a single
dose of either 1, 2.5, or 5 mg of vorozole. Four h after dosing [14C]-androstenedione and
[3H]-estrone were infused and the percentage of conversion of androstenedione to estrone
was assessed. Each woman acted as her own control by performing the same experiment
with placebo. Percentage conversion obtained with placebo was normalized as 100%. After
administration of active compound, conversion decreased by an average of 94%. Adapted
with permission from ref. (111).



of tamoxifen, suggest that aromatase inhibitors, which abrogate the effects of
estrogen by blocking its synthesis, may be useful in the prevention of breast
tumorigenesis. Prior to consideration of prolonged aromatase inhibitor use in
healthy individuals however, the long-term effects of estrogen deprivation on
bone density and blood cholesterol levels must be investigated.

5. NATURAL PRODUCT AROMATASE ENZYME INHIBITORS

A number of natural products are known to exert hormonal effects including
the suppression of aromatase activity. Plant-derived flavonoids (119–123), lig-
nans (119,123), sesquiterpene lactones (124), and tobacco alkaloids (125) have
all been shown to inhibit aromatase-enzyme function significantly. Of these phy-
toestrogens, flavonoids and lignans, which are diphenolic compounds found in a
variety of fruits, vegetables, legumes, and whole grains, have been studied most
extensively with respect to dietary prevention of estrogen-dependent cancers.

A normal human diet is estimated to contain an average of 1 g flavonoids/d
(126). The main flavonoids in humans are equol and its precursor daidzein,
and genistein. Lignans are formed from structural modification of plant pre-
cursors contained in fiber-rich foods by intestinal bacteria (127) and are
excreted in urine in levels proportional to dietary fiber consumption (128).
Epidemiological studies have found low urinary lignan excretion in breast-
cancer patients (128). The primary mammalian lignans are enterolactone and
enterodiol, which are derived from precursors matairesinol and secoisolari-
ciresinol respectively.

Lignans and flavonoids have been shown to inhibit estrogen synthesis in
human placental microsomes (119–121) and preadipocytes (122,123) by com-
petitive aromatase inhibition (123) (Table 1). In preadipocytes, enterolactone
and its precursors had Ki values between 10 and 30 times that of aminog-
lutethimide and were indicated to bind aromatase less than 1% as tightly as
androstenedione. Ki values for various flavonoids ranged from 0–54 times the
Ki of aminoglutethimide. Their affinities for aromatase were less than 3% than
that of androstenedione (123). Since these natural compounds have such a low
affinity for aromatase it is likely that very high circulating concentrations
would be required to compete with androstenedione and testosterone. The low
circulating levels of any one of these compounds recorded in humans to date
appear insufficient for significant aromatase inhibition (129) It is possible,
however, that the long-term, total effect of these compounds together may be
of physiological relevance (123). In addition, flavonoids and lignans have been
shown to compete with estradiol for binding to the ER as well as the nuclear
type II estrogen-binding sites (130,131,132). Lignans in particular have also
been shown to stimulate sex hormone-binding globulin production (132) and
to inhibit estrogen-induced RNA synthesis (133) and proliferation of breast
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cancer-cell lines (134,135). The effect of weak aromatase inhibition by these
phytoestrogens must be considered in the context of these additional antiestro-
genic properties. Clearly, further research is required to characterize fully the
ability of these natural compounds, when consumed on a regular and pro-
longed basis, to aid in both the treatment and prevention of breast cancer.

6. OTHER POTENTIAL TARGETS 
FOR AROMATASE INHIBITION

In this and the following chapter consideration is given to the agents that
inhibit estrogen synthesis by interfering directly with aromatase P450 catalysis.
However, the complex and unique regulatory mechanisms that govern aro-
matase P450 gene transcription and mRNA stability may also be considered as
potential targets of inhibition. The second-messenger pathways that control
transcription initiation from tissue-specific promoters consist of a variety of
cofactors and costimulators that have not yet been fully characterized. As dis-
cussed previously, transcription from aromatase P450 promoters II and I.3
appears to be increased in breast adipose tissue in patients with breast cancer
(34,35). PKA and/or PKC pathways are thought to be involved in transcription
from these promoters. In addition, interactions involving the steroid receptor
Ad4BP/SF-1 and other uncharacterized trans-activating factors are believed to
play a role in transcription from the PII promoter (27). Inhibition of transcrip-
tion from PII and I.3 promoters may be possible by removing or modifying fac-
tors such as Ad4BP/SF-1 or by impairing phosphorylation reactions. The
potential to interfere with breast tissue-specific aromatase exclusively may
achieve a local anti-tumor effect while avoiding unwanted inhibition of ovarian
or peripheral aromatization. Specific inhibition of aromatization in breast
tumors may also be possible by injecting PII and I.3 promoter-specific
inhibitors or monoclonal antibodies (MABs). Local delivery of aromatase
inhibitory agents may be necessary if it is determined that the current aromatase
inhibitors are not potent enough to block intratumoral estrogen synthesis.

Finally, in vitro experiments showing increased aromatase activity with no
change in aromatase P450 mRNA levels suggest that regulation of aromatase
activity may occur by alterations in mRNA stability, rates of translation, post-
translational processing, or aromatase P450 protein half-life (72). Develop-
ment of alternative mechanisms of inhibiting aromatase activity will be
possible once the pathways controlling transcription from promoters PII and
I.3 and post-transcriptional regulation are elucidated.

7. SUMMARY

Antagonizing the effect of estrogen is a major strategy in the treatment and
prevention of breast cancer. Inhibition of estrogen synthesis is one important
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way of achieving this. Currently the aromatase P450 protein is the target of
aromatase inhibition however other steps in this pathway may provide addi-
tional options for blockage of estrogen synthesis.

A number of useful in vitro and in vivo tests have been developed to screen
enzyme inhibitors. At least four new third-generation orally available
inhibitors have been shown to have effect in advanced breast-cancer patients
and are now being investigated as adjuvant therapies.

The role of normal breast and tumor aromatase remains controversial. Whether
enhanced aromatase activity in the breast is a feature of cancer progression or ini-
tiation is yet to be clarified. Furthermore, genetic and environmental influences on
estrogen production and regulation have not been determined.

Natural products which inhibit aromatase have been identified. Dietary
intake of these may play a role in cancer prevention and treatment. The next
chapter focuses on the clinical development of aromatase inhibitors.
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1. INTRODUCTION

Over the last 30 years, aromatase inhibitors have progressed from the status
of experimental agents to that of established second-line treatment of advanced
breast cancer, and their use in the adjuvant setting is currently being tested in
large multicenter trials. The contrast between the chance discovery of the pro-
totype inhibitor, aminoglutethimide, and the intensive development of the new
third-generation compounds could not be more striking. Aminoglutethimide
was developed in the 1950s as a derivative of the anticonvulsant glutethimide
(1); having been found to have a superior therapeutic index to its parent com-
pound, it was marketed in the USA for the treatment of epilepsy in1960. How-
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ever, between 1963 and 1965, several cases of severe endocrine disturbance in
children treated with the drug were reported, leading the Food and Drug
Administration (FDA) to withdraw its licence in 1966. Its continued use as an
“investigational agent” was fortunately allowed and intensive research demon-
strated its inhibitory actions on steroid synthesis. This led in 1969 to the first
use of aminoglutethimide in the treatment of postmenopausal advanced breast
cancer (2). Further studies ensued with responses thought to occur as a result
of “medical adrenalectomy” (3), but in 1978 the key action of aminog-
lutethimide in the suppression of estrogen synthesis via inhibition of the aro-
matase enzyme was recognized (4).

The cytochrome P-450 enzyme aromatase is responsible for the conversion
of androgens to estrogens. It is present in the ovaries but is also found in
peripheral tissues such as fat, skin, and muscle and, following the menopause,
significant amounts of estrogen continue to be produced from adrenal and
ovarian androgens by aromatase in these peripheral tissues. In addition, it has
been shown that approx two-thirds of breast tumors are themselves able to pro-
duce estrogens by virtue of the presence of aromatase (5–7). Concentrations of
estrogens in tumors from postmenopausal women have been found to be 10
times higher than those in the plasma (8,9); locally produced estrogen may
have a role in maintaining this gradient.

Approximately two-thirds of breast cancers in postmenopausal women are
considered to depend on estrogens for their growth (10). The therapeutic
efficacy of blocking estrogenic activity is well-demonstrated by the clinical
benefits of the estrogen “antagonist” tamoxifen, both in advanced breast can-
cer and in the adjuvant setting (11,12). Thus the rationale for the treatment of
postmenopausal breast cancer with aromatase inhibitors is clear: the inhibi-
tion of aromatase would be expected to produce clinical benefits by sup-
pressing the production of estrogen peripherally and also potentially within
the tumor itself. The case for their use in premenopausal breast cancer is not
so straightforward, as their action may be potentially reversed by endocrine
feedback causing increased gonadotrophin stimulation of the functional
ovary. However, their use in association with other agents such as
gonadotrophin hormone-releasing hormone agonists remains a possibility;
this will be discussed later.

Studies with aminoglutethimide served to demonstrate that aromatase inhibi-
tion was potentially as effective as other endocrine treatments such as tamoxifen
(13) and progestins (14) in advanced breast cancer, but aminoglutethimide’s lack
of specificity for aromatase, which necessitates concomitant administration of
replacement glucocorticoid, side effects, and poor pharmacokinetics made it an
unattractive drug and motivated the development of more potent and selective
aromatase inhibitors. The potential to avoid certain of the side effects associated
with tamoxifen, notably its partial agonist action on the uterus, and the weight
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gain and cardiovascular complications of the progestins further enhances the
attractiveness of aromatase inhibition as a therapeutic approach.

In recent years a number of new aromatase inhibitors have been developed
with improved potency, selectivity, and pharmacokinetics in comparison with
aminoglutethimide. They have been studied extensively and are being used
increasingly in the treatment of breast cancer. In this chapter we will describe
the knowledge to date of their use in the treatment of advanced breast cancer
and in the primary medical and adjuvant settings; possible resistance mecha-
nisms, patient selection, non-breast cancer usage, and future prospects will
also be discussed.

2. ADVANCED BREAST CANCER

2.1. Aminoglutethimide
The standard daily dose of aminoglutethimide (AG) of 1000 mg/d plus hydro-

cortisone in postmenopausal women with advanced breast cancer results in
90–95% inhibition of aromatase (4,15) and response rates similar to those seen
with other endocrine therapies (13,14). Response rates vary depending on inclu-
sion criteria such as previous endocrine treatment, estrogen receptor (ER) status
and site of metastasis, but overall about one-third of patients experience either
complete or partial response with a further 15% benefiting from disease stabiliza-
tion (16). This latter category is of clinical importance since stable disease gives
equivalent palliation and survival to that from objective response (17). Median
duration of response is 12–15 mo, with soft-tissue and lymph-node metastases
tending to respond better than those in visceral sites. AG has been reported to pro-
duce a high level of response in bone (18,19), and in particular a high incidence of
relief of bone pain (20). A direct effect on prostaglandin metabolism rather than
aromatase inhibition may contribute to the latter effect (21), but it should be noted
that the large randomized trials of AG vs other endocrine therapy that are needed
to confirm these observations have not been conducted.

AG is effective second-line therapy in patients who have previously
responded to tamoxifen, adrenalectomy, or hypophysectomy and then relapsed
(22). Studies of sequential use of tamoxifen and AG have demonstrated similar
first-line responses to both agents, but when tamoxifen is used after AG,
response rates may be lower than those seen with AG after tamoxifen (13,23).
Combination of the two drugs is not more effective than either given alone
(24–27). This may be due to the induction of tamoxifen metabolism by AG
(28). With the possible exception of patients with bone pain, it has, therefore,
been preferred management to give tamoxifen before AG. An additional reason
for this sequence of treatment is the greater incidence of side effects with AG.
These occur in approx 35% of patients and require discontinuation of treat-
ment in 5% (22). The most important of these side effects include lethargy,
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vertigo, ataxia, depression, insomnia, nystagmus, rash, pruritus, and, rarely,
blood dyscrasias. Clinical experience suggests, however, that side effects tend
to improve with time and are on the whole tolerated in this group of patients.

The optimum dose of AG, and the role of glucocorticoid replacement in its
mechanism of action and its possible contribution to antitumor efficacy have
been the subject of detailed study, but much of the available data is from non-
randomized studies, and, in those studies that are randomized, patient numbers
are probably too small to show differences of 5–10%. These studies do not
suggest any major role for glucocorticoids in the mechanism of action of AG,
but glucocorticoid is still given because of the reduction in cortisol reserve by
AG and to obviate reflex adrenal stimulation. While dose-response relation-
ships in efficacy have not been definitively demonstrated, it is now generally
accepted that reducing the dose of AG to 500 mg/d reduces side-effects while
maintaining antitumor efficacy (29).

2.2. Steroidal Aromatase Inhibitors
The steroidal group of inhibitors are all analogues of androstenedione or

testosterone, the primary substrates of aromatase, and are mainly mechanism-
based irreversible inhibitors. The group includes 4-hydroxyandrostenedione
(formestane), which is clinically available in most European countries, and
newer agents such as exemestane, currently completing Phase III trials.

Because of extensive first-pass hepatic glucuronidation, the bioavailibilty of
orally administered formestane is low (30,31), so in clinical use it is given par-
enterally to achieve optimal estrogen suppression. Formestane has low sys-
temic toxicity (32,33); the most common side effects are local with pain and
induration at injection sites and, more rarely, sterile abscesses, which have
required discontinuation of therapy in 4.5% of patients in some studies (33).
Comparative pharmacology (30,31) and minimization of local side effects
have made fortnightly administration of 250 mg intramuscularly the dosage
regime of choice. At this dosage, aromatase is inhibited in patients by about
85% (34). Formestane is highly specific for aromatase with no other significant
endocrine effects when given parenterally.

In postmenopausal patients with advanced breast cancer, formestane pro-
duced tumor responses in 23–39% of patients and stabilized disease in a fur-
ther 14–29% (30,31,35–38). As with AG, those patients who have previously
responded to endocrine therapy are more likely to benefit and the response is
better in soft-tissue lesions than bony metastases or visceral disease (34).
Responses have also been observed in patients relapsing on AG (35), suggest-
ing that aromatase inhibition with different types of inhibitor may produce a
second response. A recent comparison of formestane and tamoxifen as first-
line treatment in advanced disease showed similar response rates for both
drugs (40), but a longer duration of response with tamoxifen.
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Exemestane is a potent, orally active, selective aromatase inhibitor. It
achieved around 98% suppression of aromatase at a dose of 25 mg/d (41). It is
generally well-tolerated, but androgenic side effects have been reported in 4%
of patients treated with the standard dose of 25 mg/d, increasing to 10% at 200
mg/d. Other side effects such as hot flushes, sweating, and nausea are seen in
11, 4, and 3% of patients treated with exemestane at 25 mg/d and 23, 14, and
19% treated with 200 mg/d, respectively. Two large multicenter trials compris-
ing a total of 265 postmenopausal patients failing on tamoxifen therapy have
shown an objective response rate of 22%, with 47% of patients benefiting if
stable disease is included. Studies of exemestane as third-line treatment in
patients failing on megestrol acetate or AG have shown response rates of 13
and 24%, respectively. Respective stable disease rates were 14 and 24%. Fur-
ther studies of exemestane as third-line treatment are in progress along with
dose escalation studies and a Phase III trial comparing exemestane at 25 mg/d
with megestrol acetate (42).

2.3. Nonsteroidal Aromatase Inhibitors
2.3.1. FADROZOLE

The nonsteroidal imidazole-derivative fadrozole has been reported to pro-
duce comparable estrogen suppression to the standard regime of AG 1000 mg
hydrocortisone/d when given at a dose of 2 mg/d (43). However, using the
more sensitive measure of inhibition of whole-body aromatization, at 2 mg/d
fadrozole had lower pharmacological activity than full-dose AG (43). A dou-
ble-blind randomized dose-finding multicenter study showed objective
responses in 16% of women given fadrozole as second-line treatment (44,45).
No difference was demonstrated between doses of 1, 2 or 4 mg/d. In Phase II
trials, response rates of 14 and 17% for second-line (46,47) and 50% as first-
line treatment have been reported (48). A Phase III trial comprising 683
patients randomized to receive either fadrozole or megestrol acetate showed no
difference in overall response, response duration, time to progression, or sur-
vival with similar tolerability, except that weight gain, fluid retention, and dys-
pnoea were more common with megestrol acetate and nausea and vomiting
more frequent with fadrozole (49). A Phase III study with 212 patients compar-
ing fadrozole to tamoxifen reported similar response rates of 20 and 27%,
respectively. Time to treatment failure was longer in patients randomized to
tamoxifen but the difference did not reach statistical significance, while fadro-
zole had a significantly lower percentage of clinically relevant toxic effects
(50). However, fadrozole is not completely selective for the aromatase enzyme
and some suppressive effects on the synthesis of cortisol and aldosterone have
been observed at doses as low as 1 mg bd (51,52). This, in association with the
slightly disappointing response rates and the development of the new potent
and specific triazole inhibitors, means fadrozole is unlikely to come into wide-
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spread clinical use. It is licensed for use in Japan, but its development else-
where has been curtailed.

2.3.2. TRIAZOLES

With the development of the third-generation triazole family of aromatase
inhibitors, including anastrozole, letrozole, and vorozole, the aim of achieving
highly potent and specific aromatase inhibition has been fulfilled. At the doses
chosen for clinical use, they can each suppress plasma estradiol and estrone
levels to below the limit of detection of highly sensitive assays (53–55), with
anastrozole at 1 mg/d and letrozole at 2.5 mg/d inhibiting whole-body aro-
matase activity by 96.7 and >98.9%, respectively (56,57).

Data on the clinical utility of these agents is available from recent reports of
six large randomized trials each comparing one of these aromatase inhibitors
with one of the established second-line endocrine agents, megestrol acetate, or
AG. Only the studies of anastrozole vs megestrol acetate (58) and letrozole vs
megestrol acetate (59) are published in peer-reviewed journals; the others have
been presented in abstract form (60–62).

All three drugs are well absorbed orally and can be given on a once-daily
basis. The Phase III trials confirm the conclusions of earlier studies that they
are well-tolerated, with minor gastrointestinal disturbances such as anorexia
and nausea being the most frequent adverse events, other than those related to
estrogen deprivation. All three drugs caused less weight gain than megestrol
acetate, which is a particular advantage in this group of women for whom
unwanted changes in body image can result in significant psychological mor-
bidity. There were also fewer thromboembolic or cardiovascular serious
adverse events with the aromatase inhibitors than with megestrol acetate, and
the trials of letrozole and vorozole vs AG demonstrated substantially improved
tolerability with the new compounds.

The identical design of the two trials of anastrozole (1 mg/d vs 10 mg/d vs
megestrol acetate 160 mg/d) allowed the data from the total of 764 patients to be
combined. There were no significant differences in response, time to progression,
or time to treatment failure between the treatment arms in the initial reports, but
analysis at a median follow-up time of 31 mo revealed a statistically significant
survival advantage for anastrozole 1 mg/d over megestrol acetate (63,64).

The studies of letrozole vs megestrol acetate 160 mg/d (551 patients) and
aminoglutethimide 250 mg bd plus glucocorticoid replacement (555 patients)
have shown the 2.5 mg/d dose of letrozole to be superior in response, time to
progression, and time to treatment failure. A significant survival advantage for
letrozole (2.5 mg/d) over AG was demonstrated, but not in respect of mege-
strol acetate. In both studies the lower dose of letrozole (0.5 mg/d) was found
not to be as effective as the higher dose but to have comparable efficacy to both
megestrol acetate and AG.
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Vorozole (2.5 mg/d) demonstrated trends towards improved efficacy over
megestrol acetate (452 patients) and significantly better response rates with
prolonged time to treatment failure in comparison with AG (556 patients). No
significant survival differences have as yet been found. Vorozole was with-
drawn from further development in late 1997.

2.4. Combination Treatments
In the 1980s several studies were conducted of aromatase inhibitors (chiefly

AG) combined with other endocrine agents such as tamoxifen, a progestin, or
danazol. In a few of these studies, marginally improved response rates were
achieved but there was no improvement in survival. There is a general consensus
that this type of combination in postmenopausal women with advanced breast
cancer has been largely unhelpful (65). The lack of improved efficacy may in
some cases be explained by adverse drug interactions (28), known to be possible
with AG, a powerful inducer of hepatic P450 activity. If such effects are not
induced by the newer aromatase inhibitors, it is possible that improved response
rates from combining them with other endocrine treatments may yet be seen.
Already, though, an adverse interaction between letrozole and tamoxifen has
been demonstrated (29), with plasma levels of letrozole being reduced by about
40% on the addition of tamoxifen. It is clear, therefore, that potential interactions
need to be investigated carefully before larger studies are carried out. However,
addition of anastrozole to breast-cancer patients already receiving tamoxifen had
no affect on plasma concentrations of tamoxifen (65a).

Combinations that have proved useful are those where a second agent has
been added to a first to which the patient has responded but then acquired resis-
tance. Examples include the addition of AG to 4-OHA, with two of seven post-
menopausal women deriving a further response (66), and the addition of
4-OHA to premenopausal patients relapsing on goserelin, a gonadotrophin-
releasing hormone agonist, with response in four of six patients (66). It is pos-
sible that these additional responses may be due to the tumors having acquired
hypersensitivity to estrogen as has been demonstrated in vitro with breast-can-
cer cells grown under conditions of long-term estrogen deprivation (67).
Whether greater long-term disease control will be obtained by stepwise estro-
gen deprivation or by immediate complete deprivation using such combina-
tions is a question that remains to be answered.

Another combination that may be worthy of further investigation is that of
one of the new triazole inhibitors with a glucocorticoid. At first sight this may
appear a retrograde step since one of the reasons for the development of new
inhibitors was the desire to avoid the glucocorticoid replacement required with
AG. However, there are two reasons why this combination may be useful.
Firstly, the adrenal so-called androgen, ∆5-androstene-3β, 17β-diol, also has
estrogenic activity in laboratory models (68) and the addition of glucocorticoid
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therapy would be expected to reduce production of this steroid by 80%. Sec-
ondly, since about 80 and 70%, respectively, of plasma levels of androstene-
dione and testosterone result from adrenal synthesis in postmenopausal
women, glucocorticoid therapy would also bring about a substantial reduction
in levels of these steroids and thereby reduce the available substrate for any
residual aromatase. The improved clinical outcome reported to occur with the
addition of prednisolone to tamoxifen treatment (69) may in part be dependent
on the adrenal suppressive effects of prednisolone.

2.5. Summary
The development of the third-generation aromatase inhibitors offers the

opportunity for improvements in both quality of life and survival in post-
menopausal women with advanced breast cancer. They are the agents of choice
for second-line therapy following relapse on tamoxifen.

3. PRIMARY MEDICAL/NEOADJUVANT TREATMENT

It has been suggested that in elderly patients who present with primary
breast cancer, it may be preferable to avoid surgery and its associated risks and
to treat with endocrine therapy alone. This has generally entailed the use of
tamoxifen, but other agents, including aromatase inhibitors, could potentially
be equally useful. However, while there is no evidence that survival is compro-
mised by this approach, the rate of local recurrence is significantly higher in
those treated nonsurgically (70,71), and on the whole it is generally reserved
for those patients for whom surgery is not possible on medical grounds. If,
however, it were possible to identify reliably those patients who would
respond, primary endocrine therapy could be used with greater confidence.

A modification of this approach that is of interest currently is the use of
neoadjuvant therapy: medical treatment for a limited period, usually about 3
mo, prior to surgery. The rationale for this is twofold. Firstly it may be possible
to reduce the need for mastectomy in patients with large tumors and also to
render inoperable tumors operable. Secondly, as indicated by a series of animal
studies (72), improved survival may be possible with this approach. Most
neoadjuvant studies to date have used chemotherapy, but the animal studies
suggest that endocrine therapy in this context would have equivalent efficacy.
Clinical studies of this type with aromatase inhibitors are limited, but the
results are increasingly encouraging, particularly with the triazole inhibitors,
as described below.

3.1. Aminoglutethimide
In a study of 81 patients with operable breast cancer of 4 cm or greater

diameter treated with neoadjuvant therapy, 61 received endocrine therapy, 10
of these with AG (500 mg daily) plus hydrocortisone, for 12 wk prior to
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surgery (73). Twenty-four patients treated with initial endocrine therapy (39%)
showed significant tumor regression, with a median time to reach half volume
of 44 d. One tumor showed a complete clinical response. All those patients
who responded had ER-rich tumors (≥ 20 fmol mg–1 cytosol protein). The pro-
portion of patients achieving regression did not vary greatly according to the
type of endocrine therapy received.

3.2. Steroidals
As part of a neoadjuvant study, 34 ER-positive postmenopausal patients

were treated with 4-OHA (250 mg two-weekly) for 3 mo prior to surgery (74).
Twelve patients (35%) achieved a clinical response, which was complete in
five patients. Thirteen patients showed no change and nine progressed on treat-
ment. The authors concluded that in appropriate patients neoadjuvant
endocrine therapy was useful to downgrade the tumor, increasing the opportu-
nity for more conservative surgery.

3.3. Triazoles
To date there are no studies published in peer-review journals of neoadju-

vant studies using the new triazole inhibitors, but a study with very encourag-
ing results using letrozole has been presented in abstract form (75,76).
Twenty-four postmenopausal patients with ER-positive tumors >3cm were
treated with a 3-mo course of letrozole at either 2.5 mg or 10 mg daily. Overall,
based on ultrasound measurements of tumor volume, response rate was 92%.
With the 2.5 mg dose there were two complete responses (CR) and 10 partial
responses (PR). There was one complete histological response. With the 10 mg
dose there were 2 CR, 8 PR, and 2 patients with static disease. Median reduc-
tions of tumor volume were 87% with 2.5 mg and 74% with 10 mg. After 3 mo
of treatment with letrozole, 15 patients who would have required mastectomy
at outset, had they been deemed operable, were all operable and none required
mastectomy. Similar studies are underway with anastrozole and comparing
vorozole with tamoxifen.

Much information concerning mechanism of drug action can be gained in
these studies from sequential tumor biopsies and measurement of various bio-
logical markers. They also provide an opportunity to study effects of aro-
matase inhibitors on bone without the confounding effect of metastatic bone
disease.

4. ADJUVANT TREATMENT

The evidence that tamoxifen provides a survival benefit in the adjuvant set-
ting is clear (11) but equally so is the reality that many women still die from
metastatic breast cancer despite receiving this treatment. Thus the need for
alternative therapies is obvious and aromatase inhibitors would seem suitable

Chapter 12 / Clinical Utility of Aromatase Inhibitors 273



candidates. One advantage that aromatase inhibitors may possess in this
context is that, since they do not interact with the ER, it is unlikely that the dis-
ease could become stimulated by these drugs (cf. tamoxifen [77]). An early
double-blind study that randomized 322 postmenopausal patients with primary
breast cancer and ipsilateral node involvement to receive AG plus hydrocorti-
sone or placebo for 2 yr failed to show any survival advantage of treatment
over placebo (78). The more powerful aromatase inhibition and much
improved tolerability of the new orally active aromatase inhibitors make them
an attractive option for re-evaluating this concept. A number of trials are
underway or in the late stages of protocol development. These include a direct
comparison of anastrozole against tamoxifen alone or a combination of the two
(ATAC) and the use of sequential tamoxifen followed by an aromatase
inhibitor or vice versa, the rationale for this being taken from the usefulness of
the sequential approach in the advanced setting.

