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Steroid Inhibitors
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Summary—Aromatase (estrogen synthetase) occurs in a variety of tissues. Using immunocyto-
chemistry, we have recently located this enzyme in cellular compartments of several types of
human tissue. Furthermore, we found the mRNA was located in the same structures where
tested. As both gonadal and peripherally formed estrogen contribute to growth of hormone
sensitive cancers, we have developed aromatase inhibitors to block synthesis of this hormone.
We have determined that 4-hydroxyandrostenedione (4-OHA) selectively inhibits aromatase
activity in ovarian and peripheral tissues and reduces plasma estrogen levels in rat and
non-human primate species. 4-OHA was also found to inhibit gonadotropin levels and reduce
estrogen and progesterone receptor levels in treated animals. The mechanism of these effects
appear to be associated with the weak androgenic activity of the compound. These effects
together with aromatase inhibition may result in a synergistic response reducing estrogen
production and action. In postmenopausal women, estrogens are mainly of peripheral origin.
When postmenopausal breast cancer patients were administered either daily oral or parenteral
weekly treatment with 4-OHA at doses that did not affect their gonadotropin levels, plasma
estrogen concentrations were significantly reduced. Complete or partial response to treatment
occurred in 34% of 100 patients with advanced breast cancer, while the disease was stabilized
in 12%. These results indicate that 4-OHA is of benefit in postmenopausal patients with
advanced disease who have relapsed from prior hormonal therapies, and that steroidal
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inhibitors may be of value in premenopausal patients.

INTRODUCTION

As estrogens have an important role in the
growth of breast and other hormone sensitive
cancers, we have fucused our research over the
past several years, on the development of com-
pounds which would reduce production of this
steroid by inhibiting the aromatase enzyme.
Aromatase is an enzyme complex consisting
of a cytochrome P-450 (P-450,,,) hemo-
protein and a flavoprotein, NADPH-cyto-
chrome P-450 reductase[l]. The P-450,,.,
binds the C-19 androgen substrates e.g. andro-
stenedione and testosterone and catalyzes their
conversion to estrogens. Aromatization of an-
drogens appears to involve three hydroxylation
steps [2], eventual loss of the angular methyl
group at C-19 and the elimination of the 1§ and
25 hydrogens resulting in aromatization of the
A-ring of the androgen molecule to form estro-
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gen. Two of these hydroxylations appear to
occur at the C-19 position [3, 4], while it is
presently uncertain whether the third hydroxyl-
ation takes place at this position[S] or at a
separate site, such as the C-2f position [6]. The
cytochrome P-450,,,.,, has recently been purified
and the DNA cloned from human placenta by
several groups [7-10]. The role of the NADPH-
cytochrome P-450 reductase is to donate elec-
trons to the cytochrome P-450. The reductase is
common to most cell types and the same enzyme
appears to perform this function for most cyto-
chrome P-450 reactions [11].

Studies of the gene sequence of cytochrome
P-450,,,, indicates that its highly conserved,
consistent with the fact that aromatase occurs
in a wide variety of tissues in both males
and females of many species. The overall hom-
ology with other cytochrome P-450 genes is
only about 30%. Aromatase is therefore con-
sidered to be in a separate gene family within
the overall superfamily of cytochrome P-450
genes [12].
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We have recently been able to investigate the
location of the enzyme in sections of several
human tissues by immunocytochemistry using a
monoclonal antibody of Mendelson et al. to
purified P-450,,.., [13] in the peroxidase-antiper-
oxidase [PAP] staining technique or the
biotin—avidin technique [14]. Our studies reveal
that in the human ovary, aromatase is located
in the thecal compartment of the developing
follicle, but as the follicle progresses towards
ovulation, there is increased expression of the
enzyme in granulosa cells [15]. Utilizing the same
technique we have identified over-expression of
aromatase located in the Sertoli cells of a testic-
ular tumor of a boy with gynecomastia [16]. In
the human placenta, which is the major source
of estrogen during pregnancy, we have also
investigated the site of transcription. From the
results of in situ hybridization histochemistry on
tissue sections, the enzyme appears to be syn-
thesized in the cytoplasm of syncytiotro-
phoblasts in the outer layer of the chorionic villi.
These are the same cells in which we detected the
presence of the enzyme[17]. In other tissue,
aromatase has been identified by conventional
biochemical techniques in several locations in
the brain including the hypothalamus [18] amyg-
dala and hippocampus [19], adipose tissue of
both men and women [20, 21] and the testis [22].
There are a number of reports indicating the
presence of aromatase in breast tumors [23--26].

