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Aromatase is the enzyme that catalyzes the conversion of androgens to estrogens. Initial studies
of its enzymatic activity and function took place in an environment focused on estrogen as a component of the birth control pill. At an early stage, investigators recognized that inhibition of this enzyme
could have major practical applications for treatment of hormone-dependent breast cancer, alterations of ovarian and endometrial function, and treatment of benign disorders such as gynecomastia.
Two general approaches ultimately led to the development of potent and selective aromatase inhibitors. One targeted the enzyme using analogs of natural steroidal substrates to work out the relationships between structure and function. The other approach initially sought to block adrenal function as
a treatment for breast cancer but led to the serendipitous finding that a nonsteroidal P450 steroidogenesis inhibitor, aminoglutethimide, served as a potent but nonselective aromatase inhibitor. Proof
of the therapeutic concept of aromatase inhibition involved a variety of studies with aminoglutethimide and the selective steroidal inhibitor, formestane. The requirement for even more potent and
selective inhibitors led to intensive molecular studies to identify the structure of aromatase, to development of high-sensitivity estrogen assays, and to “mega” clinical trials of the third-generation
aromatase inhibitors, letrozole, anastrozole, and exemestane, which are now in clinical use in
breast cancer. During these studies, unexpected findings led investigators to appreciate the important role of estrogens in males as well as in females and in multiple organs, particularly the bone
and brain. These studies identified the important regulatory properties of aromatase acting in an
autocrine, paracrine, intracrine, neurocrine, and juxtacrine fashion and the organ-specific enhancers and promoters controlling its transcription. The saga of these studies of aromatase and the
ultimate utilization of inhibitors as highly effective treatments of breast cancer and for use in reproductive disorders serves as the basis for this first Endocrine Reviews history manuscript. (Endocrine
Reviews 30: 343–375, 2009)
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I. Introduction
he initial discovery of estrogens and their bioactivity in
urinary extracts in the 1920s provided the impetus to
better understand the structure, biosynthesis, secretion,
and function of the various estrogens. Working independently, Edward Doisy and Adolf Butenandt isolated estriol, estrone, and estradiol from pregnancy urine in the
early 1930s (1–5). These studies prompted attempts to
determine the specific mechanisms of estrogen synthesis.
The initial discovery of the aromatase enzyme and the
unraveling of its varied functions represent an intriguing
and illustrative series of events and a major success story
in the field of endocrinology regarding breast cancer therapy. Aromatase provided one of the first molecular targets
for rational drug development in the treatment of cancer.
Comprehensive studies of aromatase demonstrated the
importance of extraglandular hormone synthesis and of
intracrine, autocrine, paracrine, juxtacrine, and neurocrine mechanisms of estrogen action. Study of its physiology revealed many surprising findings, particularly in
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males, such as its role in energy balance (6), maintenance
of bone (7), regulation of pituitary gonadotropins (8),
modulation of spermatogenesis (9), and development of
gynecomastia (10).
The story of the discovery of the aromatase enzyme and
its wide-ranging physiological actions provides insight
into the unexpected complexities of hormonal regulation
and highlights how the prepared mind can process unexpected findings to generate new hypotheses, a scientific
process characterized in detail by Claude Bernard in the
mid-19th century (11). This first “history” manuscript
published by Endocrine Reviews will attempt to capture
these aspects of the studies on aromatase and of the investigators who contributed to this process.

II. Discovery and Characterization
of Aromatase
The isolation and biochemical characterization of androgens and estrogens in the 1930s allowed recognition of
the similarities between these two classes of compounds
and the speculation that C19 steroids might be directly
converted to C18 estrogens (1– 4, 12). Bernhard Zondek
(12) speculated correctly in 1934 that “the female hormone which is regularly present in the male organism represents a normal physiological product of the metabolism
of the sex hormones especially since— due to our present
chemical knowledge—a conversion of the male hormone
into the female one appears to be quite possible.” Steinach
and Kun (13) in 1937 provided the first experimental evidence of this conversion by administering unlabeled testosterone propionate to men and demonstrating enhanced
estrogenic activity in urine. Later, the focus on development of oral contraceptives provided a practical impetus
for intensive study of estrogen synthesis and metabolism.
The Worcester Foundation for Experimental Biology
(WFEB), established in 1944 in Shrewsbury, Massachusetts, became an incubator for scientists interested in reproduction, neurophysiology, and steroid biochemistry.
This ultimately led to the development of the oral contraceptive pill by founder Gregory Pincus* and M. C. Chang.*
A major interest of the Foundation’s research was the program focused on biosynthesis and metabolism of steroids
produced by the adrenal glands, testes, and ovaries.
Recruitment of Ralph Dorfman* to the Foundation
(1951–1964) enhanced efforts to understand steroid
metabolism and provided necessary bioassay expertise.
Dorfman brought with him a team of scientists that included the enzymologist, Mika Hayano,* whose laboratory became a center for research on estrogen biosynthesis.
*A photograph of each individual identified within text by an asterisk appears online on the
Aromatase History Web Site (www.freewebs.com/aromatasehistory).
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These investigations benefited from collaborations with
Andre Meyer, a Swiss scientist working with Pincus.
Meyer took up the challenge of identifying metabolites of
4-androstene-3,17-dione (A) in incubations of bovine adrenal homogenates. In 1955, Meyer made the crucial discovery that androstenedione was hydroxylated by the bovine adrenal to yield 19-hydroxy-A (19-OH-A) (14, 15)
and noted that “the removal of the angular methyl group
at C19, a step requiring introduction of a hydrogen molecule to oxygen, facilitated aromatization of ring A or B of
the steroid.” He recognized the enzymatic nature of 19hydroxylation and suggested that this was likely a first
step in the biosynthesis of estrogens from nonaromatic
steroids. He believed that aromatization involved more
than one enzymatic step and termed this the “aromatization process” (14, 15). Kenneth Ryan later agreed but
speculated about the possibility of a single enzymatic step
by stating: “Although the aromatization of androgens to
estrogens probably represents a multienzyme system, it is
interesting to note that the time curve is linear for the first
hour” (16). Definitive proof that only a single enzyme was
involved awaited purification of aromatase in the 1980s
(see Section IX. A).
Dorfman and Kenneth Savard later provided further
insight into the “aromatization process.” They demonstrated conversion of radiolabeled testosterone to estrogen by the human ovary in studies carried out at the WFEB
in collaboration with two Harvard scientists, Lewis Engel
and Billy Baggett (17). Key to the success of these studies
was the use of radiolabeled tracer steroids synthesized by
the laboratory of Marcel Gut at the WFEB. Before the
availability of radiolabeled steroids from commercial
sources, Gut’s radiolabeling expertise was critical to
working out steroid biosynthesis and metabolic pathways
(18). Meyer, Hayano, and co-workers further demonstrated formation of estrogen during incubation of 19hydroxyandrostendione with various tissues including
ovaries and adrenals (14, 15). Nevertheless, the yields
were quite low, and it remained for Kenneth Ryan and
Lewis Engel at Harvard to utilize human placental microsomal preparations to convert androgens to estrogens in
high yields (16). This microsomal system became the
mainstay for studying the aromatization of androgens to
estrogens and the mechanisms involved (19).
Investigation of the aromatization reaction benefited
from the critical mass of recruited investigators and trainees attracted by the National Institutes of Health (NIH)
Training Program for Steroid Biochemistry jointly held at
the WFEB and Clark University (20). Work from the
Hayano team led Tomas Morato and colleagues to propose 19-oxo-androstenedione as the intermediary between 19-OH-A and estrogen (21) and to postulate the
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sequence to be testosterone 3 19-hydroxyandrostenedione 3 19-oxoandrostenedione 3 estrogen. They also
noted the strict requirement of reduced nicotinamide adenine dinucleotide phosphate (NADPH) and oxygen for
the conversion of both 19-oxygenated compounds to estrogens. The A ring of the estrogen molecule then received
the experimental attention of Aubrey Thompson, Pentti
Siiteri,* and Paul MacDonald at University of Texas
Southwestern Medical School in Dallas, Jack Fishman and
his group at Rockefeller University, and Eliahu Caspi at
the WFEB (22–26). These investigators proposed several
mechanisms, but details of the reaction sequence, and in
particular the third step, have eluded investigators until
this day (27, 28), and novel mechanisms continue to be
suggested (29, 30).
Another postdoctoral fellow from the NIH Training Program for Steroid Biochemistry to join the Hayano laboratory
was Harry Brodie,* who initially sought to understand the
stereochemistry of hydrogen elimination at the C-1 position
during aromatization. In previous work by Gual* et al. and
Morato et al. (20, 21), a number of steroid structures were
evaluated as possible precursors to aromatization of ring A.
These studies suggested that the ⌬4-3-one structure in ring A
was required but that the ⌬4-3-one structure was a poor
initial precursor, as was 19-norandrostenedione. The presence of axial ␤ substituents at C-11 interfered with aromatization, whereas those at the 11␣ and 9␣ positions did not.
The cumulative evidence suggested that 19-oxo-androstenedione required hydroxylation and cofactors to be converted to estrogen and the final oxidation step involved dehydrogenation at C-1 and C-2.
Because aromatization appeared to involve ␤-face attacks, the precise site (i.e., ␣ or ␤ hydrogen) where the stereochemical elimination of hydrogen at C-1 occurred became of interest. Harry Brodie, Morato and Gut, together
with others in the Hayano lab, prepared samples of androstenedione labeled with 3H at C-1 in either the ␣ or ␤ position. Upon incubation with placental microsomes, 83% of
tritium in the 1␤ position was lost during conversion to estrone, whereas 85% of the 1␣ tritium was retained, indicating the importance of loss of the 1␤-hydrogen (31, 32).
Later, Harry Brodie and John Townsley established that
the 2␤-hydrogen was also required (33). The observations
that 19-norandrostenedione and androsta-1,4-diene-3,17dione are poor substrates for conversion to estrogen suggested that hydrogens are removed after oxidation of the
C-19 methyl group to form the 19-hydroxy or 19-oxo
compounds.
These early studies of aromatase required multistep purifications and meticulous attention to detail. A practically
important advance was the development of an aromatase
assay requiring only one step. Knowledge of the 1␤-hy-
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drogen loss stimulated Aubrey Thompson and Pentti
Siiteri* in 1974 (23, 34) to develop a one-step radiometric
assay in which tritium release from the 1␤-tritium-labeled
substrate was measured as tritiated water (3H2O). As validation, they demonstrated that the rate of 3H2O release
and formation of isolated estrogen product were similar.
This assay facilitated study of potential aromatase inhibitors
in later experiments (35–38). By the early 1970s, investigators generally agreed upon several facts regarding the mechanism of aromatase action. Conversion of androstenedione
to estrogen involved 19-OH and 19-oxo intermediates, but
not the 19-oic acid, as precursors. The aromatization of ring
A involved the elimination of the 1␤- and 2␤-hydrogens (31,
39, 40), suggesting that aromatase acted on the ␤-face of the
substrate. Three moles each of oxygen and reduced nicotinamide adenine dinucleotide phosphate (NADPH) were consumed per mole of androgens converted to estrogen by the
human placental aromatase (22, 34). The reaction involved
a cytochrome P450-mediated enzyme, as evidenced by
blockade with aminoglutethimide (AG), a known inhibitor
of adrenal P450-mediated hydroxylation (41, 42). The aromatization reaction was not initially considered to involve
P450 because it could not be inhibited by carbon monoxide,
the classic test at that time for P450-mediated steps.
As a result of his ongoing mechanistic studies, Harry Brodie recognized the therapeutic potential of targeting aromatase and began development of selective aromatase inhibitors in the early 1970s. In 1973, his group published initial
systematic studies on the development of competitive steroidal aromatase inhibitors (17). Although a number of classical
inhibitors that blocked multiple cytochrome P450 hydroxylases had previously proved useful for mechanistic studies
(i.e., cyanoketone p-hydroxymercuribenzoate and AG) (34,
35), none of these compounds was specific for aromatase
(35, 40). The WFEB group reasoned that steroidal analogs of
aromatase substrates would be more specific inhibitors, resulting from their high-affinity interactions with the active
site of the enzyme. Brodie’s group systematically examined
more than 100 steroidal structures and substrate analogs
(17) and inferred important structural components for inhibition from these data.
Collaboration between investigators with different interests and expertise often leads to a broader experimental perspective (17). As an example of this, a timely marriage of
concepts and individuals led to a biological focus on aromatase inhibitors for use in breast cancer patients. Angela
Brodie* had arrived at the WFEB in 1962. She subsequently
married Harry Brodie and joined his lab as Staff Scientist in
1971. Angela Brodie had previously worked at the Christie
Cancer Hospital in Manchester, United Kingdom, a site of
active investigation of hormone therapies for breast cancer
and later of tamoxifen development. The arrival of
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Craig Jordan* at WFEB in 1972 added to an environment focused on breast cancer treatment (43). Jordan
came to work with Michael Harper who had been involved in original work on tamoxifen with Arthur Walpole in the United Kingdom (44, 45).