However, there are several concerns that remain to be addressed. First, it
will be important to exclude any disadvantageous pharmacokinetic or pharma-
cological interactions between the drugs, such as those between AG or letro-
zole and tamoxifen as discussed earlier. Second, the effects of long-term
estrogen deprivation on postmenopausal patients are presently unknown. In
particular, the risk of accelerated osteoporotic changes and deleterious effects
on plasma lipids with consequent increased cardiovascular disease cannot be
ruled out at present. These issues are of particular importance in view of the
protective effects of tamoxifen on both the skeleton and the cardiovascular
system. However, should these concerns be confirmed with the aromatase
inhibitors alone it is possible that combination with tamoxifen or one of the
more recently developed selective estrogen-response modulators (SERMs)
might abrogate them.

5. PREMENOPAUSAL BREAST CANCER

The majority of data available on the use of aromatase inhibitors has been
obtained from studies in postmenopausal patients. Their use in premenopausal
patients is theoretically complicated by negative feedback resulting in
increased gonadotrophin stimulation of the ovaries and failure to suppress
oestrogen levels completely. Early studies with AG in premenopausal patients
demonstrated that, even at the full dose of 1000 mg/d, plasma estradiol levels
were not suppressed reproducibly into the postmenopausal range (79–80).
Nevertheless, disturbance of menstrual activity and increases in gonadotrophin
levels provided evidence of some inhibition of estrogen synthesis. More
recently it has been reported that one of the triazole inhibitors (vorozole)
markedly suppressed estrogen levels in premenopausal women over a 24-h
period after administration of a single dose of 20 mg (82), and another, letro-
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zole, markedly suppressed follicular-phase estrogen levels in macaque mon-
keys (83), suggesting that it may be possible to use these agents alone as estro-
gen suppressants in premenopausal women. However, the latter study also
demonstrated that letrozole treatment during the follicular phase resulted in the
development of multiple mature ovarian follicles, which would probably be
unacceptable in patients.

It is possible that major suppression of plasma estrogen levels may not be
necessary in order to achieve tumor regression in premenopausal women. In
one of the studies described earlier, a response rate of 28% (5 out of 18
patients) was obtained in premenopausal women with advanced breast cancer
treated with AG (81). A plausible explanation of this is that response in these
patients was dependent on suppression of local aromatase activity within, or
adjacent to, the breast cancers themselves and not entirely on suppression of
circulating estrogen levels (84).

6. PATIENT SELECTION

As with other endocrine therapy, the best available predictor of response to
aromatase inhibitors is the presence of ER within the tumor. Thus the majority
of responses occurs in patients whose tumors are ER-positive, with very few in
ER-negative tumors (22,85). However, only about 50% of tumors that are
ER-positive respond; it would, therefore, be desirable to find other markers with
improved predictive value. An obvious target for study is the aromatase activity
within the breast carcinoma itself. Some early studies have found that the
response of breast tumors to aromatase inhibitors is greater when the tumors
possess detectable aromatase activity. The aromatase activity in tumors from 23
postmenopausal women with advanced breast cancer whose tumors were
known to be ER-positive was measured prior to treatment with AG and hydro-
cortisone (84). Eleven of 18 patients with aromatase-positive tumors showed
response to treatment, while none of five whose tumors possessed no aromatase
activity responded (p = 0.047). A similar pattern of response was found in a
group of 25 patients with primary breast cancer treated with either AG or 4-
OHA (86), achieving statistical significance when the results for both drugs
were combined. Positive correlation of aromatase levels with response to treat-
ment with AG has also been demonstrated by a second group (87). These stud-
ies all involved biochemical measurement of aromatase activity which to date
has been the accepted gold standard method. Unfortunately, these assays
require approx half a gram of fresh or frozen tissue, which is often not avail-
able, and are time-consuming to perform and therefore difficult to apply to large
numbers of patients. Recently, however, several groups have been working on
the development of reliable immunohistochemical techniques for assaying aro-
matase present in paraffin blocks of tumors, including specimens as small as
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needle-core biopsies (88–90). The validation of one of these antibodies for
application to response prediction would be of great importance in the future
application of aromatase inhibitors, particularly in the adjuvant context.

7. MECHANISMS OF RESISTANCE 
TO AROMATASE INHIBITORS

While a considerable number of patients benefit from treatment with aro-
matase inhibitors, many, particularly unselected patients in the advanced set-
ting, do not. Furthermore, when response is achieved it is not usually
permanent and disease almost invariably returns in a resistant form. Aromatase
inhibitors are not unique in this, a similar pattern being observed with all forms
of endocrine therapy and thus many of the mechanisms of resistance are prob-
ably common to estrogen deprivation in general. It is possible, however, that in
certain patients resistance is specific to the use of aromatase inhibition and
even to the type of inhibitor used.

7.1. General Mechanisms
Many breast cancers, particularly those that have no or only low concentra-

tions of ER, are not dependent on estrogens for their growth and are unlikely to
respond to aromatase inhibitors or other hormonal therapies aimed at mitigat-
ing estrogen stimulation. It follows that acquired resistance, after initially suc-
cessful treatment with aromatase inhibitors, may result from the selection and
outgrowth of estrogen-independent clones of cells that had been present from
the start of treatment. While intratumoural heterogeneity of hormone-receptor
status and sensitivity has been documented (91,92), this theory of clonal selec-
tion has not been backed up by clinical data. If successful treatment with aro-
matase inhibitors were to be associated with destruction of ER-positive cells
with the consequent emergence of receptor-negative clones, ER content of
tumors should fall progressively during therapy. However, sequential studies
on tumors from patients treated with either AG or 4-OHA have shown that in
the majority of cases ER levels following response are similar to those before
treatment (93).

It is also clear that the mechanism or mechanisms through which tumors
become resistant to tamoxifen do not result in resistance to aromatase
inhibitors in a high proportion of cases. Indeed, prior response to tamoxifen is
a good indicator of likely response to an aromatase inhibitor following relapse
on or after tamoxifen (24,54). Although considerable work has been conducted
on tamoxifen resistance and numerous mechanisms suggested, much less work
has been performed with aromatase inhibitors.

Work with cytotoxic chemotherapeutic agents has suggested that some
tumors may possess or acquire resistance by mechanisms such as the presence
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of efflux pumps or metabolic activity, which reduce effective drug levels
within tumor cells (55). While it may be possible that a similar phenomenon is
associated with resistance to aromatase inhibitors, no evidence of this has so
far been presented. Furthermore, in contrast to other hormonal and chemother-
apeutic agents whose antitumor action is directed at tumor cells, aromatase
inhibitors achieve their reduction of systemic estrogen levels, and probably
also of the greater part of the tumor estrogen levels, through effects on normal
estrogen-synthesizing tissues. Unlike tumor cells, these normal tissues are
genetically stable and not under survival pressures and are, therefore, less
prone to the development of efflux and related resistance mechanisms.

As with many drugs, variations in response among patients or over time can
result from differing or changing metabolic processing. Although acetylated
derivatives are major metabolites of AG (94), tumor response to this drug has
been shown not to be related to patients’ capacity to acetylate (95) but to
induction of hepatic enzymes (85), which accounts for its increased clearance
and reduced plasma half-life during acute administration (96). As data on
plasma levels of AG at the time of relapse have not been published, the possi-
bility that resistance may be associated with reduced drug levels cannot be
excluded, but if this were the case, plasma estrogen levels would be expected
to rise before or at the time of relapse. The data on this issue have been con-
flicting, with one study failing to detect a rise (97) while a larger study demon-
strated a modest but significant rise in plasma estrone levels prior to relapse
(98). “Hormone escape” could therefore have contributed to relapse in some
patients taking AG. If this is the case, further suppression of estrogen levels
would be expected to elicit further responses. In this context it should be noted
that second- or third-line therapies such as higher doses of AG (99) more
potent aromatase inhibitors (108), and hypophysectomy (101) have produced
considerable response rates in patients relapsing on AG.

7.2. Specific Mechanisms
Intratumoral aromatase has been found to be a predictor of response to aro-

matase inhibitors (84,86,87). Paradoxically, in patients treated with AG, levels
of aromatase activity within the tumor have been shown to rise on treatment by
as much as 25-fold (84). This is consistent with the ability of AG to induce
cytochrome p450 hydroxylases (85), but it is also possible that the effect may
relate to stabilisation of the enzyme following binding of the drug reducing its
degradation. These elevated levels of enzyme activity could potentially reduce
the efficacy of AG.

A further question is whether, in spite of circulating estrogens being reduced
to very low, and, by the new inhibitors, often undetectable levels, there may
still be sufficient residual estrogen to stimulate tumor growth. It has recently
been demonstrated that the growth of long-term estrogen-deprived human
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breast-cancer cells in vitro can be stimulated by concentrations of estradiol as
low as 10–14 to 10–15 M (67). If similar sensitization of estrogen-deprived
tumor cells occurs in vivo, hormone-dependent tumor growth may resume
even with the near-complete aromatase inhibition provided by the latest drugs.

Mutations in the gene encoding aromatase leading to alterations in the structure
of the enzyme represent another potential mechanism of resistance to aromatase
inhibitors. Structure-function studies of site-specific mutations (102), have
revealed one such mutation that decreases the sensitivity of the enzyme to 4-OHA
without changing its sensitivity to AG or the intrinsic activity of the enzyme itself.
It is known that a subset of breast tumors appears to be relatively insensitive to the
effects of 4-OHA while maintaining sensitivity to other inhibitors (103), and it
may be that these tumors contain mutations in the aromatase gene similar to those
induced artificially. However other molecular evidence from human tumors does
not support this as being clinically important (104).

Finally, although specific aromatase inhibitors effectively reduce the avail-
ability of estradiol, estrone, estriol, and estrone sulphate, they do not affect
other sources of estrogenic activity such as ∆5 androgens, which are produced
in large quantities by the adrenals and are capable of producing estrogenic
effects (105) including stimulating hormone-dependent breast-cancer growth
(106), and exogenous dietary estrogens. Any tumors capable of exploiting
these alternative sources of estrogen stimulation would probably be resistant to
treatment with aromatase inhibitors.

8. NONBREAST-CANCER USAGE

8.1. Prostatic Carcinoma
Initial endocrine therapy for patients with prostate cancer is castration,

either surgical or medical, which removes approx 90% of plasma testosterone
(107) and achieves clinical response in about 70–80% of patients (108). Fur-
ther hormonal treatment has generally been aimed at suppressing residual
androgen stimulation provided by adrenal androgens. Early approaches used
bilateral adrenalectomy or hypophysectomy (109,110). Based on its inhibitory
effects on adrenal steroidogenesis, AG has been used in prostate cancer in an
attempt to achieve a medical adrenalectomy in castrated patients (111,112) and
several studies have shown both subjective and objective responses to AG plus
hydrocortisone (113). However, AG does not suppress plasma androgen levels
in castrated males and even in combination with hydrocortisone suppression is
relatively minor (114–116). Subjective responses to AG based on pain reduc-
tion may be due to inhibition of prostaglandin synthesis (21).

The possibility that aromatase occurs in prostatic carcinomas and that estro-
gens produced within the prostate may be of biological importance in stimulat-
ing prostate cancer-cell growth has been raised (117,118). This would provide a
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further explanation for the effectiveness of AG. Evidence for this mode of
action is provided by studies of the more specific aromatase inhibitor 4-OHA in
castrated patients with advanced prostatic cancer: subjective responses were
reported in 12/19 (119) but data on objective response is currently not available.

8.2. Benign Prostatic Hyperplasia
Many observations in humans and animals have implicated estrogens as a prin-

cipal underlying causative factor in the development of benign prostatic hyperpla-
sia (BPH). These included the relative increase in the ratio of concentrations of
estrogens and androgens in blood and prostate tissues with age in men (120–122),
synergism between estrogens and androgens in stimulating stromal growth and
BPH in dogs and monkeys (123,124), and stimulation by estrogens of periurethral
hyperplasia in monkeys (125) and humans (126). As well as effects on prostate
growth, estrogens also increase the contractility of the neck of the bladder (127)
and might further contribute to the symptomology of BPH by directly increasing
resistance to bladder emptying. The capacity of aromatase inhibitors to block the
development of BPH in animal models (123–125,128), and to produce promising
reductions in prostate volume and symptoms in two open clinical trials (129,130)
provided further support for estrogen being an aetiological factor and aromatase
inhibitors a potential remedy.

However, this early promise for aromatase inhibition has not been con-
firmed by two large, randomized, controlled trials that failed to demonstrate
any therapeutic benefit of the steroidal aromatase inhibitor atamestane over
placebo (131,132). One possible explanation may lie in the degree of estrogen
suppression achieved with the doses of atamastane used in these trials. Reduc-
tions in estrone and estradiol were of the order of 50–70% and 30–40%,
respectively, and did not show a strong dose relationship over the range of
doses (100–400 mg) used. It is still possible therefore that more complete
estrogen suppression with one of the more potent triazole inhibitors may pro-
vide significant benefit.

However, a further possible explanation for the absence of benefit in the ata-
mastane trials was the 30–60% increase in circulating testosterone and dihy-
drotestosterone, an inevitable consequence of the disturbance to gonadotrophin
feedback, which, in males, is at least part regulated by hypothalamic aromatization
of testosterone to estradiol. This increase in potential androgenic stimulation may
be sufficient to reverse any benefits of reduced estrogenic stimulation, and if this is
the more important explanation for the poor performance of atamastane, then even
more potent aromatase inhibitors are unlikely to deliver greater efficacy as
monotherapy. Combined treatment using an aromatase inhibitor and an antiandro-
gen or 5α-reductase inhibitor ought, theoretically, to provide maximal control of
prostate growth, but will only be acceptable therapy provided any further increase
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in gonadotrophin secretion does not cause adverse testicular stimulation and that
libido is not extinguished.

8.3. Endometrial Carcinoma
This common female cancer often contains hormone receptors (133), and it

is widely accepted that estrogen is one of the contributing factors to its devel-
opment and growth. In situ estrogen synthesis has also been reported to be
higher in endometrial-cancer tissue as compared with normal endometrium
(134). Thus, aromatase inhibitors might theoretically be of use in its manage-
ment. In a study of nine patients given AG who had relapsed while receiving
progestogens, an objective response was observed in two and stable disease in
a further three (135). To our knowledge, there are no data available on similar
studies with other inhibitors, but such research may prove of interest in future.

8.4. Endometriosis
Aromatase activity has been detected in both uterine and ectopic endome-

trial tissue of women with endometriosis (136) and it has been postulated that
locally synthesized estrogen may affect the growth of such deposits. A study in
rats treated with the nonsteroidal aromatase inhibitor fadrozole has shown
dose-dependent decrease in the size of cystic endometrial transplants (137) and
anastrozole has recently been reported to be “extraordinarily successful” in
treating severe postmenopausal endometriosis in a 57-yr-old woman (138).
Although aromatase inhibitors appear an attractive option for treating
endometriosis, and other benign gynecological conditions, their use in pre-
menopausal women is complicated by the disturbance to ovarian-pituitary
feedback, increased gonadal stimulation, and risk of ovarian-cyst formation, as
discussed earlier in the context of premenopausal breast cancer.

8.5. Malignant Melanoma
Aromatase activity has been described in malignant melanoma (139) and

therefore a number of small studies have looked into the use of aromatase
inhibitors in its management. In one study, two of nine patients with metastatic
malignant melanoma treated with AG had disease stabilization, but no objec-
tive tumor shrinkage was seen (140). A more recent study failed to demonstrate
any response in 15 heavily pretreated patients treated with AG, and the authors
concluded that AG was very unlikely to be useful in melanoma patients (141).

8.6. Excessive Peripheral Aromatisation
This endocrinopathy, first described in the 1970s (142), is characterized by

gynecomastia of prepubertal onset, contrasexual precocity, and hypogonadism
in boys; in girls it may give rise to isosexual precocity. Familial forms have
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subsequently been reported (143). In one 17-yr-old boy with gynecomastia of
prepubertal onset, extremely high circulating estrone, and estradiol levels were
shown to be due to a conversion rate of androstenedione to estrone in the
periphery of 55%, 50 times that of normal young men (144). Treatment with
anastrozole has been reported to be promising in such conditions (145).

8.7. Ovulation Induction
Antiestrogens, particularly clomiphene citrate, are used to induce ovulation

in women with hypogonadotrophic hypogonadism. There are no data relating
to the use of aromatase inhibitors in this context, but their investigation would
seem worthwhile. Antiestrogens have a long tissue half-life, theoretically hav-
ing a negative impact on the integrity of the luteal phase of the cycle. The use
of an aromatase inhibitor with a short half-life could potentially avoid this pos-
sible complication.

9. PROSPECTS FOR PREVENTION OF BREAST CANCER

An area of particular interest for possible future application of aromatase
inhibitors is in breast-cancer prevention. There are several pieces of evidence
that suggest that abating estrogen stimulation may have a specific role in pre-
venting the emergence of this disease.

Epidemiological data has provided clear evidence that, in premenopausal
women, estrogen deprivation in the form of ovarian ablation leads to a markedly
reduced incidence of breast cancer (146). More recent epidemiological data also
support the proposed association between increased plasma estrogen levels and
higher postmenopausal breast-cancer risk: a recent overview has been published
of six prospective studies in which estradiol levels were measured in plasma
samples collected several years prior to the development of breast cancer (147).
Estradiol levels were significantly higher in the women who have subsequently
developed breast cancer. As the aromatase enzyme is responsible for the produc-
tion of all steroidal estrogens, it seems likely that it may play a key role in the
relationship between high estrogen levels and breast cancer.

In premenopausal patients with primary breast cancer, oophorectomy results
in a much-reduced incidence of second primary breast cancers (148), and in
postmenopausal patients tamoxifen significantly reduces the incidence of con-
tralateral breast tumors (11,149). Tamoxifen’s efficacy and comparative safety in
the treatment of breast cancer prompted investigation of the possibility that it
may be an effective prophylactic for breast cancer in women at high risk of
developing the disease (150). Large controlled trials in Europe and North Amer-
ica were begun in 1989 and 1992, respectively, and, shortly after the North
American trial reached its target of 13,000 participants in late 1997, an interim
review demonstrated a 49% reduction in the occurrence of breast cancer after an
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average duration of treatment of 4 yr in the tamoxifen arm of the study (72). This
is the most compelling evidence to date that pharmacological abatement of estro-
gen stimulation can at least delay the occurrence of breast cancer.

Aromatase inhibitors have not yet been explored as preventative agents
against breast cancer in humans. They do, however, reduce the incidence of
spontaneous tumors in rats (151), and other recent observations suggest that
targeting aromatase directly might be advantageous. One of the most com-
pelling pieces of evidence that increased aromatase activity may lead to breast
cancer was the discovery that the site of integration of the mouse mammary
tumor virus is the aromatase gene (152). The aromatase gene is identical to the
gene called int-5 and the deregulation of aromatase caused by the integration
of the virus evidently promotes the development of mammary cancer in mice.
More recently, additional support for an association between mutations in the
aromatase gene and increased breast-cancer risk has been provided by the
demonstration that a polymorphism within the aromatase gene in humans is
associated with increased breast cancer risk (153). Several studies are under-
way to confirm this important observation.

Thus, there are several pieces of evidence that suggest that aromatase activity
may be associated with breast-cancer risk and that aromatase inhibitors should
be investigated as preventative agents. In comparison with tamoxifen and the
newer SERMs, aromatase inhibitors clearly cannot offer the former’s selective,
partial estrogen-agonist actions, which are beneficial for maintaining bone min-
eral and favorable plasma lipid profiles. On the other hand, it is possible that par-
tial estrogen agonist activity may limit efficacy in relation to breast-cancer
prevention. With their capacity to extinguish more than 95% of endogenous
estrogen synthesis, the latest aromatase inhibitors may prove effective in a higher
proportion of women and/or for longer. However, such extreme estrogen deple-
tion will probably exacerbate menopausal bone and lipid changes, and measures
to control them, such as calcitonin or bisphosphonates for bones and “statins” for
lipids, may have to be considered. The possibility of using a SERM in combina-
tion with an aromatase inhibitor might also be considered and the tamoxifen plus
anastrozole arm of the current ATAC adjuvant trial may provide some indication
of the potential of such combinations.

10. SUMMARY

Aromatase inhibition has moved forward from the use of nonspecific drugs
to the development of rationally designed, highly potent and specific, well-tol-
erated agents with a clearly defined clinical role as second-line agents in post-
menopausal advanced breast cancer. This role is likely to expand into other
areas of breast-cancer management in the near future and the increased use of
these agents, particularly in the context of clinical trials, may yield important
information about the role of aromatase in the development and growth of
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human breast cancer. It is difficult to see a need for even more potent inhibitors
until the full potential of the present generation has been fully assessed. Simi-
larly, it is difficult to predict which of the new generation of inhibitors will
prove the most useful; at present they are relatively similar in terms of potency,
selectivity, tolerability, and clinical efficacy. Direct comparisons in large
blinded randomized clinical trials will be required to reveal any significant dif-
ferences between them. Breast-cancer prevention is an exciting possibility for
future investigation.
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1. INTRODUCTION

In a momentous discovery arising out of his research, in 1896 Beatson
showed that the growth of some breast cancers could be interrupted by
oophorectomy (1). He operated on three women, one of whom clearly
responded, achieving a remission of 42-mo duration. Interestingly, the
response rate in many series since that time has remained close to one in three.
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Oophorectomy or ovarian irradiation went in and out of fashion, but by the
1960s it was accepted as the standard treatment for premenopausal women
with advanced breast cancer.

The use of ovarian ablation as adjuvant systemic therapy was investigated in
trials begun by Paterson in 1948 (2) and by Nissen-Meyer in 1957 (3). Meta-
analysis by the Early Breast Cancer Trialists’ Collaborative Group (EBCTCG)
has demonstrated that adjuvant systemic treatment by ovarian removal, abla-
tion or suppression in women aged less than 50 years, brings about an overall
significant improvement in long-term survival (4).

Although neither the surgical nor radiotherapeutic methods are considered
major invasive procedures, they do have complications. In addition, ovarian irra-
diation may take 6 wk or more to suppress estrogen production and suppression is
inconsistent (5). Both oophorectomy and ovarian irradiation are irreversible and
induce a permanent menopausal state with the associated long-term pharmacolog-
ical effects of estrogen withdrawal, whether or not a patient responds to treatment.
This can have considerable impact on patient acceptability, bearing in mind that
the typical response rate is approx only one in three. It was this latter issue that
largely fueled attempts to find both a predictor for response, provided by estro-
gen-receptor (ER) analysis and an alternative medical therapy.

AstraZeneca Pharmaceuticals (then ICI) began a search for a pharmaceuti-
cal method of ovarian suppression. A number of analogues of luteinizing hor-
mone-releasing hormone (LH-RH) were synthesized. The most promising,
selected from tests on animals, was ICI 118630, later known as “Zoladex”
(goserelin acetate). Many of the initial studies, including a Phase I study of
pharmacological and clinical efficacy in advanced breast cancer (6), were car-
ried out as combined work between the Tenovus Institute, Cardiff and the Pro-
fessorial Unit of Surgery at Nottingham City Hospital.

2. CLINICAL PHARMACOLOGY/MODE OF ACTION

Following a single daily (500 or 1000 µg) injection, Zoladex was found ini-
tially to stimulate increases in plasma concentrations of both luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH) but on continued
treatment, rapid, very effective declines in LH, FSH, estradiol, and proges-
terone were produced. Plasma estradiol concentrations were reduced to the
levels found in oophorectomized or postmenopausal women (6).

A monthly biodegradable depot preparation of Zoladex (3.6 mg) later
became available and tests in 24 assessable patients with advanced breast can-
cer confirmed its ovarian-suppressive activity (7).

Zoladex acts on the anterior pituitary gland by a process known as ‘receptor
down-regulation’ (8). The normal stimulus for the release of gonadotrophins,
FSH and LH, from the pituitary gland is pulsatile secretion of LH-RH by the
hypothalamus. In the premenopausal female, gonadotrophins induce the secre-
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tion of estrogens from the ovary, the most important of which is estradiol. Fol-
lowing initial administration of 3.6 mg Zoladex, all the LH-RH receptors on the
surface of the pituitary cell become occupied by goserelin (Fig. 1A). This results
in a transient increase in serum LH, but the occupied LH-RH receptors form
clusters and gradually internalize into the cell. New receptors are re-synthesized
but become rapidly occupied and internalize due to the goserelin, which is con-
tinually released from the Zoladex 3.6 mg depot. Hence, on chronic administra-
tion, the continuous presence of the LH-RH agonist prevents a sufficient
quantum of LH-RH receptors from being present on the cell surface to allow
synthesis and secretion of LH. Consequently, the production and secretion of
estrogens is suppressed to castrate or postmenopausal levels (Fig. 1B).

3. EARLY TESTS OF CLINICAL EFFECTS

Zoladex was initially administered in Nottingham to patients with either dis-
tant metastases or locally advanced breast cancer as a 500 µg (n = 5) or 1000
µg (n = 22) daily subcutaneous injection. A further 26 patients then received
the 3.6 mg Zoladex depot formulation by monthly subcutaneous injection (6).
No patient had received either prior endocrine or cytotoxic therapy.

Forty-five of a total of 53 patients were assessable for response to treatment.
There were 14 objective responders and 3 women were judged to have stable
disease (no evidence of progression over 6 mo therapy), leaving 28 patients
who progressed. As expected, ER status was the main determinant of response:
13 of the 14 responders were either ER-positive (n = 10) or ER-unknown (n =
3); only 1 of 19 ER-negative tumors responded.

Surgical oophorectomy (the standard treatment of the day) on progression
was a requirement of the study and was performed on 26 patients: 4 subse-
quently showed a response having failed to respond to Zoladex. In one, serum
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(B) Hyposecretion of LH following chronic administration of 3.6 mg Zoladex.



estradiol had not been suppressed to castrate levels by daily injection of
Zoladex. The other three patients underwent early oophorectomy because of
the trial protocol, after only 1, 2, and 3 mo of Zoladex therapy; this is an insuf-
ficient time to allow proper assessment of response.

After these 26 patients had undergone oophorectomy as a second-line treat-
ment, it became clear from plasma estrogen concentrations that Zoladex was in
fact performing well in suppressing ovarian function, particularly as the depot
preparation. It also showed that subsequent oophorectomy was an unnecessary
procedure, producing neither further fall in estradiol concentration nor further
response, after adequate Zoladex therapy. The use of oophorectomy on pro-
gression following Zoladex therapy was then discontinued.

The overall response rate to Zoladex in the 45 assessable patients was 31%,
highly comparable to that expected from oophorectomy in young women or
tamoxifen in older women (7,9–13), with a response rate in ER-positive
tumors of over 50%.