Although it is currently believed that a single
gene encodes only one species of aromatase in
the human [27], regulation of the enzyme ap-
pears to be tissue-specific. In the gonads, aroma-
tase is regulated by gonadotropins. Information
concerning the regulation of aromatase in other
tissues is sparse, except for adipose tissue in
which glucocorticoids and growth factors have
been shown to be involved [28]. Production of
estrone by adipose tissue is also positively corre-
lated with obesity and ageing [21]. Thus, estro-
gens from many sources, both gonadal and
extragonadal, can contribute to promoting the
growth of estrogen sensitive cancers.

We reasoned therefore that inhibitors of
aromatase by interacting with the enzyme in all
tissues, could provide both selective and effective
reduction of estrogen production. Such inhibi-
tors would be potentially useful treatment for
diseases in which estrogens have a role, e.g.
breast and endometrial cancer. Breast cancer is
most prevalent among postmenopausal women;
about 75% of patients have hormone-responsive
tumors, whereas about 60% of premenopausal

patients have hormone-responsive tumors {29].
Methods of controlling estrogen production or
action result in objectively quantifiable breast
tumor regression which can often be long last-
ing [29]. Until recently, all inhibitors of estrogen
action were also weak or partial agonists. Thus,
tamoxifen may not be the optimal antiestrogen.
It appears to be insufficiently effective in consist-
ently blocking the action of the high levels
of estrogen which occur in premenopausal
women [30]. Thus, aromatase inhibitors have the
potential for being more effective than tamox-
ifen. Since we began our studies on aromatase
inhibitors, it has become apparent that tamox-
ifen provides superior response rates and
less toxicity, than cytotoxic agents in post-
menopausal patients with estrogen receptor-
positive tumors [30]. Nevertheless, as with other
anticancer agents, patients ultimately relapse
from tamoxifen treatment. Aromatase inhibi-
tors, therefore, offer an alternative approach to
patients who have failed to respond to, or who
have relapsed from tamoxifen treatment. In
addition, a goal of our work was to find agents
that have low toxicity and could therefore be
used for long periods and in more advantageous
strategies, such as in adjuvant therapy.

In the early seventies, we began a program to
synthesize and identify compounds which are
potent aromatase inhibitors [32]. We envisaged
that selective inhibition of aromatase was a
feasible goal, because aromatization of the
androgen molecule is a unique feature of estro-
gen biosynthesis. In addition, since estrogens are
the last steroids to be synthesized in the biosyn-
thetic sequence, their inhibition would not inter-
fere with the production of other essential
hormones, such as cortisol.

The most potent inhibitor in vitro and in vivo
that we have described is 4-hydroxyandrostene-
3,17-dione (4-OHA)[33, 34]. This is the first
compound designed as an aromatase inhibitor to
be evaluated for clinical use in breast cancer
patients. Studies have been initiated in post-
menopausal patients with advanced metastatic
disease who have relapsed from the other treat-
ments [35, 36]. The efficacy of 4-OHA compared
to tamoxifen in breast cancer patients still
remains to be determined.

IN VITRO STUDIES WITH AROMATASE
INHIBITORS

In our initial studies, the most active aroma-
tase inhibitors were found to be C-19, 17-
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keto androstenedione derivatives. Although
these compounds exhibited properties typical of
competitive inhibitors, we also observed that
several of the more potent ones caused inacti-
vation of aromatase. This phenomenon was
demonstrated with 4-OHA by preincubating the
compound for various lengths of time with
microsomes from human placental tissue or rat
ovaries in the presence of NADPH [37]. Follow-
ing removal of the compound, a time-dependent
loss of enzyme activity was observed. The reac-
tion followed pseudo-first-order kinetics and
appears to be irreversible. Thus, 4-OHA
appears to be acting as a mechanism-based
inhibitor.