III. Early Physiological Studies of Aromatase
A. Extraglandular estrogen production

In the 1970s, Paul MacDonald, Pentti Siiteri, and their
Dallas collaborators made the sentinel discovery of extraglandular aromatase activity in both men and women.
Standard dogma before that time dictated that steroid hormones were only produced in endocrine glands such as
ovary, testis, and adrenal. These investigators showed that
adipose tissue was a rich source of aromatase (10, 22, 23,
41, 46 –53). These investigators demonstrated that peripheral tissue provides the major source of estrogen synthesis in men and in postmenopausal women and that the
reaction involves aromatization of adrenal androstenedione.
Studies of postmenopausal women showed that the conversion of androstenedione to estrogen was higher in obese
subjects, suggesting that adipose tissue might be the primary site of aromatization (47). To prove this hypothesis,
clinical studies demonstrated that total body aromatization of plasma androstenedione increased from 0.5 to
10% with a rise in body weight from 100 to 400 pounds
in women (47). These data provided the first indication
that adipose cells might express the aromatase gene and
could readily explain how obesity increases the risk of
both endometrial and breast cancer in postmenopausal
women. Together with an Obstetrics and Gynecology resident, A. Schindler, the Siiteri group directly demonstrated
the presence of aromatase with the tritium release assay in
surgically obtained adipose tissues from women (54).
Breast tissue was also found to have substantial aromatase
activity. Based on the clinical interpretation of data from a
young boy referred with severe gynecomastia but no feminizing tumor, MacDonald and Siiteri found that 50% of this
patient’s plasma androstenedione was converted to estrogens through aromatization (10). Based on studies of Tom
Dao, Siiteri postulated from its structure that testololactone
was an aromatase inhibitor and suggested its use to treat this
patient. Notably, estrogen levels were reduced by 79%, and
subsequent studies by Siiteri and Aubrey Thompson, his
graduate student, later confirmed this activity of testololactone using an aromatase index (e.g., determination
of the ratio of androgens to estrogens) developed in
collaboration with Howard Judd (46, 50).
Original studies of William Miller,* John Adams, Tom
Dao, Y. J. Abul-Hajj, and Donald Killinger directly demonstrated local estrogen synthesis in breast cancer tissue using
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classical product isolation techniques (55–57). Later studies
of Alan Lipton,* Richard Santen,* and Angela Brodie (58 –
60) used Siiteri’s (3H2O) radiometric aromatase assay
method (22, 23) to quantitate the levels of aromatase in a
large number of breast cancers and correlate activity with
biological parameters. They found that both benign and malignant breast tissues contain aromatase (61– 67).
B. Cell-specific site of aromatase in breast

For a number of years, controversy existed whether
aromatase resided predominantly in stromal or epithelial
breast cancer cells (68, 69). The viewpoints of various
investigators varied depending upon the methodology
used. Immunohistochemistry with monoclonal antibodies
favored an epithelial source (69), whereas polyclonal antibodies or isolation of stromal and epithelial cells in tissue
culture and measurement of aromatase in these cells favored fibroblasts (61, 70). Convincing evidence that both
stromal and epithelial cancer cells contained aromatase
awaited studies by Hironobu Sasano* using laser capture
methodology with quantitative PCR of aromatase. With
this methodology, his group clearly demonstrated an
equal role for each compartment in human breast cancer
tissue (71). Stromal and epithelial cells are not the only
sources of estrogen production in human breast cancer
tissue. Gil Mor* and his colleagues demonstrated the presence of aromatase in macrophages, a cell type comprising
up to 25% of the cells found in breast tumors (72, 73).
C. In situ production vs. uptake

An important question addressed whether breast tumor
estrogen concentrations result primarily from local synthesis
in the tumor via aromatase or from plasma uptake in postmenopausal women. The presence of very high levels of estrogen in breast tissue provided inferential evidence that local
synthesis might predominate (74). Eleven studies reported
mean estradiol levels of 46 – 480 pg/g in breast cancer tissue
from postmenopausal women, levels substantially higher
than plasma estrogen levels of 2–10 pg/ml after menopause
(75, 76). However, the maintenance of higher tissue than
plasma levels after the menopause could also reflect uptake
against a gradient mediated by high-affinity estrogen receptors (ERs). The first direct assessment of this question involved a xenograft castrate mouse model system developed
by Wei Yue,* a former trainee of Angela Brodie (62). Castration was used in this and subsequent studies to model the
postmenopausal state in women. Her data suggested that
components of both uptake and local synthesis are physiologically important. Attempts to determine this directly in
postmenopausal women with breast cancer involved infusion of 3H-androstenedione and 14C-estrone for recovery
corrections and determinations of radioisotope ratios in
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plasma and breast tissue. Two groups, those of William
Miller* (77) and Michael Reed* (78), carried out these complex studies and concurred that 50 –70% of the estrogen in
the breast resulted from local synthesis and the remainder
from uptake. Anita Dunbier, a postdoctoral research fellow
of Mitch Dowsett,* recently conducted an elegant study that
correlated plasma estradiol levels with estrogen-responsive
gene expression in ER⫹ breast tumors and found four genes,
TFF-1, GREB1, RAGE, and AZGP1, with correlation coefficients statistically significant at P ⬍ 0.001 (79). Tumor tissue ER␣ levels in tumor also correlated with gene expression.
Using multivariate analysis of two independent tumor sets,
they concluded that an average of 19% of the variability of
these genes was explained by plasma estradiol levels, and
13% from the levels of ER␣ present. Interestingly, when
Dunbier proposed this study to Dowsett, he initially thought
that the analysis was quite unlikely to be informative and was
not of high enough priority to be done.
William Miller’s group (80) and later Serdar Bulun*
and colleagues (81) provided further indirect evidence in
favor of local estrogen synthesis in the breast. They determined the activity of aromatase and its expression in quadrants where breast tumors usually arose. The quadrant of
the breast containing the tumor generally had the highest
aromatase activity and expression of message. One interpretation of these data is that a tumor is more likely to
develop in the region of the breast where aromatase expression is highest. An alternate explanation is that factors
produced by the tumor stimulate aromatase expression
locally within the surrounding mesenchymal cells and
within the tumor itself. Prostaglandin E2 (PGE2) is a candidate factor because it is a powerful stimulator of aromatase expression in breast adipose stromal cells (82, 83).
PGE2 is formed via cyclooxygenase-2 (Cox2), whose expression is high in many breast tumors where it correlates
with tumor size, grade, Her-2 positivity, and an unfavorable disease-free interval. Moreover Cox2 inhibitors have
been shown to inhibit aromatase activity of breast cancer
cells (83). The relationship between Cox2 and breast estrogen levels is of interest because of epidemiological studies in patients receiving aspirin or nonsteroidal antiinflammatory drugs and development of breast cancer. As
reviewed by Robert Brueggemeier (83), regular use of such
drugs correlates with up to a 50% reduction in breast
cancer risk over a 5-yr period. Use of acetaminophen,
which does not block Cox2, was used as a control and was
associated with no reduction in breast cancer risk (84).
An additional complexity regarding local estrogen synthesis in breast is the relative role of aromatase vs. formation from circulating estrone sulfate via the sulfatase enzyme (85– 87). The isotopic kinetic methods using
tritiated androstenedione as substrate described in Section
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III. A. do not estimate local formation via sulfatase, and
consequently radiolabeled estrone sulfate must be used to
assess local synthesis directly (88). With this technique,
approximately 19 –50% of the estrogen found in rodent
breast cancer tissues from castrate animals (i.e., postmenopausal) originated from local enzymatic cleavage of estrone
sulfate to free estrone via sulfatase as shown by Shigeru
Masamura and colleagues (88). No human data using direct
isotopic techniques are as yet available.
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Site-directed mutagenesis data identified three important additional regions in the active site of aromatase, S478 and
H480 (in the ␤-4 sheet at the carboxy-terminus) and D309
(in the I helix). These sites are thought to participate in a
charge relay system that leads to the aromatization of the A
ring of the androgen substrate. It has been proposed that
exemestane is converted to reactive intermediates by the
heme through hydroxylation of the C-19 group, aided by
D309 and T310. The intermediates then bind irreversibly to
the enzyme, causing suicide inhibition in which D309 may
also be involved (28).