4. EFFECTS OF ZOLADEX ON OVARIAN HISTOLOGY

The histology of 39 ovaries (14) from 23 patients treated with Zoladex as
primary therapy who underwent oophorectomy after disease progression was
compared with that of 68 ovaries from 34 patients treated with oophorectomy
as primary therapy in a trial (14) in premenopausal women with advanced
breast cancer. Both treatment groups showed similar follicular-phase develop-
ment. Only 3/23 of the Zoladex group against 19/34 of the primary oophorec-
tomy group showed evidence of luteinization. Follicular cysts were seen
significantly more often in Zoladex patients.

Zoladex appears to arrest the development of follicles with formation of fol-
licular cysts but, despite low FSH levels, folliculogenesis is not inhibited.

5. CLINICAL EXPERIENCE OF 3.6 MG ZOLADEX DEPOT 
IN THE TREATMENT OF ADVANCED BREAST CANCER

Zoladex is the most extensively tested LH-RH analogue in advanced breast
cancer (7,15). Between 1982 and 1988, 333 pre- and perimenopausal women
with histologically confirmed, locally advanced (stage III) or metastatic (stage
IV) breast cancer were entered into a series of 29 open, noncomparative clini-
cal trials in centers throughout Europe to assess the efficacy and/or tolerability
of 3.6 mg Zoladex depot as first-line therapy. The trials followed a standard
design that facilitated pooling of the data.

Of the 333 patients studied, 228 were finally eligible for efficacy evaluation:
83 patients (36.4%) showed a complete or partial response to Zoladex, the
median time to response amongst these patients being 12 wk (range 4–49 wk).
A further 49.6% of patients were categorized as “no change” (absence of
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objective progression, with insufficient evidence of a partial response). A sub-
jective response (i.e., a decrease in symptoms) was observed in 68% of
patients who were symptomatic on entry, with a median time to subjective
response of 8 wk (range 1 to 52 wk) (7).

In responding patients, the duration of response ranged from 4 to >160 wk,
with a median duration of 44 wk, indicating that Zoladex is associated with
durable responses in advanced breast-cancer patients. Importantly, responses
to Zoladex were seen in all age groups studied and in all breast-tumor types.
Higher response rates were seen in those patients with ER-positive and/or
well-differentiated tumors.

Clinical responses were observed both in patients initially presenting with
advanced disease and in those who developed recurrent disease following a
disease-free interval since first diagnosis. Responses were seen whether or not
patients had received previous adjuvant therapy and, interestingly, in the small
group of patients who had received prior endocrine therapy for advanced dis-
ease. Responses were observed at all sites of metastases including major vis-
cera, such as lung and liver (7).

At the time of data cut-off for the survival analysis, 153/228 evaluable patients
had died (67.1%) and the data were, therefore, considered mature. The median
overall survival time was 26.5 mo (range 0.8–69.0 mo), with some 20% of
patients still alive at 5 yr of follow-up (16,17). This compares favorably with the
reported survival times for other endocrine therapies in the treatment of advanced
breast cancer in premenopausal patients, such as oophorectomy (9) or tamoxifen
(10,11). Best objective response was the strongest predictor of lengthy survival,
along with ER status, and this finding exemplifies the observation that, despite the
introduction of cytotoxic therapies, length of survival depends on response to
first-line endocrine therapy (18,19).

Treatment in this study was well-tolerated, with no withdrawals due to
adverse reactions. Menopausal side effects were the most common (e.g., hot
flashes 76%; loss of libido 47%) (7).

These studies demonstrate that Zoladex provides an effective medical alter-
native to conventional ovarian ablation in the management of advanced breast
cancer in pre/peri-menopausal women.

6. DIRECT COMPARISON WITH SURGICAL 
OVARIAN ABLATION

In the largest randomized trial of surgical ovarian ablation vs medical ovar-
ian suppression to date, the Southwest Oncology Group (SWOG), the North
Central Cancer Treatment Group (NCCTG), and the Eastern Co-operative
Oncology Group (ECOG) compared Zoladex with surgical oophorectomy
(20). Based on the hypothesis that medical treatment with Zoladex would be
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preferred if it were shown to be equivalent—or, at most, only slightly less
effective than surgery—with an acceptable tolerability profile, 136 evaluable
premenopausal patients with ER-positive and/or progesterone receptor (PR)-
positive advanced breast cancer were randomized to treatment either with
oophorectomy or with 3.6 mg Zoladex every 4 wk.

The study was originally designed as an equivalence trial, with 80% power
to rule out a 50% improvement in survival due to oophorectomy. Due to slow
recruitment, the study was terminated early, resulting in a final power of 60%
for the alternative hypothesis of equivalent survival.

Objective response was difficult to assess for the group as a whole, because
a large number of patients had bone-only or nonassessable disease. In those
patients whose disease was measurable, the overall response rate was 9/29
(31%) for Zoladex and 8/30 (27%) for oophorectomy. Only two responses
were recorded in patients with assessable bone disease, both on Zoladex.

Survival duration was considered a more accurate indicator of benefit than
objective response for patients in this study. There were no significant differ-
ences between treatments in terms of either failure-free survival (FFS) or over-
all survival (OS).

7. USE OF ZOLADEX IN COMBINATION WITH TAMOXIFEN

Suppression of ovarian function is the systemic therapy of choice in a pre-
menopausal woman and tamoxifen (‘Nolvadex’), an antiestrogen, is the estab-
lished agent in postmenopausal women. Since Zoladex therapy effectively
renders the woman postmenopausal, it seemed logical to determine whether
the use of a combination of these two agents might be superior to use of
Zoladex alone.

In a pilot study at Nottingham City Hospital (21), 50 pre-menopausal
women were treated with the combination of Zoladex plus tamoxifen as first-
line therapy for advanced disease. The combination was confirmed to be
endocrinologically sound (22). Serum gonadotrophin, estradiol, and proges-
terone concentrations were reduced by the combination treatment as success-
fully as with Zoladex therapy alone.

The response rate (CR + PR) was 18%, with stable disease (≥ 6 mo) in a fur-
ther 30% Patients with both objective response and stable disease had an
excellent duration of disease control.

Following a successful pilot study in Nottingham (23), a larger randomized
trial (ICI 2302) was initiated (24). 318 pre- and perimenopausal women ran-
domized to either Zoladex alone or Zoladex plus tamoxifen as first-line treat-
ment for advanced breast cancer. Treatment groups were comparable at entry
for menopausal status (pre- or peri-), age, weight, disease-free interval, hor-
mone-receptor status, histological grade and site (tissue) of disease.
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There were no significant differences in response rate (31% for Zoladex vs
35% for the combination) but a significant advantage in time to progression
was observed in favor of combination treatment.

The side-effect profile was very similar in both study arms: the reported
adverse events were essentially those of the menopause and no additional
safety issues associated with the combination were identified.

8. EFFECT ON SKELETAL DISEASE

A separate analysis of patients with skeletal metastases only at entry to the
study (n = 115) was also performed. This was one of only three subgroup analyses
carried out, the others being hormone-receptor status and analysis by response.

There were significant differences in favor of combination therapy in
response rate (24) and in time to progression and survival.

9. META-ANALYSIS: LH-RH AGONIST 
PLUS TAMOXIFEN VS LH-RH AGONIST ALONE

Three other smaller trials have compared the combination of an LH-RH
agonist plus tamoxifen with an LH-RH agonist alone in pre- and peri-
menopausal women with advanced breast cancer: the EORTC 10881 study
(25), an Italian trial (26) and a Japanese trial (unpublished results).

To make an adequate summary of the results of these four randomized trials
and to combine the results to increase the power of the statistical comparisons,
the study co-ordinators decided to perform a meta-analysis, which was carried
out by the EORTC Data Centre (15). A total of 506 patients were included, 399
(79%) received Zoladex as the LH-RH agonist and the remainder (in the
EORTC trial) buserelin.

The meta-analysis showed the combination of LH-RH agonist plus tamox-
ifen to be superior to LH-RH agonist alone in the treatment of advanced
breast cancer in pre- and perimenopausal women. The combination treatment
demonstrated significant advantage in all three clinical endpoints studied:
overall survival, progression-free survival, and objective response (Fig. 1).
Combination treatment was associated with a greatly increased duration of
response, with a median of 602 d compared with 350 d in those receiving
LH-RH agonist alone.

Subgroup analyses for ER status, disease-free interval, and bone as domi-
nant site of metastasis show that within each of the subgroups there is a trend
for longer overall survival in favor of combination treatment, consistent with
the overall conclusion (15).

A further advantage of the use of combination therapy is that the ovarian-
stimulating effect of tamoxifen, resulting in ovarian-cyst formation, is resolved
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by co-treatment with Zoladex (27). There may also be reduced loss of bone as
a result of Zoladex treatment by co-administration of tamoxifen.

10. A NEW COMBINATION: “TOTAL ESTROGEN BLOCKADE?”

As a result of the meta-analysis, it is clear that there is advantage to using
this combination of agents, each of which have different modes of action:
Zoladex lowers circulating estrogen, rendering the woman postmenopausal,
allowing tamoxifen, the agent of choice in postmenopausal women, to block at
the receptor level the action of the residual estrogen.

Further endocrine agents with different modes of action are the new-generation
aromatase inhibitors such as Arimidex (anastrozole). Arimidex is a well-tolerated,
selective, oral aromatase inhibitor that reduces serum estradiol towards the limit of
detection in postmenopausal women (28). It is of proven efficacy in post-
menopausal women with advanced breast cancer, both as first-line endocrine treat-
ment (29) in comparison with tamoxifen and as second line after tamoxifen (30) in
comparison with megestrol. Arimidex is being tested in combination with tamox-
ifen as adjuvant treatment for early breast cancer in postmenopausal women (31).

In premenopausal women, it should be possible to induce “total estrogen block-
ade” by lowering serum estradiol to the postmenopausal range by ovarian suppres-
sion with Zoladex, further reducing estrogen by inhibition of aromatase with
Arimidex and then adding tamoxifen to block the action of any small amount of
residual estrogen or any dietary estrogen at the receptor level. A trial to test this
hypothesis has been proposed (ANZAD: Arimidex, Nolvadex, and Zoladex in
Advanced Disease) in women with hormone receptor-positive tumors (32).

11. ZOLADEX AS ADJUVANT THERAPY

Ovarian ablation is the oldest adjuvant systemic therapy tested in a number
of clinical trials and the EBCTCG Overview meta-analysis clearly substanti-
ated its efficacy (4). The magnitude of effect appears similar to that of tamox-
ifen in postmenopausal women (33) or of cytotoxic chemotherapy in
premenopausal women (34).

With the proven ability of Zoladex, both to inhibit ovarian function and to
induce responses in breast cancer, there was every reason to expect that
Zoladex has the same adjuvant effect as ovarian suppression (35).

Several large randomized trials involving over 6,000 women have evaluated
the role of Zoladex in this setting. The results of these were presented at the
American Society of Clinical Oncology (1999), the 6th Nottingham Interna-
tional Breast Cancer Conference (1999), and the 2nd European Breast Cancer
Conference (2001).

The ZIPP Trial (36), carried out in Sweden, the UK, and Italy, randomized
patients to Zoladex vs no extra therapy following what was defined as “stan-
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dard” treatment for primary breast cancer (over 40% of cases had received
adjuvant chemotherapy as part of their standard treatment). Significantly fewer
events were reported at a mean of 5 yr in the patients randomized to receive
Zoladex in addition to standard therapy. This relative risk reduction (RR =
0.77) is of the same order as that found in the EBCTCG analysis (4) of the
effects of adjuvant ovarian ablation or removal, indicating that Zoladex given
for 2 yr appears as efficient as other means of permanent ovarian suppression.

The Eastern Co-operative Oncology Group INT-0101 Study (37) showed
that the addition of Zoladex plus tamoxifen significantly improved the recur-
rence-free survival, in women also given cytotoxic therapy with cyclophos-
phamide, Adriamycin and 5-fluororacil (CAF), whereas Zoladex alone did not
do so. This was a further demonstration of the effectiveness of the combination
of the two hormonal agents.

The Italian GROCTA-2 (38), the Austrian AC05 (39), and the Zebra (Zoladex
Early Breast Cancer Research Association) (40) trials directly compared the hor-
monal regime of Zoladex plus tamoxifen with the cytotoxic regime cyclophos-
phamide, methotrexate and 5-fluororacil (CMF) in premenopausal women with
ER-positive tumors. The Italian trial demonstrated overall parity in survival and
disease-free survival; the Austrian trial showed advantage, (significant in the lat-
ter) for the hormonal regime. The Zebra trial emphasized the importance of ER
status: in ER-positive tumors, there was again equivalence between Zoladex and
CMF, there was no evidence of a Zoladex effect in ER-negative tumors.

In advising individual women on their absolute chance of gain from adjuvant
systemic therapy, the Nottingham Prognostic Index (41) may be used to give the
predicted survival without adjuvant therapy of groups of women with tumors of
differing prognostic factors. The relative risk reduction given by an adjuvant
therapy, as demonstrated in the EBCTCG overview (4), is then applied to each
group, allowing calculation of the absolute extra number predicted to be alive in
each prognostic group at a particular time interval. For example from Table 1,
14 more women per 100 treated who are in the poor prognostic group (PPG) are
alive at 10 yr as a result of adjuvant ovarian ablation or suppression, in addition
to the 18 predicted to be alive without therapy. However, only 1 more woman
per 100 treated in the excellent prognostic group would be alive as a result of
such therapy in addition to the 91% alive without treatment.

Since the beneficial effect of ovarian suppression is presumably gained only in
the ER-positive cases (around 60% of tumors in women under 50 and 70% in
women over 50) the absolute gains are even more pronounced in these patients.
Table 2 shows the calculated benefits from hormonal therapies for ER-positive
tumours in both women aged <50 (for ovarian ablation or suppression) and aged
50–60 (from tamoxifen). The magnitude of effect of the hormonal therapies is
seen to be the same in young women treated by ovarian suppression as in older
women treated without tamoxifen.
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CMF has an overall benefit similar to that of ovarian ablation (Table 3).
Since CMF also brings about a chemical ovarian ablation in 65–75% of
women treated (37,38,42,43) it is certain that part of its adjuvant effect must
be from ovarian suppression. Subset analysis in the Austrian (39) and the
Zebra (40) trials and evidence summarized in two reviews (42,43) give fur-
ther support to this conclusion, since deaths and recurrences in women given
CMF were significantly fewer in those rendered amenorrhoeic by the ther-
apy. Another study (43) showed that the effect of chemotherapy in young
women rendered amenorrhoeic was significant only in ER-positive tumors.
It is, therefore, reasonable to assume that the magnitude of the effect pro-
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Table 1
Calculation of Overall Effect on 10-Yr Survival of Ovarian Suppression 

in Six Prognostic Groups, Applying Relative Risk Reduction Found 
in EBCTCG Overview

% Alive in each prognostic group

Prognostic group Without therapy With therapy % Extra alive in group

EPG 90.9 92.1 1.2
GPG 80.6 83.7 3.1
MPI I 71.1 75.9 4.8
MPG II 58.5 65.6 7.1
MPG III 39.8 50.3 10.5
PPG 18.3 32.7 14.4

In this and later tables EPG, excellent; GPC, good; MPG I, II, and II, moderate I, II, and III;
PPG, poor; Nottingham Prognostic Groups.

Table 2
Comparison of Calculated Effects on 10-Yr 

Survival of Endocrine Treatments in Women Aged
45 (Ovarian Ablation, Removal, or Suppression)
and 55 (Tamoxifen) with ER-positive Tumors

% Extra alive in 
each prognostic group

Prognostic group Aged 45 ox Aged 55 Tam

EPG 1.4 1.3
GPG 3.8 3.5
MPG I 6.0 5.5
MPG II 8.9 8.1
MPG III 13.1 12.0
PPG 18.1 18.7



duced on ER-postive tumors by the hormonal side effect of CMF is equiva-
lent to 65–75% of the effect produced by ovarian suppression alone. This
assumption allows calculation of the separate effects on survival produced
by CMF: that from its effect on the ovaries and that produced by the pure
cytotoxic action on the tumor. By subtraction of 75% of the overall effect
achievable by ovarian ablation from the overall benefit from CMF the pure
cytotoxic effect on the tumor is revealed. In the PPG, 15 more women are
seen to be alive from CMF therapy but of these 10 would have also been
alive from ovarian-suppressive therapy alone; therefore only 5 would be
alive because of a pure cytotoxic effect (Table 4).

That this is indeed likely to be the magnitude of the pure cytotoxic effect
in premenopausal women is verified by the calculated pure cytotoxic
effect in young women being the same as the overall effect of CMF in
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Table 3
Calculation of Overall Effect on 10-Yr Survival of Polychemotherapy

% Alive in each prognostic group

Prognostic group Without therapy With therapy % Extra alive in group

EPG 90.9 92.2 1.3
GPG 80.6 83.9 3.3
MPII 71.1 76.2 5.1
MPG II 58.5 66.1 7.6
MPG III 39.8 51.0 11.2
PPG 18.3 33.8 15.5

Table 4
Calculation of Effect on 10-Yr Survival of Polychemotherapy After Subtraction of 75%

of the Overall Effect of Ovarian Suppression (Table 1) from the Overall Effect 
of Polychemotherapy (Table 2) in Women Aged 45 (=”True Cytotoxic Effect”)

% Extra alive in each prognostic group

% Alive Overall from Pure  Ovarian 
Prognostic without polychemo- cytotoxic ablative 
group therapy therapy component component

EPG 90.9 1.3 = 0.5 + 0.8
GPG 80.6 3.3 = 1.1 + 2.2
MPG I 71.1 5.1 = 1.7 + 3.4
MPG II 58.5 7.6 = 2.6 + 5.0
MPG III 39.8 11.2 = 3.9 + 7.3
PPG 18.3 15.5 = 5.4 + 10.1



postmenopausal women, in whom there is no ovarian-suppressive effect to
subtract (Table 5).

It has been claimed that cytotoxic agents have a greater effect in young women
and hormone treatments in older, and many units at present use adjuvant cytotoxic
therapy for all premenopausal women with invasive cancers. The trials have con-
firmed the theoretical calculations: hormonal therapy has a powerful overall adju-
vant effect on ER-positive tumors. In contrast, much of the effect of cytotoxic
therapy on ER-positive tumors is brought about by its ovarian-suppressive action
and this part could be gained by ovarian-suppressive therapies alone.

As has been demonstrated it is now possible to predict the chance of bene-
fit from adjuvant ovarian suppression for the individual women with an
ER-positive tumor, depending on the prognosis and the receptor status
(Tables 1–5). Along with this the side effects of Zoladex and of CMF have to
be considered. The GROCTA-2 (38) study documented the side effects well;
as expected menopausal symptoms dominated the recipients of Zoladex
and Tamoxifen and the usual side effects of cytotoxic therapy (nausea,
leucopenia, infections) those of CMF.

However the Zebra study (40) demonstrated that 70% of the women treated
with CMF became permanently amenorrhoeic, whereas the majority of women
treated with Zoladex returned to cycling. The menopausal side effects after
two years therapy were therefore reversed, a trend followed in the Quality of
Life and Bone Density sub-protocols.

These considerations must result in a change in the way in which young
women are treated (Tables 2, 6).
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Table 5
Comparison of Pure Cytotoxic Effect 

of Polychemotherapy on Women Aged 45 
with Overall Effect of Polychemotherapy 

in Women Aged 55

% Extra alive 
in each prognostic group

Prognostic Aged 45 pure Aged 55 
group cytotoxic effect overall effect

EPG 0.5 0.5
GPG 1.1 1.2
MPG I 1.7 1.9
MPG II 2.6 2.8
MPG III 3.9 4.2
PPG 5.4 5.8



The adjuvant therapy of choice in premenopausal women with ER-
positive tumors is now Zoladex plus tamoxifen. Since adjuvant hormone
therapy does not have high toxicity, it should probably be given to all except
the excellent prognostic group. In women with ER-negative tumors, the
calculated extra gain from the pure cytotoxic effect of CMF is disappoint-
ingly small and only in those women with poor prognoses does the gain
appear enough to offset the side effects; in women with ER-positive tumors
and in the poor prognostic group, the additional effect of cytotoxic to hor-
monal therapy may be considered.

12. CONCLUSION

To obtain an objective response to first-line hormonal therapy is of the
utmost importance to a woman with advanced breast cancer. Zoladex is an
established agent for ovarian suppression in premenopausal women with
advanced breast cancer and has the advantages of being noninvasive and of
being more reliable in controlling circulating oestradiol than ovarian ablation
by radiotherapy. Zoladex therapy can be discontinued if there is no response,
so sparing women menopausal side-effects.

The meta-analysis of LH-RH agonist vs LH-RH agonist plus tamoxifen
indicates that the combination treatment provides significant additional benefit,
particularly in terms of the clinically valuable duration of response.

The trials of Zoladex-containing hormonal regimes against CMF as an adju-
vant therapy indicate overall parity of response in ER-positive tumors but far
fewer side-effects. A major part of the effect of CMF in ER-positive tumors is
achieved through its ovarian-suppressive side effect and this hormonal effect is
considerably stronger than the pure cytoxic effect on the tumor. Hormonal
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Table 6
Recommendations at 

Nottingham City Hospital for
Adjuvant Therapy by Prognostic
Group in Women Aged 45 with 

ER-positive Tumors

Prognostic group

EPG Nil
GPG HT
MPG I HT
MPG II HT
MPG III HT
PPG HT+CT



therapy with Zoladex-containing regimes should now replace cytotoxic ther-
apy as the adjuvant therapy of choice for women with ER-positive tumors.
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IV ANDROGENS AND ANDROGEN

WITHDRAWAL



1. HISTORICAL INTRODUCTION

1.1. Discovery of Androgens
Around 200 BC in China, crystals, obtained by sublimation of extracts of

male sexual and accessory organs, were used for treatment of patients who
lacked “maleness” activity. These crystals may have been pure androgens.
By 700–1000 AD, the concept of “Nai Tang” (inner elixir) and “Wai Tang”
(outer elixir), which resemble “endocrinology” and “pharmacology” today,
formed the conceptual basis for Chinese medicine. Unfortunately, utilization
of these great discoveries was hampered by monopolistic secrecy and lack of
scientific follow-up, as for many Chinese medicines. In the United States and
Europe, male hormones were isolated and their structures were determined in
the 1920s. Many of the physiological functions of androgens were identified
during the following three decades. Pure androgenic steroids were used in
hospitals for certain medical treatments in the 1930s. In the 1940s, Charles
Huggins of the University of Chicago initiated hormonal therapy of cancer,
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demonstrating that prostate cancer could be treated by castration and estro-
gen administration (1).

1.2. Differential Functions of Androstanes
The major blood androgen, testosterone, is produced by the testis, but

adrenals and ovaries also produce small amounts of testosterone in males and
females. Dehydroepiandrosterone and androstenedione secreted by adrenals
and ovaries can be converted to testosterone by peripheral enzymatic conver-
sion. Testosterone is converted by 5α- or 5β-reductase to 5α- or 5β-dihy-
drotestosterone, which are isomeric androstanes differing in molecular
configuration about carbon 5 (Fig. 1). Many androgens are derivatives of 5α-
androstanes, whereas 5β-androstanes are not androgenic. In vivo, 5α- and
5β-androstanes are not interconverted. Testosterone and androgenic 5α-
androstanes can enhance erythropoietic activity by stimulating erythropoi-
etin production in kidney, while nonandrogenic 5β-androstanes can promote
erythropoiesis by stimulating heme biosynthesis in liver and through other
unknown mechanisms. It is now clear that 5α-DHT is the key active andro-
gen in many peripheral target organs, including prostate and skin. Both
testosterone and 5α-DHT appear to play important roles during developmen-
tal stages of androgen-regulated organs. Testosterone also has additional role
in regulating certain functions of brain and testis as well as muscle growth in
adults. Some of these activities may be dependent on estrogens synthesized
by aromatization of the A-ring of testosterone.

312 Part IV / Androgens and Androgen Withdrawal

Fig. 1. Enzymatic conversion of testosterone to 5α- and 5β-dihydrotestosterone.



1.3. Hormone-Gene Theory and Androgen Receptor
In the early 1960s, we showed that androgens could rapidly enhance the

RNA-synthesizing activity in the cell nuclei (2) and increase the level of
mRNA associated with prostate-cell nuclei and ribosomes (3,4). These obser-
vations supported the “Hormone-Gene” theory that tied the molecular action
of steroid hormones to the regulation of gene expression.

Discovery of the estrogen receptor (ER) by Elwood Jensen at the University
of Chicago in the late 1950s was based on the observation that the major ovar-
ian estrogen, 17β-estradiol, without metabolic conversion, could be retained
by target organs, such as the uterus (5). Discovery of the androgen receptor
(AR) took a different course. In our laboratory (6) and in the laboratory of Jean
Wilson and Nicholas Bruchovsky (7), it was found, in 1967, that testosterone
was retained in the form of 5α-dihydrotestosterone (5α-DHT) in prostate-cell
nuclei where androgen was believed to modulate gene expression. Since this
nuclear retention was dependent on a protein (8) that could specifically bind
5α-DHT and other potent androgens but not nonandrogenic steroids (9), the
protein was identified as AR.

AR, like receptors for other steroid hormones, is a member of the nuclear-
receptor superfamily, which acts as a ligand-inducible transcription factor by
recognizing androgen-response elements (ARE) of target genes to modulate
expression of genes involved in development, differentiation, and regulation of
target organs.

2. 5α-REDUCTASES

2.1. Structure and Mutation
5α-Reductase catalyzes the conversion of testosterone to 5α-DHT in the

presence of NADPH (Fig. 2). In human, monkeys, and rodents, there are two
isozymes of 5α-reductase, type 1 and type 2, expressed from different genes
(10). They are hydrophobic proteins of approx 30,000 daltons and share 50%
identity in their amino acid sequences. About three dozen different mutations
in the 5α-reductase type 2 gene have been described in individuals with a diag-
nosis of 5α-reductase deficiency. These mutations lead to a form of male
pseudohermaphroditism. The level of testosterone in these patients is adequate
for development of the epididymis, vas deferens, and seminal vesicle from the
Wolffian ducts, but is inadequate for virilization of the urogenital sinus and
development of the prostate and external genitalia. A male pattern of muscu-
loskeletal development also takes place during puberty, but growth of beard
and other body hair, development of acne, and male-pattern baldness are often
lacking in these individuals. Some of these mutations result in a total lack of
steroid 5α-reductase activity, while others decrease the efficiency of the
enzyme by lowering the enzyme’s affinity for either testosterone or NADPH.
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No mutations in the steroid 5α-reductase type 1 gene have been linked to the
syndrome of 5α-reductase deficiency. Testosterone is the direct precursor for
the enzymatic synthesis of both 17β-estradiol and 5α-dihydrotestosterone. If
steroid 5α-reductase is absent, more testosterone may be converted to estra-
diol. The buildup of toxic levels of estradiol may lead to fetal death (11).

2.2. 5α-Reductase Inhibitors
Antiandrogens that inhibit androgen binding to AR can be beneficial for

treatment of many androgen-dependent diseases, but there can be undesirable
side effects. Inhibitors of 5α-reductase may have unique advantages, since
they can selectively suppress 5α-DHT-dependent abnormalities, such as
prostate cancer, benign prostate hyperplasia (BPH), acne, baldness, female hir-
sutism, skin aging, and androgen-dependent breast tumor and hepatoma with-
out significantly affecting physiological processes believed to be controlled by
testosterone, such as libido, spermatogenesis, sexual behavior, and smooth-
muscle growth (12,13).