A number of other steroidal aromatase
inhibitors have also been reported to cause
inactivation and appear to be acting by a similar
mechanism e.g. 10(2-propynlestr-4-ene-3,17-
dione [38] and analogs of 7x-(4’-amino)-
phenylthio-androstene-3,17-dione [39].

In addition to these steroid inhibitors, several
non-steroidal aromatase inhibitors have been
described. However, none have been reported to
act by the above mechanism. Several of these
inhibitors are imidazoles or structurally related
to aminoglutethimide (AG). AG is an inhibitor
of steroid hydroxylase reactions and lacks
specificity for aromatase [40]. Cortisol replace-
ment therapy is therefore required when this
drug is administered. Because of its potency for
aromatase and its previous clinical use as an
anticonvulsant, AG became the first compound
used to test the concept of aromatase inhibition
as a means of treatment for postmenopausal
breast cancer [41]. Several new agents are re-
ported to be very potent inhibitors of aroma-
tase, such as 4-(5,6,7,8-tetrahydrimidazol [1,5-a]
pyridin-5-yl)benzonitrile monohydro-chloride
(CGS16949A) [42] and 6[(4-chlorophenyl) (1H-
1,2,4-triazol-1-yl)methyl]-1-methyl-1-H-benzo-
triazole (R76713)[43]. Their actions on other
enzymes, such as adrenal corticosteroids, are
therefore likely to be minor [42].

THE EFFECTS OF 4-OHA ON CYCLING ANIMALS

The dimethylbenz(a)anthracene (DMBA)-
induced, hormone-dependent, mammary tu-
mors of the rat[34] are comparable to pre-
menopausal breast cancer as growth of these
tumors is dependent upon ovarian steroids,
4-OHA (50 mg/kg/day, s.c.) was found to be
highly effective in causing regression of DMBA-
induced tumors.

Although 4-OHA did not have significant
actions on ovarian steroidogenic enzymes other
than aromatase in vitro, we considered it
important to evaluate the effect of the com-
pound on plasma hormone levels and on steroid
receptor levels in the rat model. At the end of
4 weeks of treatment with 4-OHA, ovarian
aromatase activity and estrogen secretion as
well as peripheral estradiol levels, were
markedly reduced in 4-OHA-treated rats com-
pared to vehicle injected control animals [34].
However, despite the low levels of peripheral
estradiol concentrations, LH and FSH concen-
trations were found to be significantly reduced.
Treatment with 4-OHA also was found to pre-
vent the reflex rise in gonadotropins that usually
occurs following ovariectomy. Furthermore, the
high levels (> 1000 ng/ml) of gonadotropins in
long-term ovariectomized animals could be re-
duced by 4-OHA treatment administered for 2
weeks. These effects of 4-OHA could be com-
pletely reversed by coadministration of the an-
tiandrogen, flutamide, suggesting that 4-OHA
acts as an androgen to inhibit LH and FSH [44].

The effects of a non-steroidal aromatase
inhibitor, aminoglutethimide were also com-
pared in similar experiments [45]. AG reduced
ovarian estradiol secretion initially but long-
term treatment of intact rats resulted in estra-
diol secretion and ovarian aromatase activity
which were higher than those measured 3 h after
treatment. In the same animals the mean
ovarian weight was significantly increased and
gonadotropin levels were 1.8-fold higher than
values for intact contro! rats (Table 1). These
observations suggest that the increase in LH
and FSH levels resulting initially from reduced
estrogen secretion, may subsequently act to
stimulate the ovary and lead to an increase in
estrogen synthesis. This hypothesis is substanti-
ated by the report that the mid-cycle surge of
estradiol in premenopausal breast cancer
patients 1S not consistently suppressed by
AG [46]. We also observed that in studies of the
non-human primate menstrual cycle, LH, as
well as estradiol ievels, were not increased above
very low basal values by long-term treatment
(>1month) with 4-OHA (50 mg/kg/day,
s.c.)[47]. These results suggest that potent
steroidal aromatase inhibitors which also have a
direct action on the hypothalamus—pituitary
axis, may be effective in reducing ovarian estro-
gen production in premenopausal patients.