IV. Steroidal Aromatase Inhibitor Development
A. Historical aspects

Systematic structure/function studies by the Brodies
(Harry and Angela) examined nearly 100 steroidal aromatase inhibitors and led to the identification of 1,4,6-androstatrienedione (19) and 4-hydroxy-androstenedione (4OH-A) (89) as the most promising candidate inhibitors.
Their findings encouraged a cadre of investigators working independently at other institutions to identify a wide
variety of steroidal inhibitors. These included 16␣-bromoandrogens (90), 7--aminophenylthioandrostenedione (91), and 1-methyl-1,4-androstadiene-3,17-dione
(92). Testololactone, used for over two decades as a treatment for breast cancer, was found to inhibit aromatase
(50). C-19-Substituted aromatase inhibitors include thiiranes and oxiranes (93, 94), epoxysteroids (94), and thiol
and amino analogs (95, 96). Potent A ring-bridged steroid
inhibitors (97, 98) that consist of analogs containing carbon, oxygen, nitrogen, or sulfur atoms have also been
described. Reviews by Brueggemeier provide extensive detail regarding these and other inhibitors and the investigators involved (37, 99).
Some of the inhibitors described above were later found to
cause enzyme inactivation (100) by functioning as mechanism-based inhibitors. Because these inhibitors bind to the
active enzymatic site, they are quite specific and should also
have lasting effects in vivo as a result of inactivating the enzyme. The first compound designed as a mechanism-based
inhibitor of aromatase was 10-propargy1-4-estrene-3,17-dione (MDL 18,962), designed and synthesized independently
by the three research groups of Cecil Robinson, O’Neal
Johnston, and Doug Covey* (38, 101, 102). Other mechanism-based inhibitors were identified among the most potent
steroidal inhibitors originally thought to be competitive inhibitors including 4-OH-A, l-methylandrosta-1,4-diene3,17-dione (92), and 6-methyleneandrost-1,4-diene-3,17dione (exemestane).
Recent studies by Shuian Chen* and colleagues, utilizing
the three-dimensional structural aromatase model generated
by Favia et al. (103), proposed a new clamping mechanism
of steroidal substrate/inhibitor binding to the active site (28).

B. 4-OH-androstenedione

Focusing on 4-OH-A as a lead compound after extensive
comparisons among inhibitors, the Brodies demonstrated reduction of estrogen levels in rodents. As proof of biological
efficacy, 4-OH-A caused regression of 7,12-dimethylbenz[a]
anthracene rat mammary tumors (a model developed by
Charles Huggins) more effectively than tamoxifen (89). In
contrast to tamoxifen, 4-OH-A was not estrogenic on other
tissues such as the rat uterus. Studies in nonhuman primates
demonstrated that 4-OH-A inhibited peripheral (nonovarian) estrogen synthesis using radiolabeled tracer studies carried out in collaboration with Christopher Longcope at the
WFEB (104). Angela Brodie then established collaborations
with two medical oncologists in London, Charles Coombes*
and Paul Goss,* and a clinical chemist, Mitch Dowsett. This
collaborative group enabled the first clinical trials with
4-OH-A for treatment of breast cancer in women. Pilot studies demonstrated significant responses to 4-OH-A, although
many women had relapsed from previous tamoxifen treatment. Coombes and Brodie then proposed to Ciba-Geigy
that further clinical development of 4-OH-A be undertaken.
The late Stuart Hughes at CIBA-Geigy quickly appreciated
that selective aromatase inhibitors could have distinct advantages over tamoxifen and AG. With pharmaceutical company support, further clinical trials proceeded in the mid1980s and 4-OH-A, renamed formestane, became the first
“selective aromatase inhibitor” to become available for the
treatment of breast cancer.

V. Nonsteroidal Aromatase Inhibitor
Development
A. Historical background

Sir George Beatson introduced bilateral oophorectomy
for treatment of premenopausal women with breast cancer in 1896 (105), and this approach gained common usage,
as did surgical adrenalectomy and hypophysectomy (106). In
the 1950s and 1960s, several endocrinologists including
Mortimer Lipsett, Olaf Pearson, Albert Segaloff, B. J.
Kennedy, Anne Carter, and others focused on development
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of medical alternatives to these surgical modalities for
treatment of breast cancer. Termed “hormone additive
therapy,” these included administration of glucocorticoids, androgens, and even estrogens (107–111). Ralph
Cash suggested another approach: direct inhibition of adrenal steroid synthesis. He knew that AG could block cholesterol side chain cleavage (112) and reasoned that AG
might replace surgical adrenalectomy for the treatment of
breast cancer in postmenopausal women. Objective tumor
regression in a single patient with breast cancer treated in
1967 provided proof of his concept (112).
Richard Santen,* during his endocrinology fellowship
in 1971, evaluated a breast cancer patient who was severely Cushingoid from high doses of prednisone used to
suppress the adrenal. Not aware of Cash’s case report,
Santen envisioned the use of direct adrenal inhibition with
AG to avoid the side effects of high-dose prednisone. Upon
recruitment to the new medical school at Penn State University, he and a medical oncologist, Alan Lipton,* initiated clinical studies with AG in 1972. Independent groups
headed by Thomas Hall and H. H. (Dicky) Newsome also
began to examine AG as breast cancer treatment at about
the same time (113, 114).
The adrenal inhibitory properties of AG necessitated
use of replacement glucocorticoid, and a long-acting
agent, dexamethasone, was chosen (115). However, AG
accelerated the metabolism of dexamethasone and limited
its glucocorticoid potency (115). To overcome this problem, hydrocortisone (HC) was substituted because its metabolism was not significantly altered by AG. With the
availability of a practical AG/HC regimen, pilot studies
with this regimen were undertaken. Largely on the basis of
anecdotal observations of tumor regressions (Fig. 1), investigators became convinced that AG/HC was effective, and
multiple clinical trials conducted by Trevor Powles,* Ian
Smith,* Adrian Harris,* Robin Murray, and others later
provided compelling evidence (106, 116).
A chance meeting between Pentti Siiteri and Richard
Santen led to the realization that AG effectively blocked
total body aromatase in postmenopausal women. Siiteri
had previously demonstrated in 1969 that AG could block
aromatase in vitro (41) and was aware of the reports of
selective and potent aromatase inhibitors by the Brodies
(19). He had also envisioned the potential use of aromatase inhibitors for treatment of breast cancer (22, 23,
34, 41, 50) and suggested that many of the then-current
treatments for breast cancer worked through aromatase
inhibition (22, 23, 50). Invited to lecture at the Penn State
Medical School in 1974, Siiteri suggested that AG most
likely was working as an aromatase inhibitor for breast
cancer and advised use of the isotopic kinetic, total body
aromatization method to directly prove that AG inhibited
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FIG 1. Left, Lytic metastases (arrows) in pelvis and cervical vertebra
before aromatase inhibitor therapy. Right, Healing of lytic lesions
during administration of the aromatase inhibitor, AG, in combination
with HC. [Reproduced with permission from R. J. Santen, E. Ramojlik,
T.J. Worgul 1982 Aminoglutethimide. Scientific Profile. In: R. J. Santen,
I.C. Henderson, eds. Pharmanual: A comprehensive guide to the
therapeutic use of aminoglutethimide. 2nd Revised Edition, Basel: S.
Karger;101–161.]

aromatase in postmenopausal women (48). Santen’s
group then used this methodology and demonstrated 95–
98% inhibition in postmenopausal patients with breast
cancer (Fig. 2 (117). This observation focused emphasis
upon the aromatase inhibitory properties of AG and led to

FIG 2. The effect of AG on aromatization of androstenedione (⌬-4A)
to estrone (E1) as measured in blood. The data points represent
individual patients studied before and during treatment with 1000 mg
of AG and 40 mg of HC daily. The horizontal lines represent the mean
values for all five patients. The down sloping lines connect individual
patients before and during treatment. [Reproduced with permission
from R. J. Santen et al.: J Clin Endocrinol Metab 47:1257–1265, 1978
(117) © 1978 The Endocrine Society.]
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its later designation as a “nonselective first-generation”
aromatase inhibitor (118 –126).
William McGuire* chaired the Breast Cancer Task
Force of the NIH at this time and strongly encouraged the
Penn State group, now comprising Harold Harvey,* Lawrence Demers,* Steve Santner, and Eugeniuz Samojlik* (in
addition to Santen and Lipton), to pursue further work
with AG (127). McGuire facilitated a key collaborative
arrangement between the Penn State group and the Breast
Cancer program at Duke University, headed by Samuel
Wells.* This collaboration facilitated rapid expansion of
the scope of studies with AG.
Precise quantitation of the low estrogen levels characteristic of menopausal women (i.e., 2–10 pg/ml) (76) provided
a major challenge for the study of aromatase inhibitors. Eugeniusz Samojlik* (128 –130) developed RIAs that measured
estrogens in concentrated urine and in plasma after purification by celite column chromatography, techniques developed by Siiteri 10 yr earlier. The most practical method
took advantage of the 100-fold higher levels of estrone
sulfate in plasma than free estrogen and involved a specific
method for measuring estrone sulfate (128, 130).
B. Medical vs. surgical therapy

The next phase of clinical trials compared AG/HC with
the standard hormonal modalities then available. Head to
head comparisons between AG/HC and surgical adrenalectomy were facilitated by the collaboration of a breast
surgeon at Duke University, Samuel Wells, and the Penn
State group. AG/HC demonstrated equal efficacy in comparison with both surgical adrenalectomy and hypophysectomy, both in clinical responses and in estrogen suppression (131, 132) and led to abandonment of the
surgical ablative methods. Aromatase inhibition with AG,
however, could not replace surgical oophorectomy in premenopausal women because AG/HC did not block ovarian function due to interruption of estradiol negative feedback with reflex rises in LH and FSH (133).
C. Comparison of antiestrogens vs. aromatase inhibitors

Tamoxifen was being developed at approximately the
same time as AG in the 1970s, and direct comparisons of
the two approaches were deemed necessary. Four randomized clinical trials compared AG with tamoxifen (106,
134 –136) and found equal clinical efficacy but fewer side
effects and toxicity with the antiestrogen. As an additional
disadvantage, use of AG required coadministration of replacement HC. Based on these considerations, tamoxifen
became established as first-line hormonal therapy for
breast cancer, a position held for the next two decades.
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D. Key international conference

Motivated by the successful clinical trials with AG/HC in
the 1970s and recognition of its aromatase blocking properties, Alan Lipton, Harold Harvey, and Richard Santen conceived and organized an international symposium at Key
Biscayne, Florida, in December of 1981 to discuss a broad
range of the basic and clinical aspects of aromatase. One
major conclusion was that the predominate mechanism of
AG in breast cancer patients was aromatase inhibition, not
suppression of adrenal steroidogenesis (137, 138). This
meeting served as a catalyst for investment of major resources
into the clinical development of highly selective and potent
aromatase inhibitors (137, 138). Several presentations also
highlighted the importance of aromatase for a range of biological processes in the brain, ovary, testis, and placenta. A
series of eight follow-up International Aromatase Conferences brought together investigators in this field over the
next 25 yr, which has led to multiple collaborative studies.
E. Studies to optimize aromatase inhibitor therapy