A number of natural and synthetic compounds that are inhibitors of 5α-
reductase have been identified (Fig. 2). Among them, a class of 4-aza-steroids
has been extensively studied. A synthetic 4-aza-steroid, finasteride (17β-(N-
tert-butylcarbamoyl)-4-aza-5α-androst-1-en-3-one), is now prescribed under
the tradename Proscar for the treatment of BPH. In about 20–30% of BPH
patients, finasteride appears to be effective in shrinking prostates of large size
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Fig. 2. 5α-Reductase-catalyzed formation of 5α-dihydrotestosterone from testosterone and
three different forms of 5α-reductase inhibitors.



and composed of a large percentage of epithelial cells (14). Prostates com-
posed mostly of stromal cells or of small to moderate size are less responsive
to finasteride treatment. Finasteride is also being tested in clinical trials as a
chemopreventative for prostate cancer and as a therapeutic agent for treatment
of some forms of alopecia.

A variety of compounds found in the diet are also potent inhibitors of 5α-
reductase. Some of these phytochemicals include unsaturated fatty acids (15),
flavanoids (16), and catechin gallates (17) (Fig. 2). Topical administration of γ-
linolenic acids has been shown to suppress androgen-dependent growth of
hamster flank organs (18).

3. ANDROGEN RECEPTOR

3.1. Structure
Rat and human (h) ARs have about 900–920 amino acids with a molecular

mass of about 98 kDa (19,20) (Fig. 3). The exact size of ARs may vary because
of variations in the length of polyglycine and polyglutamine stretches in the
amino-terminal region of the receptor. AR mRNA is transcribed from a single
gene present on the q11–12 region of the X-chromosome (21) and the eight
exons of the gene cover more than 90 kb of DNA (22). ARs, like other steroid
receptors, are comprised of four functional domains (23) (Fig. 3):

1. The amino-terminal domain of the AR makes up more than half of the receptor
and a single exon encodes most of this domain. This domain is poorly con-
served among all members of the steroid hormone-receptor family in both the
sequence and length. A striking feature of this domain in hAR is the presence of
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Fig. 3. Schematic diagram of the structure of human androgen receptor with N-terminal,
DNA-binding, and androgen-binding domains. The position of oligo- and poly amino acid
stretches are indicated. AR having a long polyglutamine stretch (40–52 Gln) in the N-termi-
nal domain has been related to Kennedy’s disease, while a shorter stretch (>16 Gln) in this
domain may indicate high risk of prostate cancer.



two homopolymeric stretches (16–27 residues each) of glycine and glutamine.
These polyamino acids may be important for regulation of AR activity.

2. The DNA-binding domain consists of about 70 amino acids and is located next
to the amino-terminal domain (Fig. 3). Steroid receptors as a group have high
amino acid-sequence similarity (56–79% identity) in this DNA-binding domain.
Sulfurs of eight cysteines in this domain coordinate two Zn2+ ions in a tetrahe-
dral configuration forming motifs that are called “zinc fingers.” After binding of
an androgen, the receptors interact as homodimers with a specific palindromic
sequences of DNA (ARE) in genes that AR regulates in the cell nucleus. These
DNA sequence are called hormone-response elements (HRE) and have the con-
sensus sequence 5′-AGNACANNNTGTNCT-3′ (24). Since this HRE sequence
is also recognized by receptors for progestins, glucocorticoids, and mineralo-
corticoids, additional factors may be required for AR-specific gene activation.

3. A hinge domain with about 30 amino acids is located between the DNA-binding
domain and androgen-binding domain at the carboxyl-terminus of the AR. A
nuclear-localization signal is present in this domain, although other domains
may have sequences that are important for nuclear localization of AR.

4. The androgen-binding domain has about 300 amino acids that recognize andro-
genic molecules. Since deletion of as much as 90% of the amino acids from the
androgen-binding domain produces an AR that does not bind steroids, but will
constitutively activate transcription at levels of 40–100% of the full-length ARs,
it is assumed that a region in the steroid-binding domain inhibits the transcrip-
tional properties of the AR, but this inhibition can be relieved by steroid bind-
ing. Recent studies have suggested that hormone binding may induce
conformational changes of receptor domains and promote association of nuclear
receptors with various protein factors that are involved in regulation of tran-
scription (see Subheading 3.3.).

3.2. AR Gene Mutation
Several hundred AR gene mutations have been documented. The majority of

these mutations occur in the DNA- and androgen-binding domains. More than
90% of these mutations are due to a single base (point) mutation, while a
minority of cases involves complete and partial gene deletion as well as small
insertions. These mutations produce premature termination codons and amino
acid substitutions, resulting in ARs that cannot interact with androgens prop-
erly, and therefore, lead to androgen insensitivity (25–28).

AR mutations have also been detected in some human prostate cancers
(29,30). One mutation in the androgen-binding domain changes the ligand
specificity of AR so that estrogens and progestins as well as some antiandro-
gens, such as hydroxyflutamide, act like androgens and activate the mutated
AR and promote prostate-cancer growth (31,32).

In the amino terminal domain of AR, expansion of the poly (Gln) stretch
from the normal length of 16–26 to 40–50 residues (Fig. 3) has been related to
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the rare X-chromosome-linked disease, spinal and bulbar muscular atrophy
(Kennedy disease) (33). Recently, a higher risk of prostate-cancer incidence
was linked to individuals with AR having a poly (Gln) stretch shorter than 16
residues (34,35). It is important to note that individuals with complete dele-
tions of the AR gene have complete androgen insensitivity, but are otherwise
healthy and do not exhibit symptoms of muscular atrophy or prostate cancer.

3.3. AR-Associated Proteins
The first steroid receptor-associated protein that received attention was a

heat-shock protein (HSP90) (36). It was suggested that heat-shock protein may
assist in maintaining a steroid-receptor conformation necessary for ligand-
binding. Since nuclear receptors are ligand (hormone)-activated transcription
factors that regulate the expression of genes, many other nuclear proteins are
expected to interact with and regulate the functions of nuclear receptor.
Nuclear receptor-associated proteins may be involved in recruiting transcrip-
tional factors to the promotor, stabilization of transcriptional machinery, or
providing specificity needed for hormone-receptor function. Some of these
proteins are known as nuclear transcriptional coactivators or corepressors.

A number of protein-protein interactions involving AR and other steroid
receptors have been described (37). Many of these interactions occur with sev-
eral different nuclear receptors. A coactivator specific for AR (ARA70) has
been described (38). A section of the N-terminal domain of AR has been shown
to interact with the general transcriptional factor TFIIF and the TATA-box
binding protein (TBP), supporting the contention that AR is involved in
recruitment of protein factors to the transcriptional machinery (39). The hor-
mone-binding domain of ARs and other steroid receptors contain “leucine zip-
per”-like structures that may be important for receptor dimerization or receptor
binding of other proteins (such as Jun, fos, or cyclic AMP response element-
binding protein) and play a key role in controlling gene expression, positively
or negatively. Some nuclear proteins contain leucine-rich motifs that interact
with liganded nuclear receptors (40,41). It has been suggested that a ligand-
induced switch of heterodimeric nuclear receptors from repressor to activator
may involve the exchange of complexes containing histone deacetylases with
those that have histone acetylase activity (42,43).

4. ANDROGEN RECEPTOR AND ANDROGEN-RELATED
PROGRESSION AND SUPPRESSION OF PROSTATE CANCER

4.1. Progression of Androgen-Dependent Prostate-Cancer Cells
The development and growth of prostate cancer is dependent on androgen

initially, making it vulnerable to androgen ablation and antiandrogen therapies.
However, prostate cancer gradually loses androgen dependency and tumor
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cells that are resistant to endocrine therapy ultimately proliferate. There is no
effective method for treatment of androgen-independent prostate cancer. For
better understanding of the mechanism involved in the progression of andro-
gen-dependent prostate-cancer cells to androgen-independent prostate-cancer
cells, we established a clonal androgen-dependent, human prostate-cancer
LNCaP 104-S cell line. LNCaP 104-S cells were then allowed to go through
passages in androgen-depleted culture medium and their changes in androgen-
dependency and other cellular properties were analyzed (44) (Fig. 4). After
more than a year of passaging in androgen-depleted culture medium, andro-
gen-dependent LNCaP 104-S cells progressed to LNCaP 104-R2 cells that can
grow well in the absence of androgen but are proliferatively repressed by 0.1
nM or lower concentrations of androgen (44).

4.2. Androgen-Specific Suppression of the Growth 
of Androgen-Independent Prostate Tumor

Androgen-dependent LNCaP 104-S cells can grow well in normal but not in
castrated athymic mice (45). In contrast, LNCaP 104-R2 cells can grow well in
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Fig. 4. Representative androgen responses of human prostate cancer LNCaP cells in cul-
ture. LNCaP 104-S cells (S) exhibited biphasic androgen responses (proliferative stimula-
tion at low concentrations and inhibition by higher concentrations of androgen). After these
cells were cultured in an androgen-depleted medium for 20 passages, the growth of cells
(LNCaP-104-I) was less dependent on androgen. After an additional 60 passages, the cells
(LNCaP 104-R1 and 104-R2) grew very well in the absence of androgen but became very
sensitive to proliferative repression by low concentrations of androgen.



castrated athymic mice but not in intact athymic mice. Administration of
testosterone propionate to castrated athymic mice can prevent the initial
growth or cause regression of large LNCaP 104-R2 tumors. Tumor are sup-
pressed with testosterone, testosterone propionate, and 5α-DHT, but not with
nonandrogenic 5β-DHT, estradiol, or medroxyprogesterone acetate. The
androgenic effect was clearly not due to a general toxicity of androgen because
androgen stimulated the growth of male accessory organs, such as seminal
vesicle, and LNCaP 104-S tumors in the same animals. In castrated mice with
LNCaP 104-R2 tumors, testosterone propionate administration increased
expression of prostate-specific antigen (PSA) suggesting that AR was func-
tional. After this initial increase, the blood level of PSA decreased as LNCaP
104-R2 tumors regressed (45).

Another androgen-repressed prostate-cancer cell line, ARCaP, was estab-
lished recently by Zhau et al. (46). ARCaP cells were obtained from the ascites
fluid of a patient with advanced metastatic cancer. Both androgen and estrogen
suppressed the growth of ARCaP cells in culture or in athymic mice. Unlike
LNCaP-104R2 cells, ARCaP cells express low levels of mRNAs for AR and
PSA and the expression of PSA is also repressed by androgen. Whereas andro-
gen repression of LNCaP 104-R2 tumors is apparently dependent on functional
AR, androgen and estrogen repression of ARCaP tumors may be dependent on
another mechanism.

4.3. Stimulation of the Growth of Androgen-Independent Tumors 
by Finasteride and Antiandrogens

5α-Reductase inhibitors, such as finasteride, can prevent testosterone
action that is dependent on conversion of testosterone to 5α-DHT. As
expected, finasteride inhibited testosterone-dependent growth of male acces-
sory organs and LNCaP 104-S tumors whose growth is dependent on 5α-
DHT. However, if LNCaP 104-R2 tumors were allowed to grow in castrated
mice and then testosterone was given to the mice to suppress the tumor
growth, additional administration of finasteride was able to inhibit testos-
terone suppression and stimulated the growth of the LNCaP 104-R2 tumors
(Fig. 5). Finasteride did not affect the growth of human prostate PC-3 tumors
that lack AR expression or human breast MCF-7 tumors in female athymic
mice (45). These observations indicated that the stimulation of the tumor
growth by finasteride was due to its inhibition of the formation of 5α-DHT
that interacted with AR to exert tumor suppression. In line with this view,
antiandrogens such as Casodex (47) that prevent 5α-DHT binding to AR also
stimulated the growth of LNCaP 104-R2 tumor under androgen suppression.
Casodex administration also allows the LNCaP 104-R tumors to grow in nor-
mal nude mice as fast as tumors in castrated mice.
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4.4. Androgen Receptor and Reversible Progression
AR is clearly involved in both the androgen stimulation of androgen-depen-

dent growth of LNCaP 104-S tumor and the suppression of androgen-indepen-
dent LNCaP 104-R2 tumors. We have found that, in culture or in athymic
mice, the cellular AR level in LNCaP 104-R2 cells is more than 10 times that
in the LNCaP 104-S cells. Such an increase in AR level is not totally surprising
since LNCaP 104-R2 cells are produced after a long period of culture in andro-
gen-depleted medium and the AR mRNA level in prostate cells can be nega-
tively regulated by androgen (19). In fact, high levels of AR have been found
in prostate cancer patients after the failure of hormonal therapy (48). The mol-
ecular process involved in growth stimulation and suppression in the two types
of cells is not clear.

We have observed that LNCaP 104-R2 can adapt to androgen in culture or
in athymic mice and this adaptation may be related to the reduction of the AR
level in LNCaP 104-R2 cells. It appears that the AR level is a determining fac-
tor that reversibly changes the nature of androgenic responses between andro-
gen-stimulated growth and suppressed growth (Fig. 6). Whether the reversible
nature of prostate cancer can be utilized to establish a new androgen-intermit-
tent therapy needs further evaluation. Additional studies are also needed to
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Fig. 5. Testosterone-dependent suppression and finasteride-dependent stimulation of the
growth of LNCaP 104-R2 tumors in castrated male athymic mice (43). The tumors grew
well in control mice for 7 wk (●), but after these mice were treated with testosterone propi-
onate (TP), the size of tumors was reduced by about 80% in 4 wk (■). If TP was given at the
4th wk, the tumor growth was prevented (●). Removal of TP (■) or administration of finas-
teride (▲) at the 7th wk resulted in the regrowth of the tumors.



understand how AR-positive, androgen-independent prostate tumors can
progress to AR-negative, prostate tumors that are both androgen-independent
and androgen-insensitive.

5. SUMMARY

Basic research that led to the discovery of the role of 5α-DHT and AR in
androgen action, and the subsequent structural delineation of AR and AR
genes, has made it possible to unlock the molecular mechanisms of androgen
action and provide a better understanding of many medical abnormalities
related to androgen action and dysfunction. The molecular basis of many
androgen-insensitivity syndromes are now better understood and new poten-
tially effective therapeutic agents based on inhibition of 5α-reductases and
AR function have emerged for treatment of various medical problems, such
as baldness, acne, BPH, and prostate cancer. Findings that agents that can
control androgen action are in the natural environment as components in the
diets or as pollutants, will continue to broaden our attention. The fact that
androgens, 5α-reductase inhibitors, and antiandrogens can work both in a
positive or negative manner, dependent on the cellular expression and muta-
tion of AR or 5α-reductase genes, cancer-cell progression, and other condi-
tions, suggests that medical uses of these agents need careful evaluation. Yet,
these seemingly unexpected findings are important in drawing a true picture
that can guide us to a more profound understanding of the molecular action
of androgen and the methods for its regulation.
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Fig. 6. Androgen-dependent human prostate cancer, LNCaP 104-S, cells can progress to
androgen-independent LNCaP 104-R1 and R2 cells, which may adapt to androgen in cul-
tures or in mice and become androgen-dependent cells again. These cells may, through
unknown pathways, become AR-negative cells that can not be stimulated or suppressed
by androgen.
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1. INTRODUCTION

The era of antiandrogens started in 1962 with a steroidal compound. At that
time an attempt was made to find progestogens for the indication of imminent
abortion. Since most progestogens exerted androgenic activity, and conse-
quently presented a risk for masculinisation of female fetuses, suitable candi-
dates were investigated for their androgenic potential. It turned out that a
derivative of hydroxyprogesterone, cyproterone acetate (CPA), was devoid of
intrinsic androgenicity, but caused feminization of male rat fetuses, compara-
ble to the clinical feature of testicular feminization (1). Further experiments
revealed the underlying mechanism, and showed that it consisted of a direct
inhibition of the action of androgens at the target organ. The inhibition is a
result of interaction at the level of the androgen receptor (AR), where CPA
competes with the endogenous ligand (2). This competitive blockade at the AR
is the characteristic property of an antiandrogen. All subsequently developed
antiandrogens have this basic mechanism of action in common.

1.1. Relevant Compounds
After discovering the antiandrogenicity of cyproterone acetate, the next step

was to find out whether structural changes in the molecule would result in
more potent antiandrogenic compounds. These attempts, however, proved to
be unsuccessful (3). No steroidal substance surpassed the antiandrogenic
potency of CPA. Figure 1 shows an example of how different modifications of
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the structure can alter antiandrogenic efficacy. Besides having antiandrogenic
activity, CPA also has a strong progestational component. The progestational
effect is linked to the presence of the acetyl group at position C17 of the
steroid. Consequently, the free alcohol of CPA, cyproterone, which lacks the
acetyl group, is devoid of progestational properties. However, it still exerts
antiandrogenic activity, although less pronounced than CPA. Consequently,
cyproterone was the first compound falling into the nowadays well-known
class of pure antiandrogens.

Currently, there are four steroidal antiandrogens available in clinical
practice, CPA, chlormadinone acetate (CMA), megestrol acetate, and
dienogest, all of which are also potent progestogens. CPA and CMA are
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Fig. 1. Structure of CPA and antiandrogenic potency of some derivatives.



Table 1
Steroidal Antiandrogens with relevance for Tumor Therapy



used as classical antiandrogens in the therapy of androgen-dependent dis-
eases, with prostate cancer being the most important one. Megestrol acetate,
however, is used exclusively as a progestogen in the treatment of breast can-
cer and endometrial cancer. Dienogest is not used in oncology, but as a
progestogenic compound in an oral contraceptive pill and will not be dis-
cussed further here.

Two other steroidal antiandrogens worth mentioning are osaterone acetate
(TZP-4238) and zanoterone (WIN 49596) (Table 1). These substances were
recently brought from research into clinical development. Osaterone acetate
has a similar pharmacological profile to the marketed compounds (4). It is cur-
rently in clinical development in Japan for prostate cancer and benign prostatic
hyperplasia (BPH). Zanoterone is a pure antiandrogen (5) whose use in the
treatment of BPH has been investigated in a Phase II study. This development
was discontinued, however, due to insufficient clinical efficacy (6).

1.2. Pharmacology
Preclinical pharmacological studies are useful and valuable within the

framework of a compound-finding program and in helping to decide which
compounds should undergo clinical development. However, it should be
kept in mind that preclinical comparisons of compounds that have already
been approved are of limited value. The possible drawbacks and pitfalls of
comparing the relative potencies of antiandrogens in preclinical studies
have been highlighted in a recent publication (7). Special attention was
drawn to the problems regarding in vitro studies on binding affinity to the
androgen receptor.

The basic prerequisites for a substance that acts by competitive inhibition
are as follows:

1. High affinity for the receptor;
2. Long-lasting binding to the receptor; and
3. Ability to achieve a continuous competitively high concentration at the target site

(thus enabling sufficient displacement of the natural ligand from the receptor).

Consequently, the ideal antiandrogen should show strong potency in each of
these factors. In reality, the compounds currently available present a mixed
picture with relative strengths in one area and relative weaknesses in others.
However, the low potency in each of the aforementioned factors can be coun-
terbalanced by giving higher doses and/or adjusting the dosing schedule. Ulti-
mately, the decisive question is whether the dosage needed to achieve
clinically relevant androgen deprivation is tolerable and/or whether the neces-
sary dosing interval is convenient and practicable.

In general, steroidal antiandrogens have a higher binding affinity to the AR
than to nonsteroidal antiandrogens. An exception to this is zanoterone, which
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binds with lower affinity than flutamide and bicalutamide. Relative binding
affinity (RBA) for the canine prostate AR measured 18 h post incubation
(binding of the potent synthetic androgen R 1881/methyltrienolone = 100) was
found to be 2.87 for CPA, 0.48 for bicalutamide, 0.36 for hydroxyflutamide
(active metabolite of flutamide), and 0.07 for zanoterone (8). For the rat
prostate AR, RBA was reported after an 18-h incubation to be 1.7 for CPA,
0.43 for bicalutamide, 0.13 for hydroxyflutamide, and 0.05 for zanoterone (9).
The RBA of megestrol acetate is more or less comparable to that of CPA [10].
A comparison between CMA and osaterone acetate (OSA) revealed a 2–3
times higher binding affinity for OSA (11). Experiments on RBAs after short-
term and long-term incubation indicate that dissociation from the receptor
occurs early in zanoterone and hydroxyflutamide, whereas for CPA and bicalu-
tamide binding to the receptor is longer (9).

Experience, however, shows that the results from in vitro-binding studies do
not necessarily correctly predict the antiandrogenic efficacy (12) in in vivo-
models. Furthermore, in an in vivo situation, relative antiandrogenic potency
may differ depending on whether the experiment is performed in intact or in
castrated animals.

Antiandrogens interrupt the negative feedback loop that controls androgen pro-
duction. This interruption causes a counterregulatory increase in androgen con-
centration, which can diminish the efficacy of the antiandrogen. Due to their
progestational property, the available steroidal antiandrogens exert antigo-
nadotropic activity. Therefore, in intact males they induce a pharmacodynamic
response different from that of pure antiandrogens. The antigonadotropic activity
prevents counterregulation, and even decreases peripheral testosterone concentra-
tions. This difference between pure antiandrogens and antiandrogens with antigo-
nadotropic effect is of relevance for therapeutic use.

In males the antiandrogenic activity partially neutralizes the antigo-
nadotropic effect at the hypothalamic-pituitary level; this does not occur in
the female. The antigonadotropic potency of CPA and CMA has been studied
in rats of both sexes. In male animals, the depression of testicular weight
served as test model, whereas inhibition of ovulation was used in female rats
(13). As could be expected, the antigonadotropic effect was more pro-
nounced in females than in males. In this female rat model, the central
inhibitory activity of CPA was slightly less pronounced than that of CMA.
This indicates that the inherent ratio of antiandrogenic to progestogenic
property shows a more pronounced dominance of the antiandrogenic activity
of CPA than for CMA. A comparative characterization of CMA and OSA
indicated that OSA is more potent as an antiandrogen, whereas it is weaker
with regard to the antigonadotropic potency (4). The relative antiandrogenic
potency assessed by the inhibition of prostatic regrowth in castrated, testos-
terone-substituted rats was examined for CPA, CMA, OSA, and flutamide
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(11). CPA and OSA were significantly more potent than CMA, exerting
seven-fold (CPA) and eight-fold (OSA) higher activity; flutamide was the
most potent substance (10-fold). A slightly different experimental setting
using the prevention of prostatic involution after castration by testosterone
showed flutamide to be most potent, followed by CPA and megestrol acetate
(14). However, if this experiment is performed in intact rats the order of
antiandrogenic potency is CPA > Megestrol acetate > flutamide. This proves
the importance of the antigonadotropic effect in preventing the counterregu-
latory increase of endogenous androgens.

The available information suggests the ranking of the steroidal antiandro-
gens to be as follows with respect to antiandrogenic potency: OSA ≥ CPA >
megestrol acetate > zanoterone > CMA; and with respect to antigonadotropic
potency: CMA ≥ CPA > megestrol acetate > OSA > zanoterone (no effect).

It is well-established that under special conditions antiandrogens might act as
agonists. Experiments with the androgen-dependent, prostate-cancer cell line,
LNCaP, first revealed this phenomenon (15). This unwanted event is the conse-
quence of a mutation in the AR. In prostate-cancer therapy, clinical responses
were seen in a subgroup of patients with progression of disease during antian-
drogenic therapy, after cessation of antiandrogens or estrogens. It seems that
mutated receptors can be activated by classical ligands for hormone receptors,
including antiandrogens (steroidal as well as nonsteroidal), estrogens, progesto-
gens, and also by growth factors (e.g., insulin-like growth factor 1 [IGF = 1],
keratinocyte growth factor, epidermal growth factor [EGF] (16). This implies
that AR contributes not only to the growth of androgen-dependent prostate can-
cer but also to the growth of androgen-independent prostate cancer. This sug-
gests that new therapeutic modalities that not only block, but also eliminate AR
may provide a promising approach towards more effective therapy (17).

1.3. Preclinical Safety
Toxicological studies showed that progestational steroids are relatively non-

toxic. The lethal dose in acute toxicity studies is in excess of 1 g/kg. Thus, the
ingestion of high multiples of the therapeutic dose in men is likely to present no
acute toxic risk. Established tests for mutagenicity and carcinogenicity do not
indicate such side effects for steroidal antiandrogens. There is, obviously, a ter-
atogenic potential due to the possibility of feminization of male fetuses. This
possible side effect is of relevance for substances that are used in indications
that include females of childbearing age within the patient population. This is
the case for CPA, which is approved for treatment of hirsutism and acne in
women.

When given over long time periods to rodents, steroidal compounds can
induce liver tumors. This was considered as being a species-specific effect
with no relevance for risk assessment in humans. This opinion was challenged
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when newly developed, sophisticated techniques demonstrated that CPA
caused the formation of DNA adducts in hepatocytes of rats (18). It was specu-
lated that a direct relationship between DNA-adduct formation and the devel-
opment of benign and malignant liver tumors might exist. A further finding that
DNA adducts could also be demonstrated in hepatocytes of humans treated
with CPA aroused the suspicion that the substance could be carcinogenic in the
human liver. This uncertainty prompted a large number of preclinical and clin-
ical investigations focusing on the question of liver carcinogenicity. DNA-
adduct formation is not specific for CPA, but occurs with estradiol and other
steroidal antiandrogens (CMA, megestrol acetate) (19), or nonsteroidal com-
pounds such as, e.g., the antiestrogen tamoxifen (20). An epidemiological sur-
veillance was, therefore, initiated in the patient population with the highest
theoretical likelihood of developing liver tumors, since they had received high
doses of CPA for long periods of time (up to 10 yr or more). The results of this
program led to the conclusion that CPA does not increase the risk for the devel-
opment of liver tumors in men (21).

1.4. Pharmacokinetics
All currently available steroidal antiandrogens are active when given

orally. Peak plasma levels were achieved for CPA within 3–4 h after admin-
istration. The terminal half-life in plasma is about 38 h. Excretion of CPA
and its metabolites is about 70% in feces, mainly in the form of glu-
curonidated metabolites and about 30% in urine, preferentially in nonconju-
gated metabolites (22).

For megestrol acetate, the peak concentration in plasma after oral admin-
istration occurs within 2–3 h. Plasma half-life is 15–20 h. It is mainly
excreted in urine (about 60–80%) and to a minor extent in feces (about
10–30%). The primary route of excretion is renal, accounting for 60–80%,
the remaining 10–30% is in the bile. In urine, both conjugated and noncon-
jugated metabolites occur, whereas in feces, glucuronide-conjugated
metabolites are prevalent (23).

The peak concentration in plasma of chlormadinone acetate was reported to
occur within 2 h after oral intake (24); the terminal half-life is rather long
(about 80 h) (25). Excretion is via the urine and feces in the form of glu-
curonidated metabolites.

After a single dose in male volunteers, zanoterone demonstrated peak
plasma concentrations 2.6–4.4 h after dosing. The plasma half-life was approx
3 d, thus enabling a once-daily administration (26).
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2. CLINICAL APPLICATIONS OF CPA

Among the steroidal antiandrogens, CPA is the best established compound
in clinical use. The discussion of the clinical effectiveness of steroidal antian-
drogens will, therefore, be limited to CPA in prostate cancer. A considerable
volume of early Phase II information, but only a modest amount of data
resulting from Phase III studies, is available. After the identification of signif-
icant side effects of diethylstilbestrol (DES), this treatment has become
uncommon. CPA remains the most appropriate compound for primary treat-
ment of prostate cancer that can be applied per os. Next to the oral applica-
tion, which is preferred by a considerable number of patients, CPA has the
advantage of a very rapid onset of action. Potentially, CPA has the capability
of counteracting both testicular and adrenal androgens. Walsh et al. (27) have
shown that the effect of adrenal androgens on the rat ventral prostate is coun-
teracted effectively by CPA. As for any other antiandrogen, the proper dosage
is difficult to determine. The only direct and proper parameter is the target-
cell response, which is obviously difficult to study in humans. Several
approaches have been used, which have resulted in an approximation to the
human dosage of 4 mg/kg/d. For a man weighing 75 kg, therefore, the appro-
priate dosage would be 300 mg/d. The issue of determining the proper dosage
of CPA has been reviewed by Schröder (28). The recommended dosages in
monotherapy are 200–300 mg, if used in total androgen-blockade regimens
100–200 mg/d are recommended. CPA is available in most countries of the
world and is considered standard management of prostate cancer in all clini-
cal settings in which endocrine treatment is applied.

2.1. CPA as Monotherapy
CPA became available for clinical trials in the early 1960s and registration

in countries around the world started in the year of 1972 for treatment of sex-
ual deviations. Early clinical trials in prostate cancer were carried out in
Europe and in the United States, and showed that CPA was effective with
respect to the primary tumor as a target, relief of symptoms of metastatic dis-
ease, and in lowering the tumor-marker substances, acid and alkaline phos-
phatases (29–32). This happened at the time when diethylstilbestrol, often
given orally in very high dosages, was standard treatment; castration or the
combination of castration with diethylstilbestrol were alternatives. With the
description of the severe side effects of the standard dosage of 5 mg DES
applied in the first large randomized studies of the Veterans Administration
Cooperative Research Group (VACURG) (33), the issue of side effects and the
establishment of similar or equal effectiveness of therapeutic options gained
paramount importance.
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2.1.1. RANDOMIZED STUDIES

For the reasons mentioned earlier, it is not surprising that, besides effective-
ness, the pattern of side effects was of great interest within the protocols designed
for the conduct of randomized studies in the 1970s and 1980s. The first random-
ized study was conducted by an international cooperative group headed by Jacobi
from the Department of Urology at the University of Mainz (34). This study ran-
domized previously untreated locally advanced nonmetastatic and metastatic
prostate-cancer patients to treatment with either CPA 300 mg intramuscularly per
week vs estradiol undecylate 100 mg intramuscularly per month. The duration of
the trial was fixed to 6 mo, and the endpoints were endocrine parameters, local
and distant response, marker response, as well as progression. Side effects were
evaluated. Two comprehensive reports on this study are available. One reporting
on 42 patients contributed by the institution of the study coordinator and a second
one on 191 patients, the contribution of the international study group as a whole
(34,35). The criteria of response were improvement, no change, or deterioration.
Percentages allotted to these parameters amounted to 48, 44, and 8% for CPA and
to 52, 41, and 7% for estradiol undecylate, respectively. Overall, side effects were
seen in 94% in the estradiol group and in 37% in the CPA group. The differences
between the two treatments mainly amounted to gynecomastia, breast tenderness,
and leg edema. Two patients in each treatment group died of cardiovascular dis-
ease. Considering the limited duration of time, time to progression, cancer-related
survival, and overall survival were not used as endpoints. The end conclusion of
the study was that with relation to the response parameters used (local tumor pro-
gression, improvement of urine flow, histological regression, improvement of
bone scans, relief of ureteral obstruction, and marker-substance decrease) both
treatments were equally effective. While the study group considered CPA an
“acceptable alternative” for standard estrogen treatment, the side-effect profile of
CPA was considerably more favorable.

In 1976, the EORTC Genitourinary Group initiated a study comparing oral
CPA at a dosage of 250 mg/d to medroxyprogesterone acetate (MPA) at a load-
ing dose of 500 mg intramuscularly 3 times weekly for 8 wk followed by 100
mg orally twice daily vs 3 mg of diethylstilbestrol given in 3 doses of 1 mg per
os daily (Protocol 30761). Of 236 patients entered, 210 were eligible, 75
received CPA, 71 MPA, and 64 DES. Response, time to progression, survival,
and toxicity were assessed. The final result was published in 1986 by Pavone-
Macaluso et al. (36). As far as time to progression is concerned, overall
diethylstilbestrol and CPA did not differ but were significantly better than
MPA. This difference was not reproduced in the M0 patients. Survival data did
not show differences between DES and CPA while survival on MPA was sig-
nificantly shorter (Fig. 2). In this study, performance status and the presence or
absence of metastases were the most important prognostic factors. The paper
includes a careful comparison of patient characteristics at entry, which did not

Chapter 15 / Steroidal Antiandrogens 333



show major differences between the treatment groups. An important lesson
from this study was that complete response of metastatic disease is rare; it was
only seen in 3–5% of cases. The side effects are subject to a separate report and
will be discussed in Subheading 2.6. (37).

In 1989, the EORTC Genitourinary Group initiated a direct comparison of
flutamide 750 mg/d with CPA 300 mg/d in previously untreated patients with
metastatic prostate cancer and favorable prognostic factors. This selection cri-
terion required that there was no pain due to metastatic disease, and that at
least two of the three following factors were present:

1. WHO performance status is 0;
2. Normal alkaline phosphatase level; and
3. Classification smaller than T4.

This study, EORTC Protocol 30892, recruited 310 patients between Septem-
ber 1990 and April 1996. The final evaluation is still pending but an assess-
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Fig. 2. Kaplan-Meier projections of overall survival per treatment arm, CPA, MPA, and
DES. CPA vs DES: n.s., DES/CPA vs MPA: p ≤ 0.036. Adapted with permission from
ref. (36).



ment of side effects at the time of closure of the protocol (April 1, 1996) has
recently been published (38) and yields, important information with respect to
the effect of both drugs on libido, potency, and sexual performance. These data
will be reviewed in Subheading 2.6.

A preliminary report on a study comparing CPA to goserelin and diethyl-
stilbestrol was published in 1990 (39,40). In a subgroup of patients who had no
contraindications for DES treatment, this study shows a longer median sur-
vival time for goserelin acetate and DES in comparison to CPA. Numbers are,
however, small (n = 33 DES; n = 35 CPA; n = 69 goserelin) and a final report
on this study is not available. In the larger study population (CPA n = 71;
goserelin n = 152) comprising patients with contraindications for DES, and
patients who have been included by urologists declining to use DES, median
survival is not different between CPA and goserelin.

Another study conducted by the British Prostate Group compared three
treatment arms, CPA (300 mg/d), goserelin (monthly depot), and the combina-
tion of both drugs until clinical progression (41). The study showed a similar
response rate for the three treatment arms, however, median time to progres-
sion was shorter for CPA monotherapy. This difference is most likely a mani-
festation of lower compliance. Oral treatment depends on patient’s reliability
for regular drug intake, whereas the regimens using luteinizing hormone-
releasing hormone (LH-RH) agonist depots are under complete control of the
treating physician.

2.2. CPA in Combination Treatment
As mentioned earlier, CPA has a double mechanism of action: in standard

dosages it lowers plasma testosterone by 70–75%, whereas orchidectomy or
estrogen therapy achieves an 85% decrease (42). This leads to decreased levels
of 5α-dihydrotestosterone in the prostate, which is counteracted by competitive
binding of CPA to the androgen receptor (43). De Jong et al. (44) showed that, in
BPH tissue of men pretreated with CPA prior to transurethral prostatic surgery,
molar CPA levels exceed DHT levels by about 30-fold if calculated per gram of
wet weight and about twofold in the nuclei. The completeness of androgen
blockade can only be judged by target-tissue response, which in almost all
monotherapy studies cited earlier was comparable to other standard forms of
treatment. Potentially, if the dosage used is high enough, CPA has the capability
of blocking androgens of testicular and adrenal origin. Thus, its use should lead
to what has been termed “total androgen blockade” by Labrie et al. (45).

2.3.1. CPA AND TOTAL ANDROGEN BLOCKADE

Two smaller studies and three major studies have been conducted using
CPA as an antiandrogen in combination with castration or an LH-RH analog.
These studies have been subject to a recent meta-analysis of the Prostate Can-
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cer Trialists’ Collaborative Group (46). These studies included a total of 1159
patients; the results of one study (41) were not available for inclusion. The
meta-analysis, which included the remaining 810 patients, did not show any
differences in 5-yr overall survival. This was in line with the overall result of
the meta-analysis, which included 5710 patients of whom 3283 had died,
which produced a 3.5% advantage for total androgen blockade, which was sta-
tistically not significant.

Protocol 30805 of the EORTC compared in a randomized prospective study
castration to castration plus CPA and to 1 mg DES/d in patients with metastatic
disease. No differences in time to progression and overall survival were seen in
the final analysis of the trial (47). This is of particular interest since it is well-
known that 1 mg DES does not suppress plasma testosterone to castration lev-
els. Protocol 30843 of the EORTC was again a three-arm study comparing
short-term vs long-term addition of CPA to the LH-RH agonist buserelin in
comparison with orchidectomy in metastatic prostate cancer. Again, no differ-
ence in time to progression and survival was seen (48). The third large study
utilizing CPA was the aforementioned trial conducted by the British Prostate
Group (41). The combination of CPA plus LHRH agonist did not result in a
prolonged median time to progression as compared to LH-RH agonist alone. It
can be concluded that CPA did not prolong time to progression or improve
overall survival in any of the prospective randomized studies comparing total
androgen blockade to standard forms of treatment. The data are in line with the
results of a meta-analysis of all available studies. CPA, like all other available
antiandrogens, therefore, cannot be recommended for continuous long-term
use in total androgen blockade regimens.

2.3.2. FLARE PREVENTION

The phenomenon of disease “flare” was first described by Waxman et al. (49)
as an exacerbation of symptoms and markers accompanying the initial rise of
plasma testosterone with the use of LH-RH agonists as monotherapy in the treat-
ment of metastatic prostate cancer. Schröder et al. (50) in a study of the LH-RH
agonist buserelin, suspected that early progression, due to flare, was associated
with death in 3 of 58 prostate-cancer patients. In a recent literature review, it is
estimated that at least 15 patients died of flare due to the initial rise of plasma
testosterone with the use of an LH-RH agonist as monotherapy (51). Klijn et al.
showed in 1985 that 3 times 50 mg of CPA given during the initial period of treat-
ment with the LHRH agonist buserelin does not prevent the initial surge of
plasma testosterone, but does lead to an immediate lowering of the activity of acid
and alkaline phosphatase in plasma (52). These markers are thought to correlate
with tumor mass. None of the patients treated in this way experienced symptoms
of disease exacerbation. The effect of different antiandrogens in preventing the
flare phenomenon was later investigated by Boccon-Gibod et al. (53), Waxman et
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al. (54), and Kuhn et al. (55). It was shown that CPA given at least 1 wk prior to
the initiation of LH-RH agonist, application leads to a blunting of the rise of
plasma testosterone and to the prevention of clinical and biochemical flare. A
decrease of plasma testosterone is not achieved by nonsteroidal antiandrogens,
but they will, however, prevent clinical and biochemical flare if used prior to the
application of LH-RH agonists. The information given by Klijn et al. (52) is one
of the best pieces of evidence showing that 150 mg of CPA/d initiated together
with the LH-RH agonist effectively counteracts androgens at the target cell, even
if concentrations are supraphysiological.

2.3.3. PREVENTION OF HOT FLUSHES

Hot flushes are characterized by a sudden sensation of heat often originating
in the chest, and then spreading to other parts of the body leading to sweating,
mostly in the area of the forehead, chest, and back. Hot flushes occur in women
during menopause and are very common after castration or with the use of an
LH-RH agonist. Hot flushes are probably due to the lack of the normal stimula-
tory effect of circulating androgens on hypothalamic opioids, which is missing
with these forms of endocrine treatment, and which leads to a sudden release
of norepinephrine, which interferes with thermoregulatory mechanisms in the
hypothalamus (57). Hot flushes rarely occur under CPA, and can be prevented
by low dosages of CPA in men having undergone castration or being treated
with LH-RH agonists. This was shown in a crossover study by Eaton and
McGuire (58) of 12 patients with troublesome hot flushes, who were alterna-
tively treated with CPA 300 mg/d and placebo. There was a significant reduc-
tion in the mean daily number of hot flushes during 21-d treatment from an
average of 9.4 under placebo to 2.3 under CPA. This observation has been con-
firmed in other trials and in routine clinical practice.

2.3.4. CPA COMBINED WITH DIETHYLSTILBESTROL

CPA, as mentioned earlier, leads to an incomplete suppression of plasma
testosterone levels, which decrease by about 70% and remain at about three
times castration values. In a very systematic approach to the problem, Rennie et
al. (59) investigated and compared 12 different procedures of androgen depri-
vation. These authors found that the combination of CPA with an extremely
low dose (0.1 mg/d) of DES led to a very effective withdrawal of androgens in
terms of plasma testosterone and tissue dihydrotestosterone. The same group
later showed that 200 mg of CPA, and even 100 mg/day, was sufficient to
achieve a similar endocrine response, which was correlated to very favorable
clinical responses in a Phase II situation (60,61). The approach has many
potential advantages, and, from an endocrinological point of view, is very logi-
cal: this regimen combines the testosterone-reducing effects of two com-
pounds, therefore, only small amounts of estrogen are required to bring down
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plasma testosterone to approximately castrate levels. Once castrate levels have
been achieved, only low doses of CPA are necessary to counteract remaining
androgens, mainly of adrenal origin. The regimen was shown to be associated
with few side effects and a very low cost. The combination of low-dose CPA
with low-dose DES was never studied in a Phase III situation in comparison to
standard management. Considering the endocrine results and the observations
in patients treated with this regimen (60), this combination treatment is very
likely to be competitive with other standard forms of therapy.

2.4. Intermittent Endocrine Treatment
The endocrine effects of CPA are reversible. With the discontinuation of

CPA treatment, testosterone levels return to normal usually within 8 wk and
within 14 wk at most (61). This reversibility makes CPA a suitable agent in
neoadjuvant- and adjuvant-treatment regimens as well as within the concept of
intermittent endocrine therapy, which was introduced primarily through experi-
ments relating to the Shionogi androgen-dependent breast-cancer line (62), and
which was clinically tested in an initial Phase II study reported by Goldenberg
et al. (63). Akakura and his colleagues (62) transplanted Shionogi tumor mater-
ial into male mice, and applied castration when the tumor had grown to a mass
of about 3 g. After regression to about 30% of the original weight, the tumor
tissue of the intermittent androgen-suppression group was retransplanted into
intact mice and the process of castration and regression was repeated. The con-
trol group consisted of a group of mice transplanted with the tumor in whom
castration was applied as a continuous form of endocrine treatment. In these
experiments, and also in similar experiments conducted by Gleave et al. (64),
using LNCaP sublines, the progression to endocrine independence was
markedly delayed with intermittent treatment. The authors, however, did not
control for the possibility that the retransplantation of the tumor tissue in itself
and in endocrinologically intact animals might have an impact on the time to
progression to endocrine independence. However, even with these doubts
about the capability of intermittent treatment to delay progression to endocrine-
independence, the concept remains attractive. Phase III trials are underway in
Europe and in the United States, which compare intermittent treatment to con-
tinuous treatment. Obvious advantages in quality of life are expected to result
from the intermittent treatment schemes. Whether intermittent treatment will be
associated with a prolongation or shortening of time to progression, time to
cancer death, and overall survival, is an open question at this time. One of the
pitfalls of the regimen is that it can only be applied to those patients who show
an initial rather complete response of serum prostate-specific antigen (PSA). If
one assumes that a disadvantage with respect to overall survival would result,
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the treatment may still be valuable. During a recent symposium of the Euro-
pean School of Urology, 160 participants were asked the questions:

1. Would you trade survival time for intact libido and potency?
2. If you are ready to trade survival time for libido and potency, how much time of

your life would you be ready to give up: 3 mo, 6 mo, 9 mo, or 12 mo and more?

About half of the participants answered positively, and those who were
ready to trade survival time against intact libido and potency, all were ready to
give a year or more.

Although intermittent endocrine treatment at this time is experimental, the
completion of Phase III studies is to be expected. The idea, however, is gaining
acceptance and its use with appropriate procedures of complete information to
the patient cannot be prevented.

An example of the effect of intermittent treatment on peripheral testosterone
and PSA levels is given in Fig. 3.

Chapter 15 / Steroidal Antiandrogens 339

Fig. 3. Example of intermittent endocrine treatment in a single patient. 0, plasma testos-
terone: …, serum PSA. Treatment intervals 6, 7, 7, 7 mo, no treatment intervals 7, 7, 6 mo.
Adapted with permission from ref. (62).



2.5. Second-Line Endocrine Treatment
There is strong evidence in the literature that hormone-independent prostate

cancer can be stimulated by androgens. The available evidence has resulted from
experiments attempting synchronization of hormone-independent cell populations
by intermittent stimulation with androgens (65), and attempts to stimulate
the uptake of radioactive strontium in patients with hormone-unresponsive
prostate cancer by androgens (66). Older literature, describing the effect of adrena-
lectomy, hypophysectomy, aminoglutethimide, and of other means of suppressing
remaining androgenic activity in patients progressing under first-line endocrine
therapy, has been summarized by Schröder (67). Bilateral adrenalectomy in 116
cases found by review of the literature showed objective and subjective responses
in 34 and 74% of cases with a duration of 2.5 and 4.0 mo on average. Aminog-
lutethimide studied in 84 patients gave objective and subjective responses in 25
and 57%, with durations of 3–25 mo and 2 wk to 2 yr, respectively.

With the increasing acceptance worldwide of the low value of total androgen
blockade as a first-line treatment, the option of using antiandrogens in second-line
endocrine treatment gains renewed importance. Smith and coworkers (31) treated
35 patients with prior relapse or nonresponse to estrogen treatment with 300 mg
CPA/d orally. Bone pain was reduced in 12 of 19, and performance was improved
in 5 of 13 patients. The size of the prostate seemed to be further reduced in 12 of
28 of these cases. The responses apparently were of short duration. The issue of
second-line endocrine treatment by means of antiandrogens, and especially of
CPA, is grossly understudied. Appropriate Phase III studies should be designed.
Potential agents for comparison might be prednisone, aminoglutethimide, with or
without prednisone, or chemotherapeutic agents, respectively, signal transduction
inhibitors, matrix metalloproteinase inhibitors (MMPs), or inhibitors of angiogen-
esis, which may turn out to be effective in this disease.

2.6. Side Effects of CPA
The endocrine-related effects of CPA and its side effects have been exten-

sively evaluated in Phase II and Phase III trials.

2.6.1. ENDOCRINE-RELATED EFFECT

In the past it was thought that virtually all patients using CPA at standard
dosages lose libido and become impotent. In a recent Phase III evaluation of
potency and sexual performance, which compares the effects of CPA to the
pure antiandrogen flutamide (38), it was shown that about 20% of those
patients who were sexually active at entry remained so under treatment. There
was no difference between the two treatment groups. This finding is compati-
ble with an evaluation of the effect of surgical castration, in which a persis-
tence of libido and potency was also reported in 21% of cases (68). Some
patients under treatment with CPA feel rather tired and lethargic. This side
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effect is reversible with discontinuation of treatment. Gynecomastia and
painful gynecomastia under CPA are infrequent. Gynecomastia or painful
gynecomastia were described in 13% (35), 7.5% (38), and 6% (37).

2.6.1.1. Other Side Effects. In the EORTC studies evidence is presented,
showing that CPA at standard dosage has significantly fewer cardiovascular
side effects than 3 mg of DES (37). A summary of these findings is given in
Table 2. In absence of an untreated control group, it will remain unknown what
the incidence of cardiovascular events would have been without any form of
endocrine treatment. It is possible that the data collected in the CPA arm of the
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Table 2
CV side effects (30761)

EORTC 30761 – CARDIOVASCULAR TOXICITY 
(CPA, N = 82, MPA, N = 73, DES, N = 114)

CPA % MPA % DES %

No toxicity 90.5 81.7 65.8
Edema 2.4 6.1 11.0
ECG changes 1.2 6.1 8.2
Myocard infarct 3.6 0 1.4
Thrombo-embolism 2.4 6.1 8.2
p-values: DES vs MPA = 0.025

DES vs CPA = 0.001

After de Voogt et al [37]

Table 3
EORTC 30892: Side effects (March 1996)

Flutamide CPA
(n=130) (n=134)

n % n % p-value

Painful gynaecomastia 59 45.4 10 7.5 0.001
Diarrhea 30 23.1 13 9.7 0.000
Nausea 25 19.2 8 6.0 0.002
Liver function deterioration 13 10.0 6 4.5 0.045
Thrombosis, embolus 0 6 4.5 0.011

CPA, cyproterone acetate

Other side effects not differing between treatment arms: myocardial infarction,
cerebrovascular accident, gynaecomastia not painful, hot flushes, dizziness, others



EORTC studies are compatible with the natural prevalence of cardiovascular
and thromboembolic events in this population.

Table 3 gives a summary of the side effects encountered in EORTC protocol
30892 (38) in comparison with the side effects of flutamide. It must, however,
be taken into consideration that in this study patients with recent active cardio-
vascular disease were not eligible for recruitment.

Severe damage and acute hepatitis-like syndromes with CPA are rare and
mostly reversible. The issue of the clinical significance of DNA adduct forma-
tion has already been reviewed in Subheading 1.3.

2.7. Conclusions
CPA used in monotherapy is a valid alternative to other forms of endocrine

treatment of prostate cancer. It has been shown to be equally effective to regi-
mens of estrogen treatment in randomized prospective comparisons in non-
metastatic and metastatic patients.

In combination regimens aiming at total androgen blockade superiority of
combinations with castration and LH-RH agonists above standard treatment
could not be shown.

With the discontinuation of the use of oral estrogen treatment for prostate
cancer, CPA remains the most appropriate substance for oral administration, a
form of application preferred by many patients. CPA has been conclusively
shown to suppress the clinical and biochemical flare phenomenon that arises
during the initial phase of treatment with an LH-RH agonist. Also, hot flushes
occurring after castration or during treatment with LH-RH agonists are allevi-
ated by CPA. CPA is suitable for second-line endocrine treatment, but its effec-
tiveness in this situation has not been sufficiently studied.

The endocrine effects of CPA are reversible. This makes the drug suitable
for adjuvant- and neoadjuvant-treatment regimens as well as for intermittent
endocrine treatment.

The side effects of CPA mainly relate to its endocrine effects; the possibility
of modest cardiovascular and thromboembolic side effects mainly in men with
prior cardiovascular problems; and to incidental, mostly reversible liver-func-
tion deterioration.
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1. INTRODUCTION

Antiandrogens offer treatment options for patients with early and advanced
prostate cancer, either as a single agent or as part of a combination with surgi-
cal or medical castration. They are most frequently used as a component of
combined androgen blockade (CAB) in locally advanced or metastatic disease.
The antiandrogens are classified by their chemical structure as either steroidal
compounds, typified by cyproterone acetate, or nonsteroidal compounds,
which are discussed here. Three nonsteroidal antiandrogens (NSAAs) are cur-
rently available: flutamide, nilutamide, and bicalutamide (Fig. 1). Flutamide
has been in clinical use for more than 20 years. It is a pro-drug and is con-
verted in the liver to the active metabolite 2-hydroxyflutamide (1). Nilutamide
has been marketed in several European countries for a number of years, and
more recently in the USA. Bicalutamide, the most recent addition to this thera-
peutic group, has also been approved in Europe and the USA. In contrast to
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flutamide, bicalutamide and nilutamide do not require metabolic conversion to
exert a therapeutic effect. Bicalutamide is a racemic compound and only the R-
enantiomer displays antiandrogenic activity (2).

2. PRECLINICAL DATA

The androgen-responsive nature of prostate cancer was established by Hug-
gins and colleagues in the early 1940s (3). The principal androgenic hormone
in the normal prostate is 5α-dihydrotestosterone (DHT), which is formed
locally from testosterone. Various androgen-responsive genes are modulated
by the complex formed by the interaction of DHT with the nuclear androgen
receptor (AR). The NSAAs are competitive inhibitors at this receptor and
antagonize the stimulatory effects of androgens on the cells of the prostate
gland. All three NSAAs are pure antiandrogens; that is, they do not interact
with other steroidal receptors (4–6). The precise molecular mode of action of
the NSAAs at the AR has yet to be established conclusively. Bicalutamide has
been shown to be a poor penetrator of the blood-brain barrier (BBB) in experi-
mental animals and exhibits peripheral selectivity (7,8). In contrast, flutamide
and nilutamide also act centrally to inhibit the negative feedback of androgen
activity, thereby increasing luteinizing hormone and testosterone concentra-
tions (9). However, bicalutamide is not peripherally selective in humans (10).

In vitro receptor-binding studies reveal that the affinity of the NSAAs for
the rat and human AR is 2% or less of that of the natural-ligand DHT. Most
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comparative studies indicate that 2-hydroxyflutamide and nilutamide have
comparable affinity for rat and human prostatic tissue in vitro (4,11,12), which
is lower than that of bicalutamide (Table 1). Differences in test results between
laboratories (4,7,12–15) may be due to variability in conditions, including drug
losses due to nonspecific binding, and the use of commercial or self-synthe-
sized compound (16,17). Most published data also show that bicalutamide is
more potent than flutamide in androgen-dependent tissues in vivo (7,18–21).
No similar comparative studies have been reported that involved nilutamide.

The NSAAs are active in a number of in vitro murine and human tumor
models (5,22–24). In contrast, in the human LNCaP cell line, in which the AR
is mutated, nilutamide and 2-hydroxyflutamide demonstrate agonist activity,
whereas bicalutamide has definite antagonistic properties (15,25–28).
Although the clinical significance of these observations is still unclear, AR
mutations with similar in vitro functional properties as the LNCaP receptor
have been found in patients with relapse following first-line NSAA therapy
(29–31). In vivo, bicalutamide was as effective as castration in preventing
tumor growth in the Dunning R3327H model in intact and castrated rats (32)
and was more effective than flutamide (6). Nilutamide has been shown to
reduce the incidence and development of the SC115 tumor in intact mice (5).

In summary, all the NSAAs have a lower affinity for the AR than natural
androgens: bicalutamide has greater affinity than 2-hydroxyflutamide and nilu-
tamide. The NSAAs are effective in several in vitro tumor models, but in some
models flutamide and nilutamide show agonist activity. This has not been
observed with bicalutamide to date. The preclinical data reviewed here suggest
differences between the NSAAs with respect to dosing and potential efficacy.
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Table 1
Relative Binding Affinity of the Nonsteroidal Antiandrogens 

for Prostate Androgen Receptors

Relative binding affinity

Bicalutamide: Bicalutamide: 
Study Species 2-hydroxyflutamide nilutamide

Furr et al. 1987 (7) Rat 4.0 ND
Winneker et al. 1989 (13) Rat 3.3 ND
Teutsch et al. 1994 (12) Rat 2.3 2.3
Luo et al. 1996 (14) Rat 1.3 5.2
Kemppainen and Wilson 1996 (15) Human ~3.0 ND
Ayub and Levell 1989 (4) Human 2.5 1.6
Luo et al. 1996 (14) Human 1.0 2.1

ND, not determined.