Adrian Harris,* Mitch Dowsett, and the Santen group
attempted to reduce the dose of AG or use its D-stereoisomer to reduce side effects and eliminate the need for HC.
However, these efforts were not successful (139 –143) and
emphasized the need for selective aromatase inhibitors
such as 4-OH-A. Several clinical trials demonstrated the
efficacy of an im formulation of 4-OH-A in producing
objective breast cancer regressions (126, 144 –148). On
this basis, 4-OH-A, now renamed formestane, was approved by the National Health Service in the United Kingdom and represented the first “selective aromatase inhibitor” and first agent approved specifically for this purpose.
However, with further studies, it became apparent that
formestane did not block aromatase sufficiently to improve efficacy over AG, and more potent inhibitors were
deemed necessary (144, 149, 150).
Recognizing the potential of aromatase inhibitors, several pharmaceutical companies contributed substantially
to the identification and clinical development of more potent steroidal and nonsteroidal selective aromatase inhibitors. Ciba-Geigy (now Novartis), Merrill-Dow, Imperial
Chemical Industries (now Astra-Zeneca), Lilly, Pharmitalia, Jannsen, and Yamaguchi pharmaceuticals all initiated aromatase inhibitor development programs. The first
agent to emerge was the second-generation inhibitor CGS16949A, later renamed fadrozole, a compound initially
studied by Ronald Steele at Ciba-Geigy (151). The groups
of Lawrence Demers* at Penn State and Patrick Trunet at
Novartis concomitantly demonstrated its ability to inhibit
estrogens in women but unexpectedly uncovered aldosterone-blocking properties (152, 153). This limited the
doses of fadrozole that could be given to block aromatase
more effectively than with AG or formestane (152, 154).
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Although approved for use in Japan, fadrozole never
achieved substantial usage (155). More potent and selective
aromatase inhibitors were clearly needed. Using an array of
resources, the pharmaceutical companies then used structure/function analysis, animal models, and sophisticated
hormone assays to identify lead compounds. This resulted in
the development and licensing of two nonsteroidal reversible
inhibitors, anastrozole and letrozole, and one mechanismbased steroidal inhibitor, exemestane. To emphasize the role
of classical endocrinology in this process, Ajay Bhatnager,
a reproductive endocrinologist working at Ciba-Geigy, used
a gamut of bio- and RIA techniques to identify letrozole as a
highly promising compound.

VI. Preclinical Studies of Third-Generation
Aromatase Inhibitors
A. Model systems

Historically, rodent model systems played an important role in the initial development of aromatase inhibitors
as well as antiestrogens (156), but these represented the
premenopausal hormonal state. Seventy percent of human
breast tumors occur in postmenopausal women in whom
local estrogen synthesis in the tumor is a key component
(as noted previously, aromatase inhibitors do not inhibit
estrogens in premenopausal women). Therefore, human
models more comparable to the postmenopausal breast
cancer patient were needed to examine the antitumor effects of the third-generation aromatase inhibitors being
developed. Use of athymic mouse xenografts, a technique
developed in the 1980s (157), allowed in vivo growth of
tumors from human carcinoma cell lines (156, 158 –160).
Although the athymic mouse with MCF-7 tumors proved
to be an excellent model for studying antiestrogens under
premenopausal conditions, it is not useful for investigating aromatase inhibitors in postmenopausal patients.
Accordingly, xenografts with tumors containing aromatase grown in castrate animals were needed.
Shuian Chen (161), from the City of Hope (Duarte,
CA), created the needed cells (MCF-7Ca) by stably transfecting aromatase into wild-type MCF-7 cells, which then
served as a local source of estrogen by aromatizing androstenedione. The Penn State group initially showed that
androstenedione could stimulate proliferation of these
(MCF-7Ca) cells in vitro and that aromatase inhibitors
could block this growth (162). Wei Yue* in Angela Brodie’s group then developed an in vivo xenograft model
with these aromatase transfected MCF-7 cells (160, 163)
as a robust means of conducting preclinical studies (164,
165). Because they were devoid of ovaries, animals bearing MCF-7 Ca cells mimicked the postmenopausal situation where aromatase is not under feedback regulation by
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gonadotropins. Thus, inhibitors targeting aromatase and
also antiestrogens could be studied in tumors formed from
these cells. The third-generation aromatase inhibitors,
letrozole and anastrozole, reduced tumor volume significantly more effectively and for a longer duration than tamoxifen. When combined with tamoxifen, these agents
caused suppression similar to tamoxifen alone (165). Because the antiestrogen fulvestrant causes ER degradation,
the combination of this antiestrogen with letrozole was
postulated to be more effective treatment than with either
compound. All treatments suppressed tumor growth (P ⬍
0.001), but letrozole appeared better than the pure antiestrogen fulvestrant (1 mg/d). However, when the two drugs
were combined, tumor suppression was significantly
greater than treatment with either letrozole or fulvestrant
alone (P ⬍ 0.0001) (166). The additive effect on tumors
treated with the combination of these two compounds
suggested that some transcription via the ER may occur
with fulvestrant treatment alone that is not completely
blocked by the antiestrogen.
B. Switching studies in model systems

The initial studies with first-generation aromatase inhibitors involved breast cancer patients who had relapsed after
prior endocrine therapies such as oophorectomy, high-dose
estrogens, and tamoxifen. Accordingly, in the xenograft tumor model, mice received tamoxifen first, with a later switch
to letrozole. Although efficacious, this strategy proved inferior to treatment with letrozole as first-line treatment (167).
Both tamoxifen and fulvestrant were ineffective as secondline therapy after letrozole treatment. These studies provided
insight into current switching trials that are examining the
correct sequences of hormonal therapy (166).

VII. Clinical Studies of Third-Generation
Inhibitor Development
The three Food and Drug Administration (FDA)-approved third-generation inhibitors (118), anastrozole,
letrozole, and exemestane, possess 100- to 10,000-fold
higher potency and greater efficacy than AG, formestane,
and fadrozole, and less toxicity than AG and fadrozole.
Testing of these agents used isotopic kinetic, radioimmunological and ultrasensitive biological assays for assessment of aromatase blockade and phase I, II, and III clinical
trials for determination of antitumor efficacy.
To facilitate clinical studies of estrogen suppression, substantial further attention was directed toward the development of ultrasensitive assays for measurement of plasma estrogens, particularly by the groups of Karen Klein, Mitch
Dowsett, Lawrence Demers, Jurgen Geisler,* and Per Lonning* (168 –171). The plasma estrone sulfate assays, the
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ultrasensitive bioassays, and the isotopic kinetic methods
appeared superior to RIAs of estradiol to determine the
degree of suppression of aromatase. With the most precise
method, isotopic kinetic measurement, aromatase inhibition exceeded 98% with each of these inhibitors (Fig. 3),
with letrozole seemingly slightly more potent than the
other agents (171–173). Bioassay and standard RIA data
also demonstrated profound suppression of estradiol levels with these agents (168 –170, 174 –176). Phase I and II
clinical trials were then conducted with very promising
results (176 –185).

VIII. “Mega” Clinical Trials
A. Comparison of different hormonal therapies

Large trials have now been undertaken to demonstrate
the superiority of third-generation aromatase inhibitors
over tamoxifen and progestins with respect to efficacy and
toxicity. These studies established the superiority of one
endocrine therapy over another for the first time. As opposed to earlier studies generally conducted by single
groups, the collaborative efforts of several investigators at
multinational sites were required to conduct these studies,
and scientific advisory committees generally assumed
leadership roles. First authors of the resulting publications
generally represented the investigators who had enrolled

FIG 3. Aromatase activity remaining during the administration of first-,
second-, and third-generation aromatase inhibitors (milligrams per day).
Data are expressed on a log scale to emphasize the expected log dose
response characteristics of pharmacological inhibitors. With the most
potent inhibitor, only 1% of aromatase activity persists during therapy.
The degree of suppression was determined by an isotopic kinetic method
using 3H-androstenedione and 14C-estrone to assess the Rho value before
and during therapy. The Rho value represents the percentage conversion
of androgens to estrogens in the total body under equilibrium conditions.
ANA, Anastrozole; EXE, exemestane; FAD, fadrozole; FOR, formestane;
LET, letrozole. [Reproduced with permission from H. Kronenberg, S.
Melmed, K. Polonsky, P. R. Larsen 2008 Williams Textbook of
Endocrinology, 11th Edition, Philadelphia: Saunders (239).]
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the largest number of subjects into specific protocols.
These trials enrolled up to 10,000 participants each and
were powered to detect differences in several disease parameters. One individual involved in these trials, Paul
Plourde,* is of particular interest. He trained as a clinical
endocrinology fellow at Penn State during the development of AG and later spearheaded the rapid development
of anastrozole. His efforts led to its approval by the FDA
in what proved to be record time (i.e., 43 d) after submission of the request for approval. Anastrozole then
became the initial third-generation inhibitor approved
worldwide.
Results among studies with each aromatase inhibitor
were nearly uniform and demonstrated superior efficacy
of the third-generation aromatase inhibitors when compared with AG/HC and the progestin, megestrol acetate
(186 –188). Five large, multicenter, multinational, randomized trials then directly compared the aromatase inhibitors with tamoxifen in advanced disease (189). All
demonstrated the superiority of the aromatase inhibitors
in clinical efficacy, with improved responses ranging from
2 to 13% (Fig. 4). The differences were statistically significant in all but one trial in which the receptor status was
unknown in 55% of patients (190).
Toxicities related to tamoxifen differed from those with
the aromatase inhibitors. Pooled data indicate that tamoxifen use was associated with deep venous thromboses and
pulmonary emboli (7.6 vs. 4.5%) significantly more frequently than the aromatase inhibitor, anastrozole (190,
191), whereas nausea, hot flashes, and gastrointestinal
distress were comparable. Aromatase inhibitor use was
associated with an increase in osteoporosis, osteopenia,
arthralgias, and myalgia. However, in the one trial comparing aromatase inhibitors with placebo, it is surprising
how commonly most of these problems were noted in the
placebo group (192). Accordingly, the risks causally attributable to the aromatase inhibitors are less than appreciated from the comparative trials. For example, in one