However, their therapeutic dose and clinical effectiveness can only be truly
defined in clinical trials.

3. DOSING CONSIDERATIONS

The clinically used doses of flutamide (750 mg/d) and nilutamide (300
mg/d) appear to be empirical because we were unable to discover any pub-
lished dose-finding studies from US and European clinical trials. A Japanese
Phase II study of four dosing regimens of flutamide (90, 375, 750, and 1125
mg/d) showed similar objective response rates at the three higher doses
(46–48%), whereas no response was seen at the low dose of 90 mg/d (33).
However, side effects were dose-related.

In contrast, dose-ranging studies with bicalutamide have been conducted
using both prostatic acid phosphatase (PAP) and prostate-specific antigen
(PSA) as tumor markers. The definition of an objective response used in the
initial evaluation of bicalutamide, a fall of at least 50% in the serum PAP, was
based on the PAP response to the dose of goserelin needed to cause medical
castration. The PAP decrement was dose-dependent in the bicalutamide 10–50
mg dosage range, with a response rate of 53 and 83% after 8 wk treatment at
the 30 and 50 mg dosage levels, respectively. Tolerability at both doses was
acceptable and bicalutamide 50 mg was selected for further study as a compo-
nent of CAB and for monotherapy (34).

Further studies conducted after PSA became widely accepted as an endpoint
have consistently indicated that the biochemical response to bicalutamide in
terms of PSA reduction is also dose-related up to doses of 200 mg, with the
PSA decrement after 3 mo of bicalutamide 150 mg/d being comparable with
that after surgical castration (35).

As discussed later, bicalutamide 50 mg is as effective as flutamide 750 mg
as a component of CAB, with both treatments producing a median decline in
PSA after 3 mo of 99% (36). However, as the median PSA fall during the ini-
tial evaluation of bicalutamide 50 mg monotherapy was 86–88% compared
with 96–97% for castration (37), monotherapy studies with bicalutamide have
now been undertaken at the higher dose of 150 mg/d.

The significant pharmacokinetic differences between the NSAAs have
implications for dosing and therefore compliance, an important consideration
in an elderly population. The half-life (t1/2) of flutamide after a single dose is
4.3–6.6 h (38) and, consequently, flutamide is administered via a three times
per day regimen. Although the t1/2 of nilutamide is 23–87 h (mean 56 h) (39),
suggesting that once-daily dosing would be appropriate, a three times per day
regimen has been employed in most clinical trials. Bicalutamide has a t1/2 of
about 6 d on single dosing and 7–10 d after multiple dosing (40) and can there-
fore be administered as a single daily dose. Furthermore, plasma bicalutamide
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concentrations show minimal diurnal variation, so consistent androgen recep-
tor blockade is maintained throughout the dosing interval.

All three NSAAs undergo hepatic metabolism and conjugation before renal
elimination (38,39,41); however, dosage modification in the presence of mild
to moderate hepatic impairment or renal dysfunction is not necessary.

4. NSAAS AS A COMPONENT OF CAB

Testicular ablation has been the cornerstone of management for advanced
prostate cancer since the seminal work of Huggins and colleagues (3) demonstrat-
ing the hormone-dependence of this tumor. Castration can now be achieved either
surgically or using the luteinizing hormone-releasing hormone (LH-RH) agonists
(42). However, although castration almost completely suppresses testicular andro-
gens, secretion of androgens by the adrenal gland is unaltered. It has been hypoth-
esized that the tumor relapse, which generally occurs around 18 mo after
castration, may be due to residual stimulation by the adrenal androgens. CAB, the
addition of an antiandrogen to castration, has been advocated as a means of pro-
longing the interval to disease progression and patient survival. The first studies
with CAB used the steroidal compound cyproterone acetate (43). Since then,
there has been a plethora of studies comparing CAB with conventional therapy,
using both steroidal antiandrogens and the NSAAs, flutamide and nilutamide.

Mature data from three large, randomized double-blind trials show a consistent
survival benefit with CAB (Table 2) (44–46). In the first of these studies, the com-
bination of leuprolide plus flutamide was compared with leuprolide in a placebo-
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Table 2
Studies Showing Superior Survival with Combined Androgen Blockade 

in Metastatic Prostate Cancer

Treatment No. of Follow-up Time to Overall 
Study groups patients (mo) progression survival

Crawford et al. Leuprolide 603 42 16.5 vs 13.9 mo 35.5 vs 28.3 mo 
1989 (44) + flutamide (p = 0.039) (p = 0.035)

Leuprolide
+ placebo

Denis et al. Goserelin 327 60 71 vs 46 wk 34.4 vs 27.1 mo 
1993 (45) + flutamide (p = 0.002) (p = 0.02)

Orchiectomy
Dijkman et al. Orchiectomy 457 82–102 21.2 vs 14.7 mo 27.3 vs 23.6 mo 

1997 (46) + nilutamide (p = 0.0024) (p = 0.0326)
Orchiectomy

+ placebo



controlled manner (44). After a median of 42 mo follow-up, the median progres-
sion-free survival in the CAB arm was significantly prolonged by 2.6 mo (p =
0.039) and the overall median survival by 7.2 mo (p = 0.035). Positive results
were also reported from an European Organization for Research and Treatment of
Cancer (EORTC) study comparing goserelin plus flutamide with orchiectomy
(45); CAB increased the time to first progression (objective or subjective) by 25
wk (p = 0.002), overall survival by 7.3 mo (p = 0.02), and time to death from can-
cer by 15.1 mo. More recently, Dijkman et al. (46) have reported that at 8.5 yr fol-
low-up, the addition of nilutamide to orchiectomy prolonged the progression-free
interval by 44% (p = 0.002), time to death from cancer by 24% (p = 0.013), and
overall survival by 16% (p = 0.033). In this study, normalization of the PSA
within 3 mo (CAB, 59%; orchiectomy, 28%) was associated with a more favor-
able outcome irrespective of treatment group.

Most of the other published CAB studies show a small, but non-significant,
benefit for the combined approach, with none finding castration superior to
CAB. A large Southwest Oncology Group (SWOG) trial (INT-0105) designed
to answer many of the outstanding issues concerning CAB was initiated in
1989. Patients with metastatic (M1) disease (n = 1347) were randomly
assigned to either orchiectomy plus flutamide or orchiectomy plus placebo,
and the trial had the statistical power to detect a 25% improvement in the
median survival time achieved with orchiectomy. The first analysis of this
study (47), failed to show any significant improvement in either progression-
free or overall survival with CAB, despite a significant increase in the PSA
normalization rate at 3 mo (80 vs 68%; p = 0.001).

Several meta-analyses of the CAB studies, using varying study selection crite-
ria, have produced conflicting results (48–51). It seems most likely that, overall,
the benefits of CAB are more modest than originally anticipated. This modest
advantage of CAB has been confirmed by the latest meta-analysis of 27 random-
ized trials, which also suggests that results of studies that included cyproterone
acetate were less favorable than those with NSAAs (52). It is clear, however, that
those who gain most may be patients with minimal disease at treatment onset. In
two of the three studies demonstrating overall survival gains with CAB, outcome
in minimal disease was markedly improved in the CAB arm compared with cas-
tration, whereas between-group differences in patients with extensive metastases
were not significant (44,45). In the US study, CAB increased median progres-
sion-free survival of patients with minimal disease (defined as metastases in the
pelvis/axial skeleton only and/or soft-tissue nodes) by 29 mo and overall survival
by 19 mo compared with LH-RH agonist monotherapy. In the European study
the death hazard ratio for CAB in the minimal disease subgroup (defined as <5
bony metastases) was 0.6. A few other studies reporting no overall survival ben-
efit with CAB also suggest that outcome is influenced by the extent of disease
(53,54). However, in the 283 men with minimal disease evaluated in the INT-
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0105 study, the addition of flutamide to orchiectomy did not significantly
improve either time to progression or death (47).

Recently an exploratory analysis by Sarosdy et al. suggested that the dura-
tion of NSAA use as part of CAB may affect survival. Patients receiving
more than 120 d of NSAA therapy had a longer survival than those receiving
less than 120 d of NSAA therapy as part of CAB (median survival 1035 and
302 d, respectively; p = 0.0001) (55).

Only one head-to-head, double-blind comparison of NSAAs (bicalutamide
and flutamide) has been carried out in the CAB setting. After a median of 160
wk follow-up in 813 men with M1 disease, time to progression, and overall
survival were longer in the bicalutamide arm, but the difference was not signif-
icant (56). Earlier results from this study revealed that PSA response, subjec-
tive response, and quality of life were also comparable (36). However, an
exploratory analysis of this study revealed that patients with minimal disease
in the bicalutamide group were 25% less likely to experience disease progres-
sion or to die than in the flutamide arm (57).

A therapeutic response to the withdrawal of antiandrogens after relapse on
CAB has recently been described. The PSA declines shortly after withdrawal,
and is often associated with improvements in measurable disease, bone scan,
and cancer-related symptoms. This phenomenon was initially reported in
patients withdrawn from flutamide (58–62), but has now been reported follow-
ing both nilutamide and bicalutamide withdrawal (63–65). The duration of
response is generally short (<6 mo), but has been prolonged by the addition of
aminoglutethimide (59,61). An observational study initiated as part of the dou-
ble-blind trial of bicalutamide and flutamide showed that 50% of men with-
drawn from flutamide (n = 8) and 29% of the men withdrawn from
bicalutamide (n = 14) had a favorable PSA response, although the time course
differed due, at least partly, to the differences in t1/2 (66). Further studies are
needed to identify factors predictive of a withdrawal response and to clarify
the underlying mechanism.

5. MONOTHERAPY IN CLINICAL STUDIES

The profile of patients with advanced prostate cancer has changed dramati-
cally in the past few years due to increased awareness of the disease and the
expansion in PSA screening. Thus, many of the prostate cancer patients seen
today are middle-aged men with a life expectancy of at least 5–10 yr and are
naturally reluctant to undergo castration. NSAA monotherapy, which main-
tains serum testosterone levels and therefore theoretically preserves sexual
potency, is one alternative.

The dose employed in most monotherapy studies of flutamide is that used for
CAB (250 mg three times/d). Jacobo and colleagues (68) administered a higher
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dose (1500 mg/d) to four patients, but found that this conferred no advantage
with respect to progression compared with 750 mg/d, while Sogani and col-
leagues (69) reported transaminase elevations with 1500 mg/d, which resolved at
the lower dose. Several small noncomparative studies of flutamide monotherapy
carried out in the 1980s reported response rates of 20–70%, with median survival
of 12–30 mo (70–76). However, none of these studies used PSA monitoring to
assess response. Sexual potency was retained in 80–100% of patients.

A number of Phase III studies of flutamide monotherapy have also been
conducted (68,77–81). Many of these lacked the power to detect a significant
difference, the endpoints used were often inadequate and follow-up was too
short. The more recent and larger studies are summarized in Table 3. Pavone-
Macaluso (79) and Boccon-Gibod and colleagues (81) reported survival equiv-
alence between flutamide monotherapy and conventional therapy (CAB and
orchiectomy, respectively); however, in one recent study flutamide was infe-
rior to medical castration using diethylstilbestrol (80).

Bicalutamide has been more extensively studied as monotherapy than the
other NSAAs. Three early studies used the dosage recommended for CAB
(50 mg/d) (86–88) and an overview analysis of these studies, involving more
than 1000 patients, showed a median difference in survival of approx 3 mo
favoring castration (37). However, as dose-finding studies have shown that
the PSA response is dose-dependent (35), higher doses (100 and 150 mg/d)
have since been compared with castration (medical or surgical) in previously
untreated patients with M0 or M1 disease in two large international studies.
The 150 mg dose was chosen for further study based on the early PSA
response. The data from the M0 and M1 subgroups has been analyzed sepa-
rately because there was a qualitative interaction between outcome and dis-
ease stage (82). At a median 100 wk follow-up, with 43% deaths in M1
patients, there was a significant survival advantage of 6 wk favoring castra-
tion (Table 3), while quality of life and symptomatic response favored bica-
lutamide (82). However, for the M0 patients bicalutamide was not
significantly different from castration for survival outcome at a median of
6.3 yr follow-up with 56% deaths (Table 3) (83). Significant quality of life
advantages for bicalutamide over castration with respect to sexual interest (p
= 0.029) and physical capacity (p = 0.046) were also apparent in these
patients. Furthermore, there is an indication that bone mineral density in
patients treated with bicalutamide is similar to that of age-matched controls.
This is in contrast to patients treated with castration who showed a loss of
bone-mineral density. Analyses of two smaller European studies comparing
bicalutamide 150 mg monotherapy with CAB did not reveal any significant
survival difference between the treatment groups, but bicalutamide was bet-
ter-tolerated than CAB and quality of life benefits associated with bicalu-
tamide therapy were confirmed (84,85).
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Table 3
Recent Phase III Studies of Nonsteroidal Antiandrogens as Monotherapy in Advanced Prostate Cancer

Patient
population

(disease stage; Median Median time to
Study Comparator no. of patients) follow-up progression Median survival

Flutamide 250 mg tds
Boccon-Gibod et al. Orchiectomy D2; n = 104 36 mo Flutamide: 396 d NS

1997 (81) Orchiectomy: 370 d
Pavone-Macaluso 1994 (79) CAB C/D; n = 319 2 yr ND NS (about 44% at 2 yr)
Chang et al. 1996 (80) DES 3 mg/d D2; n = 80 48 mo Flutamide: 9.7 mo Flutamide: 28.5 mo

DES: 26.4 mo DES: 43.2 mo
Bicalutamide 50 mg/d
Bales and Chodak 1996 (37) LH-RHa or D2; n = 1196 17 mo Bicalutamide: 46% Bicalutamide: 765 d

orchiectomy progressed during 
follow-up

Castration: 35% Castration: 862 d
progressed

Bicalutamide 150 mg/d
Tyrrell et al. 1998 (82) LH-RHa or M1; n = 903 100 wk Castration > bicalutamide Castration > bicalutamide 

orchiectomy (hazard ratio = 1.44) (hazard ratio = 1.3)
Iversen et al. 2000 (83) Goserelin acetate M0; n = 480 6.3 yr Bicalutamide = castration Bicalutamide = castration 

or orchiectomy (hazard ratio = 1.20) (hazard ratio = 1.05)
Boccardo et al. 1999 (84) CAB C/D; n = 220 38 mo Bicalutamide: 25 mo Bicalutamide: 44 mo

CAB: 23 mo CAB: 45 mo
Chatelain et al. 1999 (85) CAB D2; n = 270 31 mo NS NS

CAB, combined androgen blockade; DES, diethystilboestrol; LH-RHa, luteinizing hormone-releasing hormone agonist; ND, not determined; NS, not signifi-
cant; tds, three times daily.



6. TOLERABILITY

The side effects of NSAAs related to androgen withdrawal include breast
pain, gynecomastia, and hot flushes. Breast symptoms occur more frequently
during monotherapy, whereas hot flashes are more common during CAB
(84,85). Overall, there do not appear to be any clinically relevant differences
between the three NSAAs regarding the incidence or severity of pharmaco-
logic side effects. Importantly, sexual potency and libido are maintained in
most patients during NSAA monotherapy (67,82,83,89).

With respect to nonpharmacologic events, all three NSAAs slightly increase
the incidence of nausea and vomiting, but there are no marked differences
between the drugs. However, important differences in treatment-related diar-
rhea are seen. Diarrhea is most common and in some cases more severe with
flutamide; for example, in the comparative trial within CAB, significantly
more patients experienced diarrhea in the flutamide than the bicalutamide
group (26 vs 12%; p < 0.001) and treatment withdrawal due to diarrhea also
differed (6 and 0.5%, respectively) (56). These figures are comparable with
those quoted by other investigators (44,73,76,89–91).

The incidence of diarrhea in bicalutamide monotherapy studies was only
2–5% (82,83,92); frequencies of 5–20% have been cited for flutamide
monotherapy (81,89), and 2–4% for nilutamide monotherapy (67,92,93).

Differences between the NSAAs are also apparent with respect to liver toxic-
ity. Abnormal liver-function tests have been reported with all three NSAAs. The
incidence of abnormalities varies widely, from 2–3% with nilutamide (67,94,95)
and 4–62% with flutamide (45,69,91,96–98). Many, but not all, cases may be at
least partly due to underlying diseases and/or concomitant drug therapy. In the
double-blind comparative study of flutamide and bicalutamide, the incidence of
elevated transaminases was higher, but not significantly so, in the flutamide
group (56). Symptomatic and, in some cases, serious hepatotoxicity has also
been reported for NSAAs. It has been estimated that the risk of severe, poten-
tially fatal, hepatic failure with flutamide is 3/10000 patients (99). Nilutamide
hepatotoxicity is less well-documented, but can also have a fatal outcome (100).
A case of near-fatal fulminant hepatic failure in a patient on bicalutamide therapy
(50 mg) has recently been published (101), but it is uncertain whether this can be
attributed to bicalutamide, as the symptoms developed after only two doses in a
patient previously exposed to both cyproterone acetate and flutamide (101).

Nilutamide is associated with several complications that have not been seen
or have only rarely been reported with the other two NSAAs. The occurrence
of interstitial pneumonitis and dyspnea without evidence of pulmonary infiltra-
tion during nilutamide therapy is a well-recognized complication (92,103). The
manufacturers of nilutamide have indicated that the overall incidence of inter-
stitial pneumonitis is approx 1% (103). Patients usually improve shortly after
discontinuation of nilutamide, but complete resolution can take 6–12 mo. It
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has been suggested that oxidative stress secondary to the metabolism of nilu-
tamide may cause both the pulmonary and hepatic toxicity associated with the
drug, and simultaneous liver and lung toxicity has been reported in one patient
(104). Interstitial pneumonitis has not been reported with flutamide, but there
has been one case in a patient receiving bicalutamide 200 mg (105).

A significant proportion of patients receiving nilutamide (11–65%) experi-
ence delayed light/dark adaptation (67,92–95,106–109). In an objective oph-
thalmologic study, the increase in adaptation time ranged from 20 s to 25 min,
with a mean delay of 9 min (106). Visual acuity is not impaired and no
anatomic changes in the retina are apparent. Other unspecified visual side
effects have also been linked with nilutamide (92). A slight disulfiram-type
reaction, with hot flashes and a rash has also been reported in 3–19% of
patients receiving nilutamide as monotherapy or as a component of CAB
(67,92,94,95,107,108). No reports have suggested that either of these problems
occur with flutamide or bicalutamide.

It should be noted that the reported incidence of adverse events is often higher
during clinical trials, in which events are actively sought, than during routine
clinical practice. In general, NSAA therapy is well-tolerated. A review of the
CAB trials shows that between 7% and 18% of patients withdrew from the CAB
group due to drug-related side effects. Most trials of NSAA monotherapy
involved only small patient samples and, consequently, estimates of treatment
withdrawals may be less accurate. In the large bicalutamide 150 mg monother-
apy trials, less than 2% of patients withdrew due to adverse events.

7. FUTURE PERSPECTIVES

7.1. Neoadjuvant Therapy in Early Prostate Cancer
Approximately 50% of men with a clinical diagnosis of organ-confined dis-

ease have positive surgical margins, seminal-vesicle invasion, or extracapsular
extension at radical prostectomy, and are at risk of early biochemical relapse
(110). Neoadjuvant hormonal therapy is under investigation as one method of
improving surgical outcome in these men. The histopathologic and PSA pro-
gression results from several controlled studies in which CAB was given for 3
mo preoperatively are now available (Table 4), but longer follow-up is needed
to determine whether the advantages of neoadjuvant therapy with respect to
reduction in tumor volume, surgically positive margins, and extracapsular pen-
etration, translate into improved survival. The optimum duration of neoadju-
vant therapy in this setting also remains to be defined; recent results presented
by Gleave and colleagues (119) show that with an 8-mo course of neoadjuvant
CAB, PSA levels continue to fall between 3 and 8 mo.

Neoadjuvant hormonal therapy has also been evaluated in patients undergoing
radiotherapy. In a randomized study in 471 men with nonmetastatic (T2-4) dis-
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Table 4
Results of Controlled Studies of 3 Mo Combined Androgen Blockade (Leuprolide/Goserelin Plus Flutamide) 

Before Radical Prostectomy in Early Prostate-cancer Patients

Decrease in 
Patient population tumor volume  Rates of Prostate-specific

(disease stage; after neoadjuvant extracapsular Rates of  positive antigen progression 
Study no. of patients) therapy penetration surgical margins during follow-up

Soloway et al 1995, 1997 T2b; n = 277 20% CAB: 47% CAB: 18% NS at 2 yr
(111,112) Controls: 78% Controls: 48%

Cookson et al. 1997 (113) T1, T2, T2/3; n = 141 38% CAB: 26% CAB: 13% NS at median 35 mo
Controls: 51% Controls: 36%

Fair et al. 1997 (110) T1-2; n = 131 ND CAB: 27% CAB: 17% NS at mean 28.6 mo
Controls: 44% Controls: 36%

Schulman et al. 1997, T2; n = 159 30% CAB: 33% CAB: 14% NS at 3 yr
Witjes et al. 1997 Controls: 66% Controls: 36%

(114,115)
Labrie et al. 1994, 1997, B/C; n = 161 44% CAB: 22% CAB: 8% ND
Vaillancourt et al. 1996 Controls: 51% Controls: 34%

(116–118)

CAB, combined androgen blockade; ND, not determined; NS, not significant.
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ease, neoadjuvant CAB (goserelin plus flutamide) given for 2 mo before and
during radiotherapy significantly reduced local progression at 5 yr (120). How-
ever, a significant difference in overall survival has yet to be determined. More
recently, a Canadian group found significant advantages for neoadjuvant CAB in
terms of PSA measurements over 3 yr of follow-up (121,122). Continuing with
CAB for 6 mo after radiotherapy conferred further early benefits. An additional
advantage of CAB in this setting is a reduction in radiation-associated morbidity
(123).

7.2. Adjuvant Therapy in Early Prostate Cancer
The efficacy of adjuvant hormonal therapy in the setting of breast-cancer

treatment (124) provides a rationale for a similar approach in early prostate can-
cer. Extensive clinical studies are currently underway using various modalities
including NSAA monotherapy as adjuvant therapy. The largest of these studies
(AstraZeneca trials 023, 024, and 025; data on file) aims to study the impact of
bicalutamide monotherapy (150 mg/d) compared with placebo, on time to pro-
gression and survival in 8113 early prostate-cancer patients who have undergone
radical prostatectomy or radiotherapy. Early results on time to recurrence from a
smaller controlled trial of adjuvant flutamide involving 365 men with T3 disease
appear promising (125). Bicalutamide is also being assessed as a definitive
approach for patients who are unsuitable for, or refuse, radical therapy.

7.3. Intermittent CAB
The concept of intermittent CAB is based on the hypothesis that intermittent

androgen deprivation may prolong tumor sensitivity, thereby extending pro-
gression-free and/or ultimate survival (126,127). This approach may also offer
benefits in terms of quality of life, recovery of sexual potency, and drug costs.
Intermittent CAB can be realized using reversible medical castration. Several
investigators have recently reported their preliminary experience of intermit-
tent CAB in small uncontrolled studies (128–130). While their results suggest-
ing equivalent survival and improved tolerability are encouraging, randomized
controlled trials comparing intermittent with continuous CAB are needed to
define fully the clinical advantages and risks of this approach.

7.4. New Combination Therapies
Another recent approach developed to try to extend the progression-free

interval in advanced prostate cancer is the combination of CAB with
chemotherapy. Pummer and colleagues (131) have evaluated CAB (orchiec-
tomy and flutamide) combined with weekly epirubicin in a randomized con-
trolled study in 145 previously untreated patients. At median follow-up of 81
mo, progression-free and overall survival increased by 6 and 8 mo, respec-
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tively (p < 0.02 and p = 0.12, respectively) in the epirubicin group. Quality of
life was similar in the two groups.

Sequential androgen blockade is another innovative technique designed to
mitigate the side effects of androgen suppression. This method of treatment
uses a 5α-reductase inhibitor to suppress the conversion of testosterone to
DHT in conjunction with an antiandrogen to antagonize the remaining andro-
gens at the receptor level. Sequential androgen blockade should theoretically
prevent the side effects of castration by maintaining high circulating testos-
terone levels, but prevent androgen-induced tumor growth. Pilot studies of
finasteride combined with flutamide have been conducted (132–135), and ran-
domized trials are now underway.

Research into the mechanisms of tumor growth and refractoriness may lead
to the development of further combination therapies for different stages of
prostate cancer. For example, the antagonism of growth factors using suramin-
like compounds may make endocrine blockade more complete (136,137).

7.5. NSAAs as Second-Line Therapy
All current and investigative first-line treatments for advanced prostate can-

cer are palliative and research is therefore being directed at appropriate sec-
ond-line therapies following relapse. Limited biochemical responses to both
flutamide and bicalutamide have been observed following relapse after surgi-
cal or medical castration (70,105,138–140). Interestingly, PSA responses to
second-line high dose bicalutamide have also been seen in patients previously
exposed to flutamide as part of CAB, both in those who did and did not
demonstrate a response to flutamide withdrawal (105,141). Bone-scan
improvements were also seen in a small proportion of the patients who had an
initial response to flutamide withdrawal. These findings demonstrate that only
those tumors that continue to proliferate after trials of second-line hormonal
manipulation should be defined as hormone-refractory (142).

8. SUMMARY

NSAAs are currently most widely used as a component of CAB for
advanced prostate cancer. The benefits of this approach have yet to be fully
confirmed. Overall gains over castration alone are probably modest, and may
be restricted to patients with few bone lesions. Within CAB, flutamide and
bicalutamide are equally effective regarding overall survival outcome, but
bicalutamide may be more advantageous in minimal disease. Recently it was
suggested that prolonged NSAA therapy may result in prolonged survival
when compared to short-term NSAA use as part of CAB therapy. Based on
current data, antiandrogen-withdrawal therapy can be considered as a suitable
option for patients who have progressed on CAB.
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NSAA monotherapy offers palliative benefits in advanced disease, while
enhancing certain quality of life domains compared with castration or CAB,
specifically maintenance of sexual interest and potency. Bicalutamide has been
more extensively studied as monotherapy than flutamide or nilutamide; sur-
vival with bicalutamide 150 mg monotherapy is equivalent to castration in M0
disease, whereas for certain M1 patients the quality of life gains may outweigh
the slightly inferior survival.

Tolerability is an important consideration when choosing a NSAA. There
are no clinically important differences between the NSAAs regarding pharma-
cologic side effects. However, these drugs differ with respect to the profile of
nonpharmacologic toxicity. To date, bicalutamide appears to offer tolerability
advantages over flutamide and nilutamide.