FIG 4. Comparison of tamoxifen vs. aromatase inhibitors in five
randomized, controlled studies in advanced disease. [Reproduced with
permission from H. Kronenberg, S. Melmed, K. Polonsky, P. R. Larsen
2008 Williams Textbook of Endocrinology, 11th Edition, Philadelphia:
Saunders (239).]
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study, arthralgias occurred in 16.6% of patients receiving
placebo and 21.3% given letrozole (192). Taken together,
these trials provided evidence of the superiority of the
third-generation aromatase inhibitors over tamoxifen
in the advanced disease setting with respect to efficacy and
toxicity. Letrozole, anastrozole, and exemestane have
now been approved globally as first-line therapy for advanced breast cancer. These trials showed for the first time
that one endocrine therapy could be superior to another.
Previous dogma held that each available endocrine therapy produced similar rates of response and could be distinguished only on the basis of side effects and cost.
When proven superior to tamoxifen in the advanced
disease setting, the third-generation aromatase inhibitors
were studied in the adjuvant setting (i.e., given immediately after initial surgery to prevent recurrences). Two similar large trials—the ATAC (Anastrazole and Tamoxifen
Alone and in Combination trial) and the BIG-FEMTA
trial— compared the effects of either agent on time to progression of disease, time to treatment failure, and on overall survival (193). Michael Baum and Mitch Dowsett
spearheaded the ATAC trial, and a consortium of investigators spearheaded the BIG-FEMTA study (194). At 5 yr
of follow-up, both clinical trials demonstrated an absolute
superiority of the aromatase inhibitor of approximately
3%, whereas overall survival with either therapy was
similar. In this setting, tamoxifen caused an increase in
endometrial cancer and in venothrombotic episodes.
Aromatase inhibitors were associated with accelerated
bone loss, symptoms of urogenital atrophy, and arthralgias. Lipid parameters did not appear to deteriorate significantly with the aromatase inhibitors (194). On the basis of these data, the aromatase inhibitors have now been
approved globally for use in the adjuvant setting. Published guidelines still suggest initial use of tamoxifen unless patients are at risk of venothrombotic episodes (195,
196). Initial use of an aromatase inhibitor should also be
considered in patients with HER 2/Neu or ER⫹/PR (progesterone receptor)⫺ tumors (who in one trial appeared to respond less well to tamoxifen) (193) or in high-risk patients.
B. Switching trials

Several studies are currently comparing the sequential
use of aromatase inhibitors after initial adjuvant therapy
with tamoxifen. The MA 17 trial, headed by Paul Goss,
compared placebo to letrozole in women who had received tamoxifen for 5 yr (192). The results demonstrate
a 35% greater relative reduction in new events and an
absolute reduction of 4% in women receiving the aromatase inhibitor. Overall survival was improved only in
the node-positive group. The lead author of the Exemestane Study was a pioneer in the formestane studies,
Charles Coombes. This trial, comparing the effect of 5 yr
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of tamoxifen with 2–3 yr of tamoxifen, followed by
switching to exemestane at 2–3 yr (197), also showed a
reduction in new cancer events in the aromatase inhibitor
compared with the tamoxifen group. The Austrian Breast
& Colorectal Cancer Study Group (ABCSG)/ArimadexNolvadex (ARNO) trial was similar but used anastrozole
rather than exemestane. The switch to the aromatase inhibitor resulted in a 3% improvement in event-free survival (198). As these data have matured, the prolongation
of overall survival with use of aromatase inhibitors appears likely based on four randomized trials and a metaanalysis of them (199 –201). The BIG-1-98 directly tested
the most effective strategies in a four-arm trial comparing:
1) tamoxifen for 5 yr; 2) letrozole for 5 yr; 3) letrozole for
2 yr, followed by tamoxifen for 3 yr; and 4) tamoxifen for 2
yr, followed by letrozole for 3 yr. This confirmed that 5 yr of
letrozole was superior to 5 yr of tamoxifen or 2 yr of tamoxifen followed by letrozole. Interestingly, the switch to tamoxifen after 2 yr of letrozole was not detrimental (202). These
switching data demonstrate that initial therapy with an aromatase inhibitor appears preferable. Formal guidelines have
not yet been written based on these new results. Current
guidelines, written by the American Society of Clinical Oncology recommend that appropriate therapy is now to use an
aromatase inhibitor somewhere in the course of adjuvant
therapy (196).
C. Management of toxicity due to aromatase inhibitors

Available data indicate that aromatase inhibitors accelerate the rate of bone loss as well as increasing fracture
incidence. These effects can be circumvented by coadministration of potent bisphosphonates (203). No significant
changes in cardiovascular events have been described, but
a trend toward an increase is of concern (204). Based on
these data, use of statins in patients at increased risk of
heart disease may be warranted.
D. Evaluation of emerging strategies with
aromatase inhibitors

Neoadjuvant therapy represents the use of an antitumor agent before surgery in an attempt to shrink the tumor
sufficiently to allow lumpectomy rather than mastectomy
(205). Mike Dixon and colleagues (206) conducted a nonrandomized neoadjuvant trial that demonstrated an 81%
reduction of tumor volume with letrozole vs. 75% with
anastrozole and 48% with tamoxifen. More recently, a
multicenter randomized trial involving 324 patients compared letrozole (2.5 mg/d) with tamoxifen (20 mg/d) in
women with ER⫹ tumors of greater than 2 cm in size
(207). Letrozole caused a 55% rate of objective response (complete response and partial response) vs.
36% for tamoxifen (P ⬍ 0.001). Breast conserving sur-
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of signaling pathways involving ER␣, HER-2/neu, epidermal growth factor receptor, and IGF-receptor (43, 106,
167, 209 –224). These steroid and growth factor pathways that signal through MAPK, phosphatidylinositol-3kinase, and mammalian target of rapamycin (mTOR)
drove proliferation (225) and enhanced the rate of ER␣mediated transcription via nuclear and extranuclear (i.e.,
genomic and nongenomic) effects. Because ER␣ is able to
co-opt existing growth factor pathways via IGF-R and
associated adaptor proteins such as Shc, breast cancer cells
IX. Resistance to Aromatase Inhibitors: Back
from the Bedside to the Bench
can become hypersensitive to estrogen. A second form of
adaptation is up-regulation of ER␣ by reduction of methWomen with advanced breast cancer who initially re- ylation of the ER␣ gene promoter C (222). This adaptive
spond to aromatase inhibitors later relapse. Cancer cells mechanism can be abrogated by the pure antiestrogen fulare highly plastic and able to adapt to escape the normal vestrant, which down-regulates the minimal levels of ER␣
mechanisms that control cell replication. To understand present and causes tumor regression. A third adaptation
this high incidence of relapse, the groups of Mitch Dowsett by breast cancer cells to low estrogen levels is that they
and Richard Santen returned to the laboratory to examine become desensitized to the antiapoptotic effects of estrothe molecular adaptation mechanisms used by cancer gen and concomitantly respond paradoxically to estradiol
cells. They reasoned that aromatase inhibitors created a with mitochondrial and death receptor-mediated apoptostate of long-term estradiol deprivation and studied cancer sis. An understanding of these mechanisms of adaptation
cells exposed to this environment in cell culture. In these suggests therapeutic strategies that specifically target proexperiments, breast cancer cells adapted by up-regulation liferative signaling pathways with a variety of kinase inhibitors and survival pathways with
small molecule, proapoptotic enhancers. The proapoptotic strategy attempts
to “purge” resistant cells using estradiol
as the “trigger” to induce apoptosis and
proapoptotic agents to enhance the degree of cell kill (43) to eliminate resistant
cells.
In vivo xenograft models in castrate
animals (to mimic the postmenopausal
state in women) have been used to study
the development of resistance to aromatase inhibitors by the group of Angela
Brodie. Letrozole, for example, initially
caused marked inhibition of tumor
growth, but tumors invariably acquire the
ability to proliferate in the presence of this
aromatase inhibitor. In vivo models of development of resistance to aromatase inFIG 5. The effects of long-term treatment with letrozole on the growth of MCF-7Ca
hibitors also exhibit ER␣ interaction with
xenografts. A, Animals were inoculated with MCF-7Ca cells at two sites on each flank and
were supplemented with androstenedione for the duration of experiment. When the tumors
growth factor receptors (167, 211, 226).
reached a measurable size, animals were assigned to three groups (n ⫽ 20 per group) and
Tumors initially increase the levels of
injected sc daily with letrozole (10 g/d), vehicle (control), or tamoxifen (100 g/d). Tumor
ER␣, followed by phosphorylated
volumes were measured weekly and were expressed as the percentage change relative to
HER-2, and later the adaptor protein Shc
the initial tumor volume. Two mice per group were killed, and tumors were collected for
analysis at 4, 28, and 56 wk as indicated on the graph. B, The effect of letrozole treatment
and Grb-2. When regrowth occurs at 56
on Her-2, p-Shc, Shc, Grb2, p-MAPK, MAPK, p-ER␣, ER␣, and PgR expression in MCF-7Ca
wk, a 6-fold increase in activated MAPK is
tumor xenografts. Letrozole-treated tumors, collected at 4 wk (when they were responding
observed, whereas ER␣ levels are supto letrozole), 28 and 56 wk (when they were growing on letrozole), were analyzed by
Western immunoblotting, and were compared with vehicle-treated tumors collected at wk 4
pressed (211) (Fig. 5). A combination of
(control). [Reproduced from W. Yue et al.: Clin Cancer Res 11:925s–930s, 2005, with
traztuzamab (antibody to HER2) with

gery was chosen in 45% of patients receiving letrozole
and 35% receiving tamoxifen (P ⬍ 0.001). Approximately 50% of women had a sufficient reduction in size
of tumor to allow lumpectomy. Of interest is the fact
that Her 2/Neu-positive tumors responded better to the
aromatase inhibitor (i.e., 88% response) than to tamoxifen (i.e., 21%) (208).

permission from the American Association for Cancer Research.]
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aromatase inhibitors is superior to the use of aromatase inhibitors alone in xenograft models and suggests the need to
test this strategy in women with breast cancer (227).