New therapeutic approaches that might reduce the mortality of patients with
prostate cancer are being investigated. Research into the role of growth factors,
oncogenes, tumor-suppressor genes, and inducers of apoptosis—together with
ongoing/planned clinical studies of intermittent CAB and sequential androgen
blockade in advanced disease, and neoadjuvant/adjuvant treatment for early
prostate cancer—should provide a greater range of treatment options in the
near future.
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1. INTRODUCTION

In 1941, androgen sensitivity of adenocarcinoma of the prostate was demon-
strated by Huggins and Hodges (1). The result was a considerable enthusiasm that
androgen ablation by surgical orchidectomy or administration of estrogens would
treat prostate cancer. Testosterone, a steroidal hormone produced by the testicular
tissue, represents the vast majority of circulating androgen. It passes through the
prostate-cell membrane, where it is converted to dihydrotestosterone (DHT) by
the intracellular enzyme 5 alpha-reductase. DHT is believed to be the intracellular
messenger responsible for stimulating the nucleus for protein synthesis after it
binds to intracellular receptor (Fig. 1). Bilateral surgical orchidectomy leads to a
decrease of the plasma testosterone level from 500 ng/100 mL to about 50 ng/100
mL in the majority of cases. The fall is very quick and ranges from 3–12 h, a mean
of 8.6 h (2). Side effects of testosterone withdrawal include loss of libido, impo-
tence, and hot flashes. Psychological aspects of castration became above all an
important issue particularly with regards to the morale and quality of life of
patients undergoing this form of therapy. Estrogen therapy, though previously uti-
lized, fell out of favor in view of the cardiovascular and thrombo-embolic compli-
cations rates, which were as high as 25–30%. Hence was the search for
alternatives of equivalent efficacy but without the prohibitive side effects.
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Leydig-cell production of testosterone is under the control of luteinizing
hormone (LH) secreted by the anterior pituitary. However, the ultimate control
of the entire cascade lies in the hypothalamus, where luteinizing hormone-
releasing hormone (LH-RH) is released in a pulsatile fashion. LH-RH flows
through the hypothalamic-pituitary portal venous system to reach the anterior
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Fig. 1. Physiological control of prostate-gland cellular metabolism.



pituitary gland. Negative feedback inhibition by the circulating testosterone
assures maintenance of natural levels. The naturally occurring LH-RH is a
peptide where 10 amino acids are linked (Fig. 2).

In 1971, Schally and co-workers isolated and described the molecular struc-
ture of the naturally occurring decapeptide (3). Amino acid substitutions at dif-
ferent positions lead to the production of some decapeptides with agonist and
some with antagonist abilities. Several agonists were synthetised and are at
present used therapeutically (Table 1). The synthetic analogues are approx 100
times more potent than the naturally occurring LH-RH (4).

2. LH-RH AGONISTS FOR MEDICAL ORCHIDECTOMY

Several large clinical randomized studies were initiated comparing LH-RH
agonists with surgical orchidectomy and estrogen therapy (5,6). The results
showed medical LH-RH agonist therapy to be as effective as surgical orchidec-
tomy in terms of suppression of serum testosterone and its maintenance to
within the surgically castrate range. No differences were shown in objective
response rates, time to response, duration of response, and time to treatment
failure (Table 2).

On initiation of LH-RH agonist therapy, an initial rise in LH with subsequent
rise in testicular androgen production occurs. This rise could lead to serious
effects in patients with large tumor burden, those with neurological signs of
spinal-cord compression due to bone metastases and those with impending
ureteric obstruction due to extensive local disease. Several reports recognized and
confirmed this feature, which became subsequently known as the “flare phenome-
non” (7–12). Medical castration (LH-RH agonist therapy) gained favorable
acceptance rapidly by patients. Lunglmayr and Girsch reported in 1987 their
experience with 57 patients (13). All patients were informed that both surgical and
medical castration regimens were equally effective and identical in terms of side
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Fig. 2. Structure of the naturally occuring LH-RH. Replacement of the amino acids in posi-
tions 6 and 10 (*) is the bases of the pharmacologically produced analogues.

Table 1
LH-RH Agonists Available

Deca-peptyl SR Triptorelin 4.2 mg i.m./4 wk
Zoladex Goserelin 3.6 mg s.c./4 wk
Zoladex LA Goserelin 10.8 mg s.c./12 wk
Prostap SR Leuprorelin 3.75 mg s.c. or i.m./mo
Prostap 3 Leuprorelin 11.25 mg s.c./3 mo



effects. Forty-nine patients (86%)opted for LH-RH agonist medical castration.
Their choice was mainly for cosmetic reasons (63%) and fear of surgery (35%).
In 1990 the outcome of assessment of the treatment choice made by patients with
advanced prostate cancer was reported by Soloway et al. (14). The assessment
was conducted via a questionnaire completed at home by 147 patients who had
the chance to discuss it with their families. Overall, 115 patients (78%) selected
LH-RH agonist therapy with the rest opting for surgical castration. Again, fear of
surgery or the wish to avoid it was the main reason behind the choice made by
those who opted for medical castration. Follow-up 3 mo after initiation of therapy
showed that all those patients who received LH-RH agonist therapy but one indi-
cated that they would have made the same choice again.

Patients who are offered castration as a treatment option, and their treating
physicians, are usually keen to evaluate prospectively the outcome of treatment.
As surgical and medical castration proved to be equivalent in objective response,
time to treatment failure, and survival, further analysis of prognostic factors was
conducted. In 292 patients reported, the relevant prognostic factors included: pre-
treatment serum testosterone, performance status, alkaline phosphatase, and
Gleason score (Table 3). Each factor was further analysed into subgroups and the
results are shown in Fig. 3 (15). LH-RH agonist therapy established its value in
management of prostate cancer. Efforts were subsequently directed to achieve
longer-acting depot formulations. Goserelin, which was initially evaluated as a
daily s.c. injection, became later available as a four weekly s.c.depot injection
(3.6 mg) and currently as a 12 weekly s.c.depot (10.8 mg). Other formulations
available include: buserelin (initiation: s.c. injection 0.5 mg every 8 h for 7 d;
maintainance: one application of nasal spray in each nostril 6 times daily),
leuprorelin (3.75 mg s.c. or i.m. injection monthly and 11.25 mg s.c. 3 monthly)
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Table 2
Objective Response Rates, Time to Responce, Duration of Response, 

and Time to Treatment Failure (5)

Zoladex Surgical 
3.6 mg orchi- 
depot dectomy

Results (148 pt) (144 pt) P_Value

Response %
Complete and Partial 71 72 ns
Stable 18 22 ns
Progression 11 6 ns
Mean time to response (wk) 9.0 10.2 ns
Median duration of response (wk) 53.7 50.1 ns
Median time to treatment failure 26.9 40.3 ns

ns: Not a significant difference between medical and surgical castration.



and triptorelin (4.2 mg i.m. injection). Preliminary results of longer acting formu-
lations, reaching up to 6 mo were recently reported (16).

3. HISTOLOGICAL CHANGES IN RESPONSE TO LH-RH

Androgen blockade has effects on both the benign and malignant components.

3.1. LH-RH Effects on Benign Glands
There is a marked atrophy of the glands (Fig 4A). This is seen as a decrease

in the overall lobular architecture as well as atrophy of individual acini. The
removal of androgen support triggers off apoptosis and therefore degenerative
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Table 3
Prognostic Factors

◆ Performance status p < 0.0001
◆ Alkaline phosphatase p < 0.0001
◆ Tumor grade p = 0.0008
◆ Serum testosterone p = 0.0039

ns difference not significant.

Adapted with permission from ref. (5).

Fig. 3. Prognostic factors with regards to outcome in prostate-cancer patients undergoing
castration.
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Fig. 3. Continued.



Fig. 3. Continued.

Fig. 4. Histological changes in response to LH-RH therapy. (A) Marked atrophy of benign
glands in peripheral zone after LH-RH therapy. (H&E). (B) Prominence and mild hyperpla-
sia of basal cells after LH-RH therapy. (Immunohistochemistry for high molecular weight
cytokeratin LP34). (C) Areas of squamous metaplasia within benign prostatic glands after
LH-RH therapy (H&E). (D) Carcinoma with marked clear cell change after LH-RH therapy.
Note also the small nuclei without obvious nucleoli (H&E). (E) Early fibrosis and edema of
stroma with small residual glands of carcinoma, after LH-RH therapy (H&E). Photographs
courtesy of Dr. Michael Jarmulowicz, Senior Lecturer and Honorary Consultant in
Histopathology, The Royal Free Medical School and NHS Trust.
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changes of cells are seen. In addition, there is condensation of the nucleoli,
clearing of the cytoplasm, and often there is a vacuolar change at the luminal
surface. The basal cells are not under androgen control and these become much
more prominent, and often show basal-cell hyperplasia (Fig. 4B). The atrophy
is most marked in the peripheral zone, with less pronounced changes being
apparent in areas of nodular hyperplasia. Foci of squamous and transitional
metaplasia are also common (Fig. 4C).
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Fig. 4. Continued.



3.2. LHRH Effects on Malignant Tumors
The most dramatic effect on malignant glands is a decrease in the tumor-

cell size with a corresponding nuclear condensation. The nuclear “atrophy” is
also accompanied by a marked decrease in the prominence and size of nucle-
oli. The cytoplasmic clearing seen in the benign glands is very prominent in
the malignant ones (Fig. 4D). The decrease in gland size, often with loss of
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Fig. 4. Continued.



obvious lumen, makes the glands appear further apart and often as solid nests.
Such an architecture is given a higher Gleason score and explains the
“upgrading” of tumors after LH-RH therapy. Although some have advocated a
different set of criteria for Gleason-grading tumors after androgen blockade,
the uncoupling of cytological and architectural appearances of the tumor is
characteristic of androgen blockade and rarely causes confusion.

Although apoptosis is defined as programmed cell death without associated
inflammation, there is often a lymphocytic infiltrate in areas of tumor. In the
early stages there is stromal edema, which in later stages is replaced by fibrosis
(Fig. 4E). In a neo-adjuvant (LH-RH agonist) radical prostatectomy, there is
often quite marked variation of these changes across the specimen. This may
reflect different responses of malignant clones to androgen blockade. Some
may have escaped androgen control.

4. ADJUVANT/NEOADJUVANT HORMONE 
DEPRIVATION THERAPY

Despite the technological and clinical advances in early diagnosis and staging of
prostate cancer, clinical understaging occurs in a significant number of patients,
possibly in about 50% (17). This finding lead to an ongoing debate with regards to
the choice between radical prostatectomy and radiation therapy in management of
localized prostate cancer. As it has been recognized that a localized prostatic lesion
can be reduced in size by hormonal deprivation (1), the place of pretreatment (neo-
adjuvant) or simultaneous treatment (adjuvant) hormonal manipulation could
enhance the outcome of the therapeutic modality offered.

4.1. Radiation Therapy
Radiation therapy aims at destroying malignant tissue while causing mini-

mal damage to neighboring normal tissues. Androgen-ablation therapy leads to
a reduction of the prostate volume allowing increased radiation dose to the
prostate and seminal vesicles. The neighboring normal tissues, namely the
bladder and rectum, thus receive less irradiation. Zelefsky and coworkers (18)
reported a 25% decrease in the size of the prostate volume after 3 mo of neoad-
juvant therapy. This in turn led to a decrease in the volume of the rectum
receiving 95% of the prescribed dose from 36 to 30%. The bladder volume
receiving 95% of the prescribed dose decreased from 53 to 35%. Comparable
results were also reported by Forman et al. (19). In addition, in a randomized
comparative trial of neoadjuvant hormone-ablation therapy and radiotherapy
vs radiotherapy alone, Pilepich et al. (20) reported significant decrease in local
progression (Table 4).

Bolla et al. (21) reported the results of a prospective randomized trial com-
paring external-beam irradiation alone with external-beam irradiation plus
adjuvant treatment with goserelin in 415 patient with locally advanced prostate
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cancer. Patients in the combined treatment group received goserelin 3.6 mg
subcutaneously starting on the first day of irradiation and continuing every 4
wk for 3 yr. The adjuvant treatment group showed improved local control and
survival (Table 5).

4.2. Radical Prostatectomy
There is no clear-cut evidence that neoadjuvant therapy prior to radical

prostatectomy improves the outcome of relapse compared with those having
surgery alone. It is disputed in addition as to when to offer neoadjuvant ther-
apy, in what form, and for how long. Partin et al. in 1997 (22), pointed out that
39% of T1c cancers, 52% with palpable abnormality (T2a or greater), 46% of
those with a Gleason score of 6 or less and 36% in men with PSA value of 4.0
ng/mL or less, are already beyond the confines of the prostate. These findings
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Table 4
Androgen Deprivation with Radiation Therapy Compared to Radiation Alone 

for Locally Advanced Prostatic Carcinoma

Local  (%) Distant Progression free 
Treatment modality progression (5 yr) metastases (%) survival rate (%)

Neoadjuvant therapy 46 34 36
+ radiotherapy

Radiotherapy alone 71 41 15

Adapted with permission from ref. (20).

Table 5
Improved Survival in Patients with Locally Advanced Prostate Cancer Treated 

with Radiotherapy and Goserelin

Time
to first 5 Yr

Overall Disease- Disease 5 Yr treatment failure-
Treatment survival free pro- local failure free
modality (5 yr) Deaths survival gression control (yr) rate

Radiotherapy 79% 35a 85% 20 pt 97% 6.6 81%
+ Goserelin

Radiotherapy 62% 58b 48% 78 pt 77% 4.4 43%
alone

p value 0.001 < 0.001 < 0.001 < 0.001
a Six due to prostate cancer.
b 26 due to prostate cancer.

Adapted with permission from ref. (21).



could be utilized as a pointer to choose patients for neoadjuvant therapy prior
to radical prostatectomy in order to improve the organ-confined harvest. How-
ever, an increase in the organ-confined cancers neither necessarily implies an
increased cure rate nor guarantees a cure. At present neoadjuvant hormonal
therapy in prostate cancer is not a commonly accepted approach (23). The clin-
ical Phase III trials currently conducted have provided until now only prelimi-
nary data that do not support the adoption of such regimen as standard policy.
It is only right to point out that discussing the various aspects by the treating
clinician and individual patient could lead to a decision whether to use therapy
prior to surgery or not.

5. COMBINED ANDROGEN BLOCKADE

For decades it has been known that the total available androgens in man
include those secreted by the testis and adrenals. Following the observation
that all prostate-cancer patients treated with castration eventually relapse, both
orchidectomy and adrenalectomy were attempted by Huggins and Scott (24). It
was established that the concentration of DHT remained high within the
prostate tissue after castration. Investigations of other means to control adrenal
androgens stimulating effects were initially reported by Labrie et al. (25).
Widespread and enthusiastic studying of this therapeutic approach (Table 6)
led to, and still causes, controversial views addressing its value.

The results of all studies addressing this approach have been inconclusive
with regards to the value of this regimen. It seems that the greater survival
advantage seen with combined androgen blockade is only in those patients
with good prognostic profile. This includes minimal or lower tumor burden,
good performance status, and perhaps well-differentiated histological grades
of tumors. This approach in management has important economic and clinical
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Table 6
Combination Therapies

I. Surgical castration and antiandrgens
1. Orchidectomy + nilutamide
2. Orchidectomy + flutamide
3. Orchidectomy + cyprotrone acetate
4. Orchidectomy + bicalutamide

II. Medical castration and antiandrogens
1. Leuprolide + flutamide
2. Goserelin + flutamide
3. Busereline + cyprotrone acetate
4. Goserelin + bicalutamide

III. Estrogens + antiandrogens



consequences. Indeed it is far from over that all aspects of combined androgen
blockade have been clearly verified and understood.
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V PERSPECTIVE ON PROGRESS



1. INTRODUCTION

The goal of this final chapter is to highlight several important advances in
basic and clinical research that may prove to be pivotal advances for the new
millenium. Although it is not possible to be all-inclusive, we have selected
advances that could be viewed as the most valuable for the control of hor-
mone-dependent disease. We have developed our theme as advances in the
clinic that exploit the strategic use of hormonal intervention followed by
advances in laboratory research that provide an insight into the molecular
mechanisms of antihormone action. We will consider advances in breast cancer
as a model for future targeted therapies.

385

From: Hormone Therapy in Breast and Prostate Cancer
Edited by: V. C. Jordan and B. J. A. Furr © Humana Press Inc., Totowa, NJ

18 Recent Progress 
in Breast Cancer Research

V. Craig Jordan and Barrington J. A. Furr

CONTENTS

INTRODUCTION

CHEMOPREVENTION OF BREAST CANCER

SECONDARY ENDPOINTS

OTHER STUDIES OF TAMOXIFEN FOR PREVENTION

OTHER CONCERNS IN TAMOXIFEN PREVENTION

FUTURE DIRECTIONS

TREATMENT WITH ANTIHORMONES

MODELS FOR DRUG RESISTANCE

A SELECTION OF SERMS

A MOLECULAR MECHANISM OF SERM ACTION

FINAL THOUGHTS

REFERENCES



2. CHEMOPREVENTION OF BREAST CANCER

The National Surgical Adjuvant Breast and bowel Project (NSABP) P-1
study (1) was opened in 1992 with a primary endpoint of determining whether
the use of tamoxifen for five years reduced the incidence of invasive breast
carcinoma in high-risk women. Risk was calculated using the Gail model (2),
which includes age, age of menarche, parity and age at first live birth, number
of first-degree relatives with breast cancer, number of breast biopsies, and a
diagnosis of atypical hyperplasia. Prior to the NSABP P-1 trial, this model had
been shown to predict risk accurately in two validation studies of women
undergoing annual mammographic screening (3,4). However, it is not a useful
model for assessing risk in women with a strong family history of breast can-
cer suggestive of a genetic mutation, since it only includes first-degree rela-
tives. The accuracy of the Gail model was examined using data from the 5969
white women in the placebo arm of the P-1 prevention trial (5). After an aver-
age follow up of 48.4 mo, the ratio of expected to observed invasive cancers
was 1.03 (95% CI 0.88–1.21) and 0.84 (95% CI 0.73–0.97) for both invasive
and in situ cancers. In absolute numbers, the model predicted 159 invasive
cancers and 155 occurred, indicating that the model is a clinically useful tool
for counseling women about risk and identifying high-risk subjects for pre-
vention interventions.

One of the most remarkable findings of the P-1 trial (1) is the consistent
benefit of tamoxifen across all groups studied. A total of 368 invasive and non-
invasive breast cancers occurred in the study participants, 124 in women on
tamoxifen and 244 in those in the placebo group. Overall, a 49% reduction in
the risk of invasive carcinoma was seen in the tamoxifen group (Fig. 1), a fig-
ure remarkably similar to the 47% reduction in contralateral breast cancer
reported in the Overview Analysis (6). A 50% reduction in noninvasive breast
cancer (ductal carcinoma in situ, DCIS) was also observed in those receiving
tamoxifen (Fig. 1), which is consistent with recent reports about the treatment
of DCIS with tamoxifen (7). Tamoxifen was found to be of benefit in all age
groups, with relative risks ranging from 0.56 in women age 49 and younger,
0.49 for women age 50 to 59, and 0.45 for those age 60 and older. Although all
women included in this study were defined as being at increased risk of breast
cancer, a benefit was seen for all levels of risk within the study. Those at the
lowest level of increased risk (≤ 2% over 5 yr) had a 63% reduction in breast-
cancer risk, compared to 66% for those at the highest level of increased risk
(≥ 5.01% over 5 yr). Women at risk on the basis of a family history of breast
cancer, as well as those at risk due to other factors, were found to benefit from
treatment. A particular benefit was observed in women at risk on the basis of
lobular carcinoma in situ (LCIS) or atypical hyperplasia. In an updated analy-
sis of this subgroup (8), treatment with tamoxifen reduced risk by 65% in those
with LCIS and 86% in those with atypical hyperplasia. In addition, the benefits
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of tamoxifen were consistent over time, with no evidence of diminution as the
length of follow-up increased. Thus, the reduction in breast-cancer incidence
was 55% in year two of the study, 49% in year four, and 55% in year six.

3. SECONDARY ENDPOINTS

The secondary aims of the NSABP study were to determine the effects of
tamoxifen on the incidence of fractures of the hip, spine, and radius, and on the
incidence of ischemic heart disease. Overall, 483 women in the placebo group
and 472 in the tamoxifen group had fractures. Osteoporotic fractures occurred
in 137 women on placebo and 111 on tamoxifen, a 19% reduction (RR 0.81;
95% CI 0.63–1.05). The greatest reduction was seen in hip fractures, where a
45% decrease was noted in women taking tamoxifen. Not surprisingly, the
greatest reduction in fractures was seen in women age 50 or greater at study
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Fig. 1. A comparison of the studies to reduce the incidence of breast cancer. The NSABP P-1
trial is the only completed prospective clinical trial designed to test the value of an antiestrogen
in preventing breast cancer in 13,388 high-risk women, selected on a validated mathematical
risk model. The figure illustrates the effect of tamoxifen on both invasive and noninvasive (duc-
tal carcinoma in situ; DCIS) breast cancer. By contrast, the Royal Marsden Study is a pilot pro-
ject, and was stated to be a toxicity evaluation in 2,471 women at lower risk than the NSABP
Study. These women were selected based on first-degree relatives with breast cancer. The Ital-
ian Study is from 3,984 normal-risk women, half of whom had already had an oophorectomy.
Finally, the raloxifene result is estimated from published abstracts and is a secondary endpoint
from 10,553 postmenopausal women around 70 yr of age who were participating in osteoporo-
sis trials. The results for raloxifene are for both invasive and noninvasive breast cancer, but an
effect of raloxifene on reducing DCIS alone has not been found because the events are too few.



entry. Overall, these findings are consistent with the observations that tamox-
ifen increases bone density (9). The lack of a statistically significant reduction
in fracture incidence is most likely due to the fact that only 3995 of the 6681
women assigned to receive tamoxifen were age 50 or older, and only 1964
were age 60 or older. Thus, the number of women at significant risk for osteo-
porotic fracture receiving tamoxifen was relatively low.

No differences in the incidence of ischemic heart disease were observed.
Overall, the annual rate of ischemic disease was 2.37 per 1000 in the placebo
group and 2.73 per 1000 in the tamoxifen group. When myocardial infarction,
fatal myocardial infarction, angina requiring angioplasty or surgery, and acute
ischemic syndromes were considered individually, no differences between the
placebo and tamoxifen groups were noted. However, unlike hormone-replace-
ment therapy that is associated with an early increase in deaths from myocar-
dial infarction before benefits are eventually observed, no early increase in the
deaths are observed with tamoxifen (10).

4. OTHER STUDIES OF TAMOXIFEN FOR PREVENTION

Although the results of the P-1 trial (1) were strongly positive and consis-
tent with the laboratory data (11) and findings with contralateral breast cancer
from the Overview (6), the publication of two other studies that showed no
decrease in breast-cancer incidence in women taking tamoxifen (12,13) raised
significant questions regarding its efficacy. The Italian prevention trial (13)
randomized 5408 of the planned 20,000 women aged 35–70 to tamoxifen 20
mg daily or placebo. There was no requirement for an increased level of
breast-cancer risk to enter the study, and participants were required to have had
a hysterectomy. Those women who had a premenopausal bilateral oophorec-
tomy and hysterectomy (47% of participants) were actually at a reduced risk of
breast-cancer development. The relatively low risk level of the participants in
the study is evident from the breast-cancer incidence in the placebo arm of the
study, 2.3 per 1,000 (compared to 6.7/1000 in the NSABP trial), and the small
number of total cancers in the study, 41. In addition, although 5408 women
were randomized, 1422 withdrew from the study and only 149 completed 5 yr
of treatment. The failure of this study to demonstrate a benefit of tamoxifen is
readily explained by its lack of statistical power due to small sample size, high
dropout rate, and low level of baseline risk in the population studied. Never-
theless, those women who were taking estrogen-replacement therapy had a sig-
nificant increase in breast cancer compared with those taking estrogen plus
tamoxifen. This is a demonstration that tamoxifen can prevent estrogen-
induced tumorigenesis.

The other report that failed to demonstrate a benefit for tamoxifen was from
the Royal Marsden Hospital (12). This study recruited 2484 women aged
30–70 who took tamoxifen 20 mg daily or placebo for up to 8 yr. Risk was pri-
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marily determined on the basis of a family history of breast cancer. Although
the trial was initially described as a pilot study to evaluate toxicity (14), it was
subsequently analyzed for breast-cancer incidence. After a median follow-up
of 70 mo, 70 breast cancers had occurred, with no difference in incidence
between the tamoxifen and placebo arms. This study differed from the NSABP
trial in that participants were younger and were allowed to use hormone-
replacement therapy during the study. The authors reported that pedigree
analysis of study participants was consistent with a high proportion of BRCA1
and two mutation carriers, leading them to hypothesize that the negative study
results could indicate that tamoxifen chemoprevention is ineffective in this
subgroup of women (12). This explanation seems unlikely, since the breast-
cancer incidence in the placebo arm of the study was only 5.5 per 1000, lower
than that seen in the NSABP trial, and not suggestive of a study population
enriched with carriers of a genetic mutation. Overall, the NSABP trial with its
46,858 women years of follow-up and 264 invasive malignancies is consider-
ably more robust than the Royal Marsden and Italian studies, which together
have only 103 malignant events as illustrated in Fig. 1. In addition, the NSABP
trial is the only one of the three studies that was designed to be a definitive pre-
vention trial, and the study results are completely consistent with data from the
laboratory and the Overview Analysis. More recently, publication of the
NSABP B 24 trial, in which women with DCIS were treated with excision and
irradiation and randomized to tamoxifen 20 mg daily for 5 yr or placebo (7),
provides further confirmation of these results. The B 24 study demonstrates a
37% reduction in the risk of invasive and noninvasive breast cancer events in
women taking tamoxifen. The somewhat smaller magnitude of benefit in this
study in comparison to the prevention trial is consistent with the fact that DCIS
lesions have progressed further along the pathway to the fully malignant phe-
notype than atypical hyperplasia or LCIS and would not be expected to be as
responsive to a chemopreventive agent.

5. OTHER CONCERNS IN TAMOXIFEN PREVENTION

The use of tamoxifen for prevention has given rise to a number of concerns,
many of which can be addressed with currently available data. The first of
these is that since tamoxifen reduces the incidence of estrogen receptor (ER)-
positive breast cancer, its use will increase the amount of poor prognosis, ER-
negative breast cancer. Although the NSABP study confirms that tamoxifen
reduces the annual rate of ER-positive breast cancer by 69%, it shows no dif-
ference in the incidence of ER-negative tumors (1). In addition, there was no
increase in the number of cancers with positive axillary nodes or those greater
than 2.0 cm in size in the tamoxifen-treated group. Thus, although the propor-
tion of ER-negative tumors will be higher in a population of women treated
with tamoxifen, the absolute number will be unchanged.
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The other major concern regarding tamoxifen is its toxicity. The most seri-
ous toxicities are an increased incidence of endometrial carcinoma and an
increased risk of thrombotic vascular events. Although tamoxifen has been
used to treat endometrial cancer, it is clear that the drug increases the inci-
dence of the disease. In the P-1 trial, women taking tamoxifen had 2.5 times
greater risk of developing endometrial carcinoma (95% CI 1.35–4.97) than
those on placebo. The only significant increase in risk was in women age 50
and older. No excess of endometrial cancers was observed in younger women.
Overall, the absolute increase in endometrial cancer was from 0.91 per 1000
women in the placebo group to 2.3 per 1000 in the tamoxifen group. All of the
endometrial cancers in the tamoxifen group were Stage I. A review of the pub-
lished literature on endometrial cancer associated with tamoxifen (15) con-
firms that these tumors do not differ in grade or stage from those occurring in
the general population. Bernstein and co-authors (16) examined the relation-
ship between tamoxifen use and known risk factors for endometrial cancer
and found that both prior estrogen replacement and higher body-mass index
were associated with a greater risk of endometrial cancer in tamoxifen-treated
women. In the absence of these factors, the risk of endometrial cancers in
women taking tamoxifen was quite low.