X. Future Strategies for Usage of Aromatase
Inhibitors
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months of therapy with everolimus (an mTOR inhibitor)
plus anastrozole than with letrozole alone (47%; P ⫽
0.03). Based on all of these data, clinical studies have
shown proof of the principle that these strategies can
work, but further studies are necessary to identify potentially responding patients, the best strategies to use, and
the optimal time to implement them.
B. Blockade of aromatase specifically in breast

A. Aromatase inhibitors combined with growth factor
inhibitors

Clinical trials are now under way to address the issue of
resistance to aromatase inhibitors in patients. Based on the
up-regulation of growth factor pathways during secondary resistance to aromatase inhibitors, preclinical studies
have demonstrated that a wide variety of inhibitors delay
resistance (219, 220). Accordingly, a number of clinical
trials have now been initiated that combine aromatase
inhibitors with tyrosine kinase inhibitors or growth factor
receptor antagonists (228, 229). The TANDEM trial, conducted by an international consortium of investigators,
provides preliminary evidence that addition of Herceptin
(a monoclonal antibody against HER-2) to an aromatase
inhibitor significantly improves clinical benefit (230).
Similarly, the group headed by Mathew Ellis reported a
50% rate of clinical benefit (complete objective tumor
regression, partial tumor regression, or stable disease
for ⬎ 6 months) in ER⫹/HER-2⫹ breast cancer patients
(231) and the group of A. Jones reported an improvement
in progression-free survival from 2.4 to 4.8 months (P ⫽
0.00016) in a similar group of patients (232). Massimo
Cristofanilli (233) reported the results of a clinical trial
comparing anastrozole alone vs. anastrozole plus gefitinib
(a small molecule HER-2 blocker) in 93 patients. This
group reported a significant prolongation of disease-free
survival from 8.2 to 14.6 months. Targeting of mTOR
appears to provide only modest to no benefit in patients
with locally advanced or metastatic disease (234, 235). In
a neoadjuvant trial (i.e., after initial biopsy but before
surgical excision of the tumor), the group of Jose Baselga
(236) demonstrated 58% greater tumor shrinkage after 4

Currently available aromatase inhibitors block estrogen in nearly all tissues. Unwanted toxicity such as osteoporosis results and side effects such as those due to vaginal
atrophy occur. Ideally, one would prefer to utilize an approach that inhibits aromatase specifically in the breast,
leaving other sites such as bone, brain, and vasculature
uncompromised. Aromatase expression in breast cancer
tissue is uniquely regulated by promoters II/I.3 through a
cell signaling pathway not found in other tissue sites. Accordingly, blockade of promoter II/I.3-mediated transcription might provide a breast-specific therapy. Studies
of the regulation of aromatase promoter II in breast tissue
led to a search for factors that might be potential targets
for this pathway (237). Cox2 inhibitors have the potential
to fulfill such a role but currently are not available for
testing due to an increased risk of cardiovascular disease.
Colin Clyne and the Simpson group are examining liver
receptor homologue 1 (LRH-1), an obvious factor as a
candidate for such a target, which in the postmenopausal
woman regulates aromatase expression primarily in the
breast (Table 1). At this time, controversy exists as to
whether endogenous ligands for LRH-1 exist or whether
it is constitutively active in the absence of endogenous
agonists. Candidates for potential endogenous ligands include phospholipids and sphingolipids (238). Using the
liver receptor homologue 1-A ligand binding domain for
antagonism of the coactivator binding domain, Clyne and
colleagues used a phage display, high throughput screen of
peptide sequences containing the nuclear receptor recognition motif LXXLL. In this way, a number of peptides
was identified that powerfully inhibit the transactivation

TABLE 1. Regulation of transcription of aromatase
Tissue

Exon
name

Pathways

Enhancers

Suppressors

Ovary
Testis
Breast tumor tissue

II
II
II/I.3

cAMP/CREB
cAMP/CREB
cAMP/CREB

BrCa1, BMP-15, GDF9
TGF-␤, estradiol
EAR-2, Coup TF1, RAR␥

Adipose

I.4

JAK/STAT

Brain
Placenta
Bone

1.f
I.1
I.4

PGE, SF-1, LRH-1
TGF-␣, testosterone, DHT, FSH
PGE, cortisol, SF-1, LRH-1, PKA, ERR␣,
glucocorticoids
Class I cytokines, GRE, GAS, TNF␣,
glucocorticoids, LRH-1, PKA, PKC, SP-1, SHP
Androgens, estrogens
SP-1, Mash 2, USF-1, USF 2, TSE
GRE, IL-1␤, Class I cytokines, TNF␣, TNF␤,
glucocorticoids, 1,24 vitamin D
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capacity of LRH-1 on the aromatase promoter II in the
presence or absence of the coactivator PGC1␣ (237). This
provides proof of principle that LRH-1 coactivator interactions can be targeted pharmacologically and in turn
leads to the possibility that more useful drug-like molecules could be developed that mimic these peptides.
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reveals a 50% greater reduction with the aromatase inhibitors than with tamoxifen (239). Two clinical trials,
International Breast Cancer Intervention Study II (IBIS II)
and MAP 3, have now been initiated to determine whether
the aromatase inhibitors are effective primary preventative agents for breast cancer.

C. Prevention of breast cancer

Lifetime exposure to estrogens correlates with the incidence of breast cancer in women at risk (239). Transgenic mice with aromatase overexpression are more susceptible to carcinogen-induced breast cancer (240, 241).
Blockade of receptor-mediated proliferation is believed to
be the mechanism whereby the selective ER modulators,
such as tamoxifen and raloxifene, prevent breast cancer in
women. An alternate hypothesis (Fig. 6) postulates that
estrogens can be enzymatically converted via cytochrome
P450 1B1 to catechol-estrogens and then to estrogen-quinones. Proponents of the estrogen genotoxic hypothesis
over the years have been Joachim Liehr, Ercole Cavalieri,
James Yager, Jose Russo, and Richard Santen (242–244).
These metabolites can bind covalently to DNA and cause
release of the nucleotide-estrogen conjugates through a
process called depurination. Repair of these naked segments of DNA causes point mutations and can contribute
to the carcinogenic process (242). Redox cycling of catechol-estrogens to quinones with back conversion to catechol-estrogens generates reactive oxygen species that can
also result in DNA damage and depurination (244). Based
on currently available data, both the ER␣-mediated and
genotoxic pathways probably contribute (242, 244).
Blockade of estrogen synthesis with aromatase inhibitors
would then prevent breast cancer by a mechanism different from that of the antiestrogens and should be more
effective. At present, examination of the development of
new contralateral breast cancer in adjuvant therapy trials

FIG 6. Diagrammatic representation of the two pathways whereby
estrogens can cause breast cancer and the sites of inhibition with
aromatase inhibitors and tamoxifen.

XI. Purification, Structural Characterization,
and Regulation of Aromatase
Emphasis on clinical utilization of aromatase inhibitors
provided a strong impetus to more thoroughly understand
the basic structure and molecular regulation of the aromatase enzyme. These studies were conducted over the
same time period as development of aromatase inhibitors
but are reviewed together here to trace their logical
progression.
A. Purification

In the 1980s, Yoshio Osawa, Peter Hall, Larry Vickery,
Frank Bellino, N. Muto, M. Pasonen, O. Pelkonen, Evan
Simpson,* and Carole Mendelson* purified the human
aromatase cytochrome P450 protein from placental microsomes and demonstrated conversion of androstenedione to estrone with purified enzyme (245–250). These
studies provided definitive evidence that the “aromatization process” involved a single enzyme, and not multiple
enzymes as originally thought.
The quantities of aromatase generated by these efforts
were insufficient for sequencing and crystallization but
did allow generation of polyclonal and monoclonal antibodies. With more powerful molecular tools and advances
in recombinant DNA technology, several laboratories isolated cDNA clones complementary to aromatase transcripts.
The group of Evan Simpson and Carole Mendelson screened
a gt11 phage, human expression library with antibodies
raised against the human aromatase protein (251) and
isolated a partial cDNA clone lacking the 5⬘ end but containing the heme binding region. Use of a 5⬘-RACE
method led to characterization of the sequence of the 5⬘
end of the cDNA, thus yielding the entire amino acid sequence of the human aromatase protein. Subsequently,
similar techniques identified aromatase sequences from
numerous species (252–258).
Screening of human genomic libraries soon followed,
and the groups of Evan Simpson, Nobohiro Harada, and
Katsumi Toda independently characterized the exonic sequences of the human aromatase gene (259 –261). Approximately 30 kb in length in total, the nine coding exons
included exons II-X, with the heme binding region residing
in exon X. Findings regarding exon I turned out to be quite
unexpected and exceedingly important. The 5⬘ ends of the

Endocrine Reviews, June 2009, 30(4):343–375

transcripts from different tissues revealed divergent sequences upstream of the start of translation, and ovary,
placenta, and adipose tissue each exhibited unique exons
I (262–264). These unique first exons were spliced into a
common 3⬘ junction upstream of the start of translation,
resulting in the synthesis of identical aromatase proteins
(Fig. 7). For several years, the missing sequences between
the most distant placental promoter, the intermediate adipose promoter, and the proximal ovarian promoter remained unidentified. This gap was finally closed by Serdar
Bulun* and colleagues (265) when the human genome
sequence data became available; the complete structure of
the human aromatase gene, encompassing a span of over
100 kb, is indicated in Fig. 7.
B. Promoter regulation

Understanding the complex promoter structure of the
aromatase gene turned out to be extremely important
since it defines the tissue-specific regulation of estrogen
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biosynthesis. The ovary, testis, adipose tissue, brain, bone,
and breast cancer tissues each utilize their own promoters
and associated enhancers and suppressors (Table 1) (63,
262, 266 –279). As often happens in an emerging field,
difficulties arise with respect to nomenclature, and the
designations of the Simpson and Nobohiro Harada
groups are still both used (but the Simpson nomenclature
predominantly; see Fig. 7). Groups headed by Carol
Mendelson, Evan Simpson, Joanne Richards, Nobohiro
Harada, Serdar Bulun, Jacques Balthazart, Serge Carreau,
and Shuian Chen spearheaded the efforts to understand
promoter regulation. In the ovary and testes, aromatase
regulation occurs via a cAMP/cyclic AMP response element binding pathway, which can be enhanced or suppressed by several factors (Table 1). Of interest is that a
mutation of LKB1, a molecule upstream of AMP kinase,
is associated with aromatase overexpressing testicular tumors, suggesting a role for AMP kinase in aromatase reg-