A recent epidemiology study in Holland has noted increases in endometrial
cancer in postmenopausal patients treated with tamoxifen. However, unlike
data derived from clinical trials, the authors claim an increase in poor grade
disease associated with tamoxifen (17). The epidemiology study could be criti-
cized because the database draws upon cases in the decade before the associa-
tion between tamoxifen and endometrial cancer was well known. Today,
gynecologic surveillance is an integral part of women’s health and it would be
unlikely that women who elected to use tamoxifen as a chemopreventive
would not have annual gynecologic examinations.

Tamoxifen has also been noted to increase the incidence of thromboembolic
events, although this increase in risk is seen only in women age 50 and older.
In the prevention trial (1), significant increases in the risk of deep venous
thrombosis (RR 1.71) and pulmonary embolism (RR 3.19) were seen in post-
menopausal women. An excess of strokes was also seen, although this differ-
ence was not statistically significant. In addition to an increased risk of
endometrial carcinoma and thromboembolic events, a marginally significant
increase in cataract formation and an increase in cataract surgery were seen in
tamoxifen-treated women. The rate of cataract development increased from
21.72 per 1000 in the placebo arm to 24.82 in the tamoxifen arm, and the use
of cataract surgery increased from 3.0 to 4.72 per 1000 women.

While major toxicities of tamoxifen are rare, symptoms that may affect
quality of life are more common. An analysis of 13,388 participants (82.6% of
total accrual) in the P-1 trial was carried out to assess quality of life (18).
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Significant increases in vasomotor and gynecologic symptoms such as vaginal
discharge were noted in the tamoxifen group. Overall, no differences in scores
on a depression scale or a short-form health-status survey were seen. This
study also failed to confirm any increase in weight gain and depression, two
problems anecdotally associated with tamoxifen therapy. A similar conclusion
has recently been published (19) by analyzing the quality of life in the Mars-
den and ongoing International Breast Intervention Study.

6. FUTURE DIRECTIONS

The publication of the NSABP prevention trial was the culmination of
three decades of laboratory and clinical investigation, and provides a valu-
able option for women at increased risk for breast cancer. However, many
questions remain to be answered. These include the duration of benefit from
a 5 yr course of tamoxifen for prevention. Clearly, the Overview Analysis
indicates that benefit lasts for at least 5 yr after the drug is stopped, and 10 yr
data will be available shortly. Does tamoxifen “imprint” the breast perma-
nently? Is ongoing exposure to estrogen (i.e., menopausal status) a factor in
determining the duration of benefit? What is the optimal time in a woman’s
life to give tamoxifen? Serious side effects are less frequent in younger
women, but does this leave them at risk later in life when the baseline inci-
dence of breast cancer is higher? Are we giving the optimal dose of tamox-
ifen or are we giving too much? The dose used in the chemoprevention trial
(20 mg daily) was based on experience with the use of tamoxifen as a breast-
cancer therapy, but could a much lower dose, say 10 mg 3 times a week, be
just as effective in postmenopausal women? Pilot studies demonstrate that
lower-dose treatment may be appropriate for future chemoprevention studies
(20–23). Finally, are there more effective agents than tamoxifen? A decade
ago, when selective ER modulation was first recognized (24–26), a paradigm
shift occurred for drug development that has had important implications for
breast-cancer prevention in postmenopausal women whose major breast-can-
cer risk factor is age. If tamoxifen, an anti-breast cancer drug, could maintain
bone density and lower circulating levels of cholesterol, why not develop a
drug to prevent osteoporosis that would prevent breast cancer as a beneficial
side effect (27). The new strategy was simply stated:

we have obtained valuable clinical information about this group of
drugs that can be applied in other disease states. Research does not
travel in straight lines and observations in one field of science often
become major discoveries in another. Important clues have been gar-
nered about the effects of tamoxifen on bone and lipids so it is possible
that derivatives could find targeted applications to retard osteoporosis
or atherosclerosis. The ubiquitous application of novel compounds to
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prevent diseases associated with the progressive changes after
menopause may, as a side effect, significantly retard the development
of breast cancer. The target population would be postmenopausal
women in general, thereby avoiding the requirement to select a high-
risk group to prevent breast cancer (27).

Raloxifene is the practical result of this strategy. Raloxifene is approved for
the prevention of osteoporosis (28), but an evaluation of the incidence of
breast cancer in study participants shows a decrease in women taking ralox-
ifene compared with placebo (Fig. 1) (29). However, breast-cancer incidence
was a secondary endpoint of this study, and the breast cancer-risk status of the
participants is unknown. The Study of Tamoxifen and Raloxifene (STAR) trial
(30) (Fig. 2) will provide a definitive comparison of the risks and benefits of
both drugs in a population of high-risk postmenopausal women. Raloxifene is
not available for use in premenopausal women.

In the interim, tamoxifen is a viable option for breast-cancer-risk reduction
in women at increased risk. Women must weigh the risks and benefits of
tamoxifen chemoprevention against their personal level of breast-cancer risk
and the alternatives of close observation or prophylactic mastectomy. A
woman’s overall health status is a critical component of this discussion. While
all women who meet the risk criteria of the P-1 prevention trial will not choose
to take tamoxifen, it is a particularly attractive option for women with LCIS or
atypical hyperplasia, premenopausal women at increased risk, and post-
menopausal women who have had a hysterectomy.
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Fig. 2. The study of tamoxifen and raloxifene (STAR) is recruiting 22,000 high-risk post-
menopausal women to be randomized to tamoxifen (20 mg/daily) or raloxifene (60
mg/daily). Risk is determined using the Gail Model. Recruitment is ongoing and should be
completed by 2003. Results will be available 5 yr later.



7. TREATMENT WITH ANTIHORMONES

Tamoxifen is the endocrine treatment of choice for all stages of ER-positive
breast cancer (6,31). However, we are now in a position to assess the overall
impact of tamoxifen treatment through a continuing evaluation of the random-
ized clinical trials in the Oxford Overview Analysis. The recent analysis (Sep-
tember 2000) confirms the continuing effectiveness of tamoxifen as an
adjuvant therapy in ER-positive, node-positive, and node-negative pre- and
postmenopausal patients with breast cancer. Remarkably, tamoxifen continues
to be effective for at least 10 yr after adjuvant therapy is stopped. This clinical
observation naturally leads to the question of a mechanism for the long-term
beneficial actions of tamoxifen. Some clues have recently been published from
laboratory models. This new concept is addressed in the next section.

The success of tamoxifen has naturally lead to advances in therapeutics to
avoid premature drug resistance. It is generally believed that drug resistance to
tamoxifen occurs because of the intrinsic estrogen-like properties of the mole-
cule. Tamoxifen-stimulated breast-cancer cells are selected for growth and, as
a result, treatment fails.

A current strategy is to develop less estrogen-like modalities as first-line
treatment. The pure antiestrogen Faslodex® has successfully been tested as a
treatment for advanced breast cancer (32,33), as has anastrozole (34,35) and
the aromatase inhibitors anastrozole (Arimidex®), letrazole and exemestane are
currently being evaluated against tamoxifen as an adjuvant therapy. A pivotal
trial called Arimidex®, tamoxifen alone or in combination (ATAC) has ran-
domized more than 9000 patients to receive 5 yr of tamoxifen, anastrazole, or
the combination. Results will be available in late 2001. Since these treatment
strategies, i.e., pure antiestrogens or aromatase inhibitors, do not have intrinsic
estrogenic effects in the uterus, there will not be an increase in endometrial
cancer as a side effect of therapy.

8. MODELS FOR DRUG RESISTANCE

There are still many gaps in our knowledge about drug resistance and new
translational models are needed to explore the clinical issue of drug resistance
to selective estrogen receptor modulators (SERMs) in patients. To this end, one
of the authors (VCJ) has made a commitment to develop new models of SERM
resistance to breast and endometrial cancer in vivo so that cross-resistance to
tamoxifen can be evaluated for any new agent before valuable clinical
resources are committed to national trials.

All current investigators of tamoxifen-stimulated breast-cancer growth are
focused on the MCF-7 breast-cancer-cell line (36), but there is a requirement
for diversity so that the multiplicity of drug-resistance pathways that are possi-
ble can be studied. About a quarter of breast cancers are mutated in the p53
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gene so it would be reasonable to create a laboratory model to study the obser-
vation that patients with p53 mutations fail tamoxifen more rapidly (37). Addi-
tionally, endometrial cancers that occur during long-term tamoxifen therapy
are also mutant for p53 (17). MCF-7 cells contain wild-type p53, and it is gen-
erally found that estrogen withdrawal produces a variety of cell lines that are
estrogen independent for growth but retain ER and are still responsive to antie-
strogens (38–40). In contrast, the ER positive T47D breast cancer-cell line (41)
is mutated for p53 and loses ER under conditions of estrogen withdrawal (42).
We chose to determine whether we could establish a new model of drug resis-
tance to tamoxifen with the T47D cell line transplanted into athymic mice.
Earlier studies had suggested that the cells were not only estrogen-responsive
for growth but also required a pituitary factor for optimal growth (43).
Additionally, we hypothesized that tamoxifen would cause a rapid change
from ER-positive to ER-negative (42). We were incorrect, as transplantable
estrogen-responsive tumors were rapidly converted to tamoxifen-stimulated
tumors that retained the ER during high-dose (1.5 mg tamoxifen orally per
day) tamoxifen treatment. The decrease in cell-cycle control through mutated
p53 could potentially be the reason for the rapid failure of tamoxifen treatment
both clinically and in the T47D model (44). We are using the new model to
classify novel SERMs (45,46).

It is important to improve on tamoxifen because drugs that are clearly cross-
resistant may be inappropriate for clinical use. We have already noted that
unlike Faslodex® (ICI 182,780) which is not cross-resistant with tamoxifen in
either model (or the tamoxifen-stimulated endometrial-cancer model [47]),
other triphenylethylenes, toremifene or idoxifene, are cross-resistant (45). The
new SERMs related to raloxifene have mixed effects and display cross-resis-
tance in some models but not others (46).

The Overview Analysis (6) clearly demonstrated the beneficial effects of 5 yr
of adjuvant tamoxifen treatment both for node-negative and node-positive
patients. There is a significantly improved disease-free and overall survival in
women treated with tamoxifen, and the beneficial effects are observed for up to
10 yr of follow-up. Based on these data, the question could be raised that if 5 yr
of treatment is superior to shorter treatment periods, why stop tamoxifen at 5 yr,
and why not propose the antiestrogen for a longer duration of treatment (48)?
The NSABP (49) addressed this question by studying the effects of 5 vs more
than 5 yr of tamoxifen treatment for breast cancer in ER-positive, lymph-node-
negative patients. Using the data from the B-14 study, as well as recruiting other
patients with the same criteria, the following important observations were made:
1) significantly better disease-free, distant disease-free, and overall survival at 10
yr was found in patients treated with tamoxifen for 5 yr compared to 5 yr of
placebo; 2) tamoxifen therapy was associated with a 37% reduction in the inci-
dence of contralateral breast cancer; and 3) advantages in disease-free and dis-
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tant disease-free survival were found in patients who discontinued tamoxifen
therapy at 5 yr compared to patients taking tamoxifen for 10 yr.

It is possible that tamoxifen-stimulated drug resistance occurs with more
than 5 yr of adjuvant tamoxifen treatment, but the question could also be asked
“Why does five years of tamoxifen confer a long-term survival advantage
despite stopping tamoxifen?” A woman’s endogenous estrogen would be
expected to reactivate any residual ER-positive breast-cancer cells.

Until recently there was no model of long-term tamoxifen therapy. The
MCF-7 models described previously (50,51) are representative of the develop-
ment of drug resistance during the treatment of advanced breast cancer with
tamoxifen. On average, tamoxifen therapy is effective for approximately 1 yr.
To address this deficiency, we serially transplanted MCF-7 tamoxifen-stimu-
lated tumors into tamoxifen-treated mice for up to 5 yr (52).

Based on extensive laboratory studies on the actions of E2 and tamoxifen on
tumor-growth regulation, we propose the following sequential stages of hor-
mone sensitivity in breast cancer that appear to follow a 5-yr cycle (Fig. 3): 1)
tamoxifen acts as an antiestrogen by blocking tumor growth; 2) tamoxifen-
stimulated tumors occur, and these tumors can grow with either tamoxifen or
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Fig. 3. Cyclical model of tumor sensitivity to TAM over a 5-yr period. MCF-7 breast
tumors are ER-positive and respond to E2, but TAM blocks this E2-stimulated growth. After
1 yr of continuous TAM treatment, however, the tumors respond to both E2 and TAM
(MCF-7;TAM). After 4 yr of TAM treatment, the tumors are exclusively TAM-dependent,
and 2 wk of E2 treatment results in complete tumor regression. After 6–8 wk of E2 treat-
ment, some tumors will regrow, and these have reverted back to the original MCF-7 pheno-
type, with E2 stimulating growth and TAM blocking this E2-stimulated growth.



E2; 3) eventually only tamoxifen stimulates tumor growth, but E2 causes a dra-
matic regression of tumor size; 4) E2 subsequently stimulates the regrowth of
some tumors, but tamoxifen blocks E2 stimulated growth. In our study, only
physiological doses (premenopausal levels) of estrogen were used to prevent
tumor growth, to induce tumor regression, or to stimulate tumor growth. We
suggest that the repeated transplantation of these tumors into tamoxifen-treated
animals has resulted in the selection of a MCF-7 tumor that is now supersensi-
tive to the cytotoxic effects of estrogen.

Overall, this new model system of changing hormonal sensitivity in breast
cancer can be applied to provide an insight into the long-term control of breast
cancer relapse following 5 yr of adjuvant tamoxifen. We suggest that if the
micrometastases around a woman’s body become supersensitized to the
actions of estrogen by tamoxifen, then a women’s own estrogen may provoke
an antitumor effect after 5 yr of tamoxifen treatment (52). The conclusions
would also imply that patients could benefit from tamoxifen rechallange fol-
lowing recurrence several years after their adjuvant therapy. Clearly, these con-
clusions should be tested in clinical trials.

9. A SELECTION OF SERMS

The successful development of tamoxifen as a breast-cancer preventive, and
the introduction of raloxifene to prevent osteoporosis, has encouraged the
investigation of “new” molecules that may have unforeseen advantages.
Droloxifene, 3-hydroxytamoxifen, and idoxifene (Fig. 4) are similar molecules
to tamoxifen that potentially have multiple applications as SERMs. Drolox-
ifene is active as an estrogen-like agent in rat bone (53), but has activity in the
clinic (54) as a breast-cancer drug. Similarly, idoxifene is active in rat bone
(55) and is an antitumor agent in models of breast cancer (56).

The compounds listed in Fig. 5 (with the exception of ICI 182,780) can
potentially be applied either as breast-cancer therapies or as agents for osteo-
porosis or both. The drugs GW 5638 (Fig. 4) and CP 336,156 (Fig. 5) are both
particularly interesting because they maintain bone density in animals (57,58)
and could find an application as preventives for osteoporosis but with the
potential to prevent breast cancer (59) because of their structural similarity to
tamoxifen and nafoxidine, respectively. Furthermore, the new SERM LY
353385 (60) is designed to be more bioavailable than raloxifene, which is only
2% (61) so that a more sustained blood level can be maintained. The com-
pound is in clinical trial for breast cancer (62). However, the new drug EM-652
currently being developed by Schering-Plough is a surprise. The compound
has been evaluated rigorously in animal models and is classified as an orally
active pure antiestrogen because the molecule silences both AF1 and AF2 in
ERα (63). The formula of the drug is drawn in the publications to show a
structural similarity to the pure antiestrogen ICI 182, 780 (64).
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Fig. 4. Triphenylethylene molecules related to tamoxifen that have been evaluated as selec-
tive ER modulators in bone and breast. Neither compound is being pursued for further clin-
ical development.

Fig. 5. Nonsteroidal compounds under active laboratory and clinical evaluation as seletive
estrogen receptor modulators. The steroidal compound ICI 182,780 (Faslodex®) being eval-
uated as a pure antiestrogen for breast-cancer treatment.



We have developed an assay system in vitro that can distinguish between
tamoxifen-like compounds, raloxifene-like compounds, and pure antiestrogens
(Fig. 6). The assay depends on the differential regulation of the transforming
growth factor-α (TGF-α) via wild-type and Asp351Tyr mutant ER (65–67).
EM-652 is reclassified as a raloxifene-like compound (68) and not a pure
antiestrogen. The compound EM-652 may not have use as a second-line drug
after tamoxifen failure, but there is potential to prevent coronary heart disease
and/or osteoporosis if toxicity in preliminary studies proves acceptable. EM-
652 has recently been shown to preserve bone density in rats (69), thus validat-
ing the laboratory-assay system. Since new SERMs can now be rapidly
classified based on functional assays, only selected agents need to be crystal-
lized to confirm the biologic data. This approach to drug discovery will make
clinical testing of compounds more predictable in the future.

10. A MOLECULAR MECHANISM OF SERM ACTION

Over the past five years, new models to describe the interaction of ralox-
ifene and tamoxifen have been developed through a combination of X-ray
crystallography and structure-function relationships of the ER. It is not pos-
sible to crystallize the whole ER for technical reasons, but a shortened lig-
and-binding domain has been crystallized with estradiol, diethylstilbestrol
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Fig. 6. Antiestrogens can be classified by their interaction with the ER. Tamoxifen analogs
with a similar side chain are promiscuous and readily activate the TGF-α gene in MDA-MB-
231 cells stably transfected with cDNAs for ER. Raloxifene analogs have increased estrogenic-
ity with a mutated ER (Asp351Tyr) because this changes the protein conformation to increase
activating functions. Pure antiestrogens are not affected by the ER mutation at 351.



(DES) raloxifene, and 4-hydroxytamoxifen (70,71). Similarly, the ligand-
binding domain of ERβ crystallized with raloxifene (72) and the pure antie-
strogen ICI 164,384 (73) have been reported. The findings advance earlier
structure function studies that proposed that estrogens are locked within the
ligand-binding domain to cause activation of the ER complex, but the side
chain of antiestrogens wedges the ligand-binding domain open so the ER is
not fully activated (74,75).

X-ray crystallography demonstrated that estrogens are bounded within the
hydrophobic ligand-binding domain and helix 12 folds across the top of the
pocket sealing the estrogen inside. The correct positioning of helix 12 now per-
mits coactivator binding so that estrogen-responsive genes can be transcribed
(70,71) (see Chapter 3). In contrast, raloxifene does not permit the locking of
the ligand within the hydrophobic pocket and helix 12 is repositioned in the
site on the surface of the ER normally occupied by a coactivator. 4-Hydroxyta-
moxifen produces a similar repositioning of helix 12, but there are subtle dif-
ferences in the structures of the ER complex (71) that can explain the
differences in the estrogen-like properties of tamoxifen when compared to
raloxifene. X-ray crystallography revealed an intimate connection between the
antiestrogenic side chain of raloxifene and amino acid 351 aspartate in the lig-
and-binding domain of ER (70). However, the side chain of 4-hydroxytamox-
ifen is not as close to aspartate 351 (71) (Fig. 7). We propose that the
remaining negative charge that surrounds the surface amino acid aspartate in
the 4-hydroxytamoxifen: ER complex is the key to the estrogen-like actions of
the complex. This, we reason, could form the basis for a novel binding site for
coactivators and explain the promiscuous estrogen-like effects of 4-hydroxyta-
moxifen compared to raloxifene. However, it had previously been suggested
that the estrogen-like actions of 4-hydroxytamoxifen was because activating
functions (AF1) at the far end of the ER from the ligand-binding domain was
constitutive and unaffected by ligands (76). We have addressed these issues
through a study of structure-function relationships of mutated ERs at target
genes based on an initial observation of a naturally mutated ER discovered in a
tamoxifen-stimulated tumor (77).

A single-point mutation in the cDNA for ER was detected in a MCF-7
tamoxifen-stimulated tumor line using single-stranded conformational poly-
morphism (78). This resulted in a D351Y change in the amino acid sequence.
However, the mutation was outside the traditional AF2 region of the ligand
binding domain, and studies using techniques of transient transfection and arti-
ficial reporter genes show very little changes in intrinsic activity for tamoxifen
and raloxifene ER complexes when compared with estradiol (79). In contrast,
the structure-function relationship of wild-type and mutant ERs using stable
transfection of cDNAs was evaluated in the ER-negative breast-cancer-cell
line MDA-MB-231 (80). The rationale for the use of MDA-MB-231 cells was
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Fig. 7. Diagram based on the crystal structure of the ER LBD complexed with either E2, 4-OHT or Ral. The amino acids that interact with the lig-
and have been identified, and bond lengths, when important, have been noted. The significant difference between E2 and the antiestrogens is the
interaction with aspartate 351. However, the antiestrogenic side chain of Ral appears to be closer than is possible for the side chain for 4-OHT. We
propose that this is an important difference between 4-OHT and Ral complexes that could result in an increased E2-like action of the 4-OHT:ER
complex.
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that they would be replete with transcription factors relevant to breast cancer.
Additionally, it was found that the complex promoter for TGF-α could be acti-
vated by ER (81) so this was selected as the gene target in situ.

We found that there was a profound difference between tamoxifen and
raloxifene ER complexes in the stable transfectants with wild type ER. Tamox-
ifen was a complete estrogen at the TGF-α gene (65), whereas raloxifene was
an antiestrogen (66). Most importantly, the D351Y transfected cells converted
raloxifene from an antiestrogen to an estrogen (66). We conclude that aspartate
at amino acid 351 was extremely important for the expression of antiestrogenic
and estrogenic actions of raloxifene because a mutation to tyrosine changes the
relationship of the ligand side chain and the protein (67). The interactions of
the piperidine ring that shields the charge at the small aspartate is no longer
possible when tyrosine is substituted so coactivators can now activate the
D351Y: ER raloxifene complex to transcribe TGF-α. The hypothesis was con-
solidated with further information about the 4-hydroxytamoxifen: ER com-
plex. Norris and coworkers (82) used a phage-display assay to identify
different coactivator binding sites on the estradiol and 4-hydroxytamoxifen:
ER complex (Fig. 8). It was reasoned that the 4-hydroxytamoxifen: ER com-
plex could have a binding site for coactivators that included aspartate 351. If
the binding of coactivators at the novel site, (which we have named AF2b), is
dependent on a correctly positioned negative charge for LXXLL binding, then
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Fig. 8. A diagrammatic representation of the hypothesis (82) that coactivators bind to the
estradiol ER complex at a different place than the tamoxifen ER complex to initiate gene
transduction. These data were generated using random phage-display technology with pep-
tides to block coactivator action. Different peptides were discovered that blocked coactiva-
tors for the different complexes.



removal of the charge or displacement of the charge should result in loss of
estrogen-like properties for the 4-hydroxytamoxifen ER complex. Addressing
the first point, a D351G cDNA stable transfectant was prepared in MDA-MB-
231 and it was found that 4-hydroxytamoxifen loses estrogen-like properties
but retains antiestrogenic properties (83). Most importantly, these data demon-
strate that it is possible to silence the “constitutive activity” of AF1 in the 4-
hydroxytamoxifen: ER complex by an allosteric interaction at the
ligand-binding domain. To the second point, a novel derivative of tamoxifen
called GW 7604 was examined. Unlike all other SERMs, GW 7604 and the
pro-drug GW 5638 (Fig. 4) have an antiestrogenic side chain that contains a
carboxylic acid rather than a tertiary nitrogen atom. The pro-drug has virtually
no uterotropic activity in the rat but is estrogen-like in the bone (57,84) and is
classified as a novel SERM with actions on the ER like a pure antiestrogen
(85). Computer-assisted ligand docking showed (86) that GW 7604, the pre-
sumed active metabolite of GW 5638, dramatically repels AA 351 aspartate,
and this is correlated with a loss of estrogen-like properties at the TGF-α gene.
In broad terms, we reclassified GW 7604 as a raloxifene-like drug because
D351Y ER weakly reactivates the TGF-α gene (86).

In summary, the previous models of estrogen and antiestrogen action
(70,74,75,87) have recently been advanced to describe a complex interaction
between putative coactivators for the ER complex that could control SERM
actions. The site for coactivator binding on the E2 ER complex (AF2) is dis-
tinct from the site on the 4-hydroxytamoxifen: ER complex (AF2b) (83,86).
Norris and coworkers originally proposed a new coactivator site on the ER,
which they call AF2a (88). However, the site is probably more complex than
originally thought as it must involve helix 12 and a correctly positioned and
charged amino acid at the surface site 351 that then acts synergistically (89)
with AF1. This new SERM site AF2b could be a target for further drug discov-
ery, but only if there is selective specificity at the target site that would avoid
general toxicity. Indeed, it has recently been shown that the intrinsic estro-
genicity of the complex can easily be modulated through alterations in the
charge of the amino acid in position 351 (89).

11. FINAL THOUGHTS

We were encouraged to edit this book by the proven success of endocrine
therapy for breast and prostate cancer. Thirty years ago, none of the targeted
therapeutic agents routinely used today was available to the physician. We
offer this volume as proof of principle that targets in cancer can be discovered
and that drugs with selective toxicity to the tumor and not the host can be
developed. This is not a new idea, but it is one that was almost forgotten during
the past 40 years of testing cytotoxic chemotherapy. The concept of destroying
a parasite with chemotherapy was demonstrated just when Professor Paul
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Ehrlich successfully tested his 606th compound salvarsan to cure syphilis
nearly 100 years ago (90).

The key to rational drug discovery in cancer is either the application of a
novel chemopreventive strategy (91,92) or the identification of an appropriate
target in the tumor. The use of the proposed SERM strategy (27) to develop a
molecule to prevent osteoporosis but to reduce the risk of breast cancer is a
further idea that has been exploited with some success. Raloxifene is available
to prevent osteoporosis (28,93), but with a reduction in breast-cancer incidence
(29,94) compared with the elevated risk observed with hormone-replacement
therapy. The wide-spread use of SERMs, i.e., tamoxifen and raloxifene, will
potentially reduce the incidence of breast cancer, but these agents will also
shift the primary endocrine treatment of breast cancer away from tamoxifen
towards aromatase inhibition or the use of a pure antiestrogen such as
Faslodex. Additionally, patients who receive SERMs for prevention will
admittedly have reduced incidence of breast cancer, but an increased propor-
tion of endocrine-refractory breast cancer. New targets are currently being
developed to address this treatment issue specifically. Tumor-specific tyrosine
kinase inhibitors such as Irressa are proving successful in a wide range of can-
cers.

However, future targets are required for effective chemoprevention and
treatment in breast and prostate cancer. The completion of the Human Genome
Project to sequence each chromosome and the application of gene array tech-
nology (95) will allow the description of novel pathways to modulate cell
replication and apoptosis. These molecular targets will extend the proven prin-
ciples illustrated in this volume.
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