FIG 7. Diagrammatic representation of the aromatase gene, the alternate exons I, and its location on chromosome 15. A different nomenclature
for the alternative exons evolved during contemporaneous studies in the laboratories of Evan Simpson and Nobohiro Harada. The Simpson
nomenclature is that shown in Fig. 3. In the case of the Harada nomenclature, the placental promoter (I.1 above) is designated 1a; the adipose/
bone promoter (I.4 above) is 1b; I.3 above is 1c, and II above is 1d. It was realized that bone employed a promoter that was identical to that found
in adipose tissue (264) (I.4/1b), whereas in brain another unique promoter was described by Harada’s group and is named promoter 1f (361).
[Reproduced from S. E. Bulun et al.: Journal of Steroid Biochemistry and Molecular Biology 86:219 –224, 2003, with permission from Elsevier.]
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trated by studies of the ER (288). Low levels of expression,
its membrane-bound character, and heme binding instability
initially hampered studies of aromatase structure. For this
reason, a number of groups, including those of Laughton,
Graham-Lorence, and Evan Simpson; Koymans, Zhang, and
Chen; and Kagawa sought to model the three dimensional
structure of the aromatase protein based on the known structures of other cytochrome P450 species. The first structures
published were those of soluble prokaryotic cytochrome
P450, and early modeling attempts were based on these
structures, which, however, had low sequence homology to
aromatase (27, 289, 290). Structures of several mammalian
C. Promoter switching
microsomal P450 species have been characterized subseAn important concept regarding breast cancer is that quently (291), and models of aromatase have been built from
intratumoral factors can result in promoter switching with them (103). Site-directed mutagenesis of critical residues in
a resultant enhancement of transcription. The groups of the catalytic site revealed by the modeling studies has led to
Harada, Simpson, and Chen contributed substantially to the publication of proposed mechanisms of the aromatase
the initial findings (63, 286, 287). In normal adipose mes- reaction (27, 103, 289, 290). The methodology for a recent
enchymal cells, promoter I.4 drives the low levels of ex- model used expression in Escherichia coli of a structurally
pression of aromatase. Class 1 cytokines and TNF␣, stable and functionally active human aromatase (28). The
which are produced locally within the adipocytes, drive three-dimensional folding of this purified preparation has
this promoter. However in the presence of a tumor, the 3- been analyzed by limited proteolysis and proteomic methto 4-fold increase in aromatase expression is not due to an odology. The proposed reaction mechanism highlights the
increase in expression derived from promoter I.4, but significance of residues such as T310 and D309 in the catarather promoter switching occurs such that the gonadal lytic reaction mechanism as well as that of the conserved
promoter (promoter II) predominates (63, 286, 287). This cysteine, C437 (28).
promoter is regulated by a number of enhancer elements
Final resolution of the structure-function relationships
(Table 1) as well as suppressors but probably most im- of the aromatase-substrate complex required sufficient
portantly by PGE2 via the cAMP pathway.
quantities of purified aromatase protein to allow crystallization. Although several groups had previously used the
D. Three-dimensional structure
expression of recombinant aromatase (292–294), this
Optimal drug development depends upon precise knowl- methodology required expression system-dependent modiedge of the structural nature of the drug target, as best illusfications of the N terminus of the protein. Very recently, the group of Debashis Ghosh* in Buffalo, New York,
identified the actual three-dimensional
crystal structure of human aromatase
(30). His group achieved this by using
aromatase purified from placental microsomes as the source material—an
achievement requiring more than a decade of improvements in the biochemical purification techniques originated
by Yoshio Osawa. A view of the active
site of aromatase crystallized with androstenedione is shown in Fig. 8 (see dynamic structure movie as supplemental
data on The Endocrine Society’s Journals Online website at: http://edrv.endojournals.org).A proposed mechanism for the third step of the reaction
FIG 8. Structure of the aromatase gene determined from the crystallization of aromatase
sequence is also presented in Fig. 9. Alulation (280 –282). These findings provide a key example
of how multi-institutional collaborations can enhance understanding of biological mechanisms by study of rare
disorders.
Reduction of ovarian aromatase by BRCA 1 is also of
particular interest because mutations of this gene would be
expected to increase ovarian aromatase and are associated
with genetic forms of breast cancer (283–285). In adipose
tissue, the JAK/STAT pathway is involved and stimulated
by class I cytokines. Regulation in both bone and brain
also involves a complex set of enhancers.

with its substrate, androstenedione (30). [Reproduced from D. Ghosh et al.: Nature 457:219 –
223, 2009 (295) with permission from Nature Publishing Group.]
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FIG 9. Mechanism of A ring aromatization proposed from the crystal
structure model. [Reprinted from D. Ghosh et al.: Nature 457:219 –
223, 2009 (295), with the permission of the authors and
publisher].[Reproduced from D. Ghosh et al.: Nature 457:219 –223,
2009 (295) with permission from Nature Publishing Group.]

though there are many similarities to the models previously published, there are also some important differences
in the disposition of key amino acids involved in the reaction mechanism. In particular, D309 is shown to be
involved in enolization of the 3-oxo group, rather than
removal of the 2␤-hydrogen, which is instead facilitated
by the carbonyl group of A306 (30).

XII. Biological Function of Aromatase in
Specific Organs
A. Placenta

In late human pregnancy, approximately 20 mg/d of
estradiol is produced by the enzymatic action of placental
aromatase (51). Dehydroepiandrosterone (DHEA) sulfate, in relatively equal amounts from the maternal and
fetal adrenal glands, is converted to free DHEA by the
sulfatase enzyme, then to androstenedione by 3 ␤-ol
dehydrogenase, then to estrone by aromatase, and finally to estradiol by 17 ␤-hydroxysteroid dehydrogenase
(297). The formation of estriol involves a complex collaboration between the fetal adrenal and placenta. Egon
Diczfalusy’s laboratory pointed out the importance of the
feto-placental unit whereby DHEA sulfate from fetal adrenal is hydroxylated at the 16␣ position in fetal liver and
then aromatized to estriol in the placenta and liver (298).
Siiteri’s group demonstrated that the amount of aromatase
in liver increases substantially during pregnancy, probably
as a result of increasing cortisol levels (51). Taken together, these mechanisms result in a total of 100 –150
mg/d of estriol production, 5- to 7-fold higher amounts
than for estradiol (51).
Siiteri has recently suggested that estriol may be the
primary biological estrogen during late pregnancy (297).
Estriol is readily available for tissue entry because it does
not bind tightly to SHBG. In contrast, estradiol is less
available for tissue entry, although its levels in maternal
blood are higher than estriol. SHBG circulates in high concentrations during pregnancy and binds estradiol with
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high affinity. Although estriol was considered by some to
be a weak estrogen, studies in sheep (299) and in rat uteri
demonstrated its potent estrogen agonistic effects as a
stimulator of uterine weight and blood flow (299 –301).
Optimal development and growth of the fetus depend on
adequate delivery of oxygen and nutrients across the
hemochorial placenta to the fetal circulation throughout
gestation. Continued growth and development of the newborn infant depends on increased blood flow to the breasts
during gestation in preparation for lactation. Taken together, these data emphasize a key biological role for
estriol, the major estrogen during pregnancy. On a more
hypothetical note, Siiteri (297) postulates that perhaps
estriol may play a role in the known protective effects of
pregnancy on later breast cancer development.
B. Brain

Frederick Naftolin* and collaborators first demonstrated
the presence of aromatase in primate brain by infusing tritiated androgens into the carotid arteries of monkeys and recovering tritiated estrogens from the jugular vein (302). The
groups of John Resko* and Charles Roselli,* Gloria Callard,* Jacques Balthasart, and others directed attention to
the regulation of aromatase and its site-specific functions
in brain (303–306). An elegant demonstration of the
pathophysiological role of aromatase in the brain by
Rachel Hill, Wah Chin Boon, and colleagues was the observation that aromatase knockout animals demonstrate
behavioral activity mimicking obsessive-compulsive disorder (307). Also intriguing were the observations of
Roselli and collaborators that rams preferring male partners exhibited enhanced aromatase activity in their sexually dimorphic nuclei (308, 309). In several species, mating
behavior is also controlled by the local effects of aromatase
acting at specific parts of the brain (310 –315). Perhaps of
major importance is that aromatase appears to play a
key role in brain repair after various types of injury
(316 –319).
C. Bones

A major surprise regarding bone physiology was the
finding that plasma estradiol levels correlate better with
bone mineral density than do testosterone levels in aging
men. This suggests a major role for aromatized androgens
on maintenance of bone mass in men (7, 320), which was
established by studies of the bone phenotype of aromatase-deficient men and of the man with ER␣ deficiency
(321). The phenotypic findings included continued
growth into adulthood, genu valgum, unfused epiphyses,
and delayed bone age (322). Studies of Orhan Oz and Evan
Simpson and his group with the aromatase knockout
mouse provided parallel evidence of a male bone phenotype in mice (323).
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D. Testis

Aromatase is present in various compartments of the
testis in all mammalian species studied (mice, bank vole,
bear, monkey, man) with localization to Leydig cells, Sertoli cells, gonocytes, spermatogonia, spermatocytes, spermatids, and spermatozoa (9). Dr. Anita Payne was a pioneer in conducting studies on testicular aromatase using
classical isotopic methods to demonstrate aromatase activity (324). The physiological significance of local estrogen production in the testis is not precisely known. However, aromatase knockout mice exhibit an impairment of
spermatogenesis associated with a decrease in sperm motility and an inability to fertilize oocytes (325), suggesting
an important physiological role.
E. Prostate

Several investigators examined aromatase in benign
prostatic hypertrophy and in prostate cancer tissues but
reported conflicting results (326). However, the recent
studies of Gail Risbridger and colleagues demonstrated
aromatase in benign and malignant prostate tissue by
qualitative and quantitative PCR, assessment of specific
promoter usage, immunohistochemistry and enzyme assay. They found aromatase in benign tissue to be predominantly in stromal cells, but in cancer cells, both components contained this enzyme (327). Tissue recombinant
experiments using aromatase knockout mice demonstrated a biological role for local aromatase and suggested
disparate roles for ER␣ and ER␤ agonists (327, 328). Based
on the possible importance of aromatase in prostate cancer,
two clinical trials with aromatase inhibitors in this disease
were initiated but yielded negative results (329, 330).

XIII. Clinical Use of Aromatase Inhibitors in
Gynecology and Pediatrics
A. Anovulation

The antiestrogen clomiphene citrate (CC) currently
represents the standard agent for ovulation induction in
women with unexplained infertility or with World Health
Organization grade II oligomenorrhea or amenorrhea
(i.e., normal FSH and estradiol levels). One of the adverse
pharmacological properties of CC is its long overall halflife. This results in a prolonged antiestrogenic effect on the
endometrium and cervix, with up to 30% of women experiencing a reduction in endometrial thickness and glandular density and increased number of vacuolated cells.
The antiestrogen retention at the hypothalamic and pituitary levels interferes with normal negative feedback
mechanisms and allows estradiol to rise to supraphysiological levels (331).
These properties of CC led the group of Robert Casper
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to examine possible advantages of aromatase inhibitors in
patients with oligo- or anovulation (332–334). Several potential advantages include a shorter drug half-life of
30 – 60 h with anastrozole and letrozole; a lack of antagonistic effect on uterus and cervix; retention of normal
regulation of pituitary/hypothalamic feedback; and an upregulation of ovarian FSH receptors as a result of increments in local androgen levels (333, 334). The regimen
initially chosen used 2.5 mg letrozole given orally for d 3–7
of the menstrual cycle. A small randomized controlled trial
of CC vs. letrozole (335) demonstrated several differences:
an average of two preovulatory follicles in response to CC
vs. one with the aromatase inhibitor; higher estradiol levels
after human chorionic gonadotropin in the CC group (2300
vs. 600 pm/liter with the aromatase inhibitor); and a nonsignificant difference in pregnancy rate (CC 5.6% vs. aromatase inhibitor 16.7%). Later studies have used anastrozole, which is presumed to work similarly although
only preliminary comparative data with letrozole are
available (336 –339).
Pregnancy data from three tertiary referral centers on
infertile couples reported 133 pregnancies with 2.5 or 5.0
mg letrozole, 113 pregnancies with CC alone or in combination with gonadotropins, 110 pregnancies with gonadotropins alone, and 38 pregnancies achieved without
ovarian stimulation (331, 340). Pregnancy rates per cycle
were highest with letrozole plus FSH (20% per cycle) with
comparable miscarriage and ectopic pregnancy rates in all
groups. The aromatase inhibitor, however, was associated
with a lower rate of multiple gestations (4.3% vs. 22%
with the other therapies).
A recent study raised a note of caution because six congenital anomalies and one hepatocellular carcinoma were
observed in 150 births resulting from use of letrozole for
ovulation induction. These data were compared with a
database of 36,000 spontaneously conceived babies (341).
The overall rate of anomalies was not increased, but ovulation induction with letrozole was associated with a significant increase in locomotor and cardiac abnormalities.
To evaluate this more thoroughly, Robert Casper and colleagues conducted a study utilizing CC treated patients as
the control group (340). They studied 514 babies conceived in women treated with letrozole and 397 with CC
and found no increases in anomaly rate with the aromatase
inhibitor in any parameter. Overall cardiac anomalies
were found in 0.2% in the letrozole group and 1.8% in
those receiving CC (P ⫽ 0.02). The rate of twins in the
letrozole group was 4.8 vs. 5.1% with CC. These data
would suggest that the use of aromatase inhibitors for
ovulation induction is promising and must now be confirmed in larger randomized, controlled trials.
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B. Endometriosis

Endometriosis occurs in 6 –10% of premenopausal
women in the general population and in 30 –35% of
women evaluated for pelvic pain, infertility, or both. Recent studies have reported overexpression of aromatase in
endometriotic implants as compared with normal endometrial tissue (342). With his interest in gynecological endocrinology, Serdar Bulun led a large group of investigators to study extensively the regulation of aromatase in
endometriotic tissue. They found that several factors involved in regulation of aromatase transcription are overexpressed, including PGE2, cAMP, the transcription factor steroidogenic factor 1, and Cox2 (342, 343). A positive
feedforward system has been proposed whereby steroidogenic acute regulatory, aromatase, estradiol, Cox2, and
PGE2 favor continuous formation of estrogen (344).
Surgery is usually chosen for treatment of severe endometriosis or associated pain. However, the known physiology of endometriosis suggests that inhibition of estrogen production would ameliorate the symptoms. In
concert with this idea, GnRH superagonist analogs, the
impeded androgen danazol, and bilateral oophorectomy
have been shown to relieve pain (344). However, nearly
half of women with endometriosis with chronic pain are
refractory to available treatments designed to lower estrogen production. This clinical observation provided impetus for development of aromatase inhibitors for women
with endometriosis. The rationale involved use of a combination of two approaches: 1) inhibition of ovarian function and circulating estrogen levels with progestins, combined estrogen plus progestin, or with GnRH superagonist
or antagonist analogs; and 2) blockade of in situ estrogen
synthesis in the endometriotic lesions.
An initial pilot trial provided preliminary evidence of
efficacy (345). Soysal et al. (345) then conducted a randomized controlled trial comparing anastrozole plus the
GnRH analog goserelin with anastrozole plus placebo in
80 premenopausal women with severe endometriosis
present after conservative surgery. Both therapies reduced
symptom scores, but women in the combined aromatase
inhibitor/GnRH arm experienced a significantly longer
time to recurrence (⬎24 vs. 17 months). After 24 months,
57% were free of recurrence in the GnRH plus aromatase
inhibitor arm vs. 10.4% in the GnRH alone arm. Based on
this study, the inhibition of local estrogen production in
combination with “medical oophorectomy” with a GnRH
analog appears promising but requires further study.
C. Gynecomastia

This condition results from an increase in estrogen production (either local or systemic) or an abnormal ratio of
estrogen to testosterone (346, 347). Glenn Braunstein
(346) first suggested that overexpression of aromatase
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may underlie several forms of gynecomastia in adult men.
Aromatase inhibitors alter both of these components and
have been used to treat gynecomastia. Reports suggest
relief of breast pain but a lesser effect on reduction in the
size of the breast tissue (348). Men with recent onset gynecomastia may respond to aromatase inhibitors to a
greater extent than those with long-standing changes. No
large, systematic studies in adults have compared aromatase inhibitors to antiestrogens.
D. Short stature

Clinical observations by Cesare Carani and his group in
men with aromatase deficiency and by Eric Smith in a male
patient with an ER␣ knockout mutation suggest that lack
of estrogen action is associated with significant increases
in overall height due to lack of estrogen-induced epiphyseal closure (321, 349). In their adult years, aromatasedeficient men continue to grow well beyond puberty and
fail to close the epiphyses of their long bones, resulting in
marked enhancement in overall height. These observations suggested that inhibition of aromatase might prevent
closure of epiphyses in children or adolescents with a diminished, predicted adult height. Several clinical disorders
compromise predicted adult height, including GH deficiency, the McCune-Albright syndrome, familial malelimited precocious puberty, congenital adrenal hyperplasia, constitutional delay of puberty, and idiopathic short
statue. Aromatase inhibitors have been used in each of
these disorders, and early results are promising (350, 351).
Notably, the groups of Leo Dunkel and Nelly Mauras (331,
332) have led the way in performing extensive clinical studies
to enhance overall stature in adolescents with various forms
of short stature and have critically analyzed their data.
E. Aromatase excess and deficiency syndromes

Several families have been described in which both
males and females exhibit increased aromatase activity
and high estrogen levels with an autosomal dominant
form of inheritance (10, 352–354). The group of Paul
Macdonald described the first family (see Section III. A.)
and that of Gary Berkovitz the second. An intriguing notion is that the family of King Tutankhamun, including
King Tut himself, his brother Smenkare, and his relatives
Amenophis III and Amenophis IV (i.e., Akhenaten) had
familial gynecomastia that could be related to aromatase
excess (355, 356). Later families were described by a group
headed by Constantine Stratakis (357) and by Masashi
Demura, a colleague of Serdar Bulun, who (349) conducted careful genetic studies to reveal that regional rearrangements in chromosome 15Q21 cause formation of
cryptic promoters for the aromatase gene resulting in aromatase overexpression (352). Clinical features in males
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TABLE 2. Comparison of effects of aromatase deficiency in men and in mice
System

Aromatase-deficient men

Aromatase-deficient male mice

Liver
Carbohydrate metabolism and insulin resistance

Hepatic steatosis
Insulin resistance ⫾ diabetes
mellitus ⫾ glucose intolerance
Overweight or obese
Increased total cholesterol, increased
triglycerides
Tall stature, unfused epiphyses,
decreased BMD
Libido and sexual function appear
compromised anecdotally in
several cases, and in one case
based on a questionnaire

Hepatic steatosis
Insulin resistance, elevated fasting blood glucose

Adiposity
Serum lipids
Bone
Sexual behavior

Age-progressive obesity
Increased total cholesterol, increased
triglycerides
Shorter femur length, decreased trabecular bone
volume and thickness
Impaired copulatory behavior

Derived from Ref. 296.

include pre- or peripubertal gynecomastia, hypogonadotropic hypogonadism, and compromised final height in
association with high circulating estrogen levels. Hypogonadism results from the negative feedback effects of estradiol
to suppress gonadotropins, but this depends on the level of
severity of the aromatase deficiency. In women, the features
include precocious thelarche, macromastia, enlarged uterus,
and menstrual irregularities. Second-generation aromatase
inhibitors have been useful in the treatment of these patients
(353).
The group of Melvin Grumbach in collaboration with
Akira Morishima, Felix Conte, and Evan Simpson described the first cases of aromatase deficiency (349). Now
reported in seven males and 10 females (322, 358), this
condition prevents the placenta from metabolizing androgens to estrogens, and the female fetuses are exposed to
excessive androgen levels in utero resulting in androgenization of the female fetus and virilization of the mother
during pregnancy. Phenotypic features in girls include clitoromegaly, scrotalization of labioscrotal folds, and occasionally a urogenital sinus. At puberty, the girls have
hypergonadotropic hypogonadism, lack of breast development, primary amenorrhea, and progressive virilization. At this time, all reported females with aromatase
deficiency have been placed on estrogen replacement at the
time of puberty, so there are no data as to the progression
of the condition into adulthood, unlike the situation in
men (see Section XIV. A).

XIV. Lessons Learned from Studies
of Aromatase
A. Importance of estrogens in the male

Comparison of the phenotypes of aromatase-deficient
and normal males, both in mice and in men, provides compelling information regarding the role of estrogens in the
male. As shown in Table 2, aromatase deficiency exerts

major effects on liver function, carbohydrate metabolism,
insulin sensitivity, adiposity, plasma lipids, bone, and sexual behavior. These observations, as well as examination
of the phenotypes of ER␣ and ER␤ knockout rodents and
a single ER␣-deficient man, have led to the appreciation
that estrogens exert important actions in men as well as in
women (295, 321, 322, 359, 360, 362).
B. Estrogen action via autocrine, intracrine, paracrine,
juxtacrine, and neurocrine mechanisms

As discussed in Section III. A., experimental data
over the past two decades have led to the realization that
hormones can be synthesized locally in nonglandular
tissue. These hormones then act directly in the cells of
synthesis (autocrine or intracrine function), in the cells
nearby (paracrine function), in the cells next to the site
of synthesis (juxtacrine function), or in neurons themselves (neurocrine function). Physiological studies of
aromatase provided compelling examples of each of
these types of action. For example, in the brain, estradiol synthesized locally via aromatase exerts autocrine,
paracrine, juxtacrine, and neurocrine effects (306). In
the postmenopausal breast, local synthesis may also
be the predominant determinant of tissue estrogen
levels (62).

XV. Summary and Conclusions
The importance of aromatase has increased as our understanding of the scope of estrogen action has widened.
With the recognition of molecular defects in the ER and in
aromatase expression, we now know that estrogen subserves multiple functions in males as well as in females.
Thus, aromatase is important in brain function, bone metabolism, the metabolic syndrome, energy expenditure,
cardiovascular physiology, testis and prostate physiology,
and regulation of gonadotropin secretion in the male. The
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production of estradiol by aromatase in extraglandular
tissues in postmenopausal women provides a compelling
example of the role of autocrine, paracrine, and intracrine
mechanisms. The story of the evolution of our understanding of these multiple roles for aromatase represents an
odyssey driven primarily by allowing observational data
to generate new hypotheses. The history of aromatase
outlines a success story where identification of a molecular target and inhibitors of it have led to substantially improved therapies for women with breast cancer.
Several aspects of this success story such as the role of
serendipity, mentoring, critical masses of investigators,
key workshop meetings, molecular biology technical
advances, pharmaceutical support, and fruitful collaborations among investigators provide a roadmap for
advances in other areas.
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