Further studies performed in the rat model
indicate that 4-OHA inhibits estrogen receptor
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Table 1. Effect of 4-OHA and AG treatment on rats with DMBA-induced mammary tumor

Aromatase (%

of activity/
Treatment Ovarian wt (mg)* mg of protein) Estradiol (pg/ml) LH (ng/ml)*
Control 79.6 + 5.5%¢ (7)¢ 3.10 + 1.03¢[6) 474.0 + 100.3°(5) 167.7 + 29.8°(7)
4-OHA 45.8 +5.2°(8) 0.43 + 0.06° (8) 140.0 + 18.7°(8) 14.7 + 6.4°(10)
AG 117.3 £7.3°(8) 1.58 +0.25(6) 326.8 + 153.4(5) 297.3 + 50.8(7)

*Statistical analyses of differences were performed on log,-transformed data, since Cochran’s test
of raw values revealed heterogeneous variances.

®Mean + SE.
Significance (P < 0.01}.

YNumbers in parentheses, number of animals.

*Significance (P < 0.005).

Rats were given injections s.c. twice daily for 4 weeks of 4-OHA or AG (50 mg/kg/day). Blood
was collected from the ovarian vein 3h after the last injection, and then ovaries were
removed, stored frozen, and homogenized, and aromatase activity was determined. Heart
blood was collected at sacrifice, and LH concentrations were determined in the plasma.

(From Wing et al. [45].)

(ER) and progesterone receptors (PR) in the rat
uterus and DMBA-induced mammary tumors
[45]. 4-OHA does not interact directly with these
receptors in vivo even at 107°M, as determined
by competitive binding assays. However, con-
comitant treatment of ovariectomized rats with
4-OHA and antiandrogen, but not antiestrogen,
counteracted the reduction in both ER and PR,
suggesting that the effect of 4-OHA on receptor
levels is also via an androgenic mechanism. The
effect of the antiestrogen clomiphene was to
enhance the level of PR in the uterus. 4-OHA
has about 1% the androgenic activity of testos-
terone in bioassays [34]. This level of activity
was confirmed in a competitive binding assay
for androgen receptors [48]. Others have repor-
ted similar effects of androgens on reducing ER
in human cancer cell lines [49] and progesterone
receptors in rat mammary tumors [50].

In summary, at the doses administered to
cycling animals, 4-OHA acts to inhibit ovarian
aromatase but also directly inhibits gonado-
tropin production and reduces estrogen and
progesterone receptors. These effects appear to
be mediated by interaction with androgen recep-
tors, but not estrogen receptors, and may result
in a synergistic response by reducing estrogen
production and its action.

THE EFFECT OF 4-OHA ON
PERIPHERAL AROMATASE

Peripheral aromatization is an important
source of estrogens which contributes to such
conditions as endometrial as well as breast
cancer in postmenopausal women, and gyneco-
mastia in men. Several studies imply that pro-
static tissue contain estrogen receptors [51] and
that estrogens may have a role in prostatic
disease [52].

We recently carried out a study to determine
the presence of aromatase in the prostate [53].
We employed both a product isolation method
using HPLC, as well as the *H, O assay in which
the *H-label released during aromatization from
the C-18 and C-28 of the androstenedione sub-
strate is measured as *H,0. We, and others,
have used the *H,0 assay in placental and
ovarian tissue and found that the amount of
*H,O released is equivalent to estrogen pro-
duced [15]. Although *H,0 was released during
incubations of prostatic tissue from both BPH
and cancer patients, no estradiol or estrone was
detected. We are currently uncertain why *H,O
is released, but conclude that prostatic tissue
does not contain significant amounts of aroma-
tase. 4-OHA is effective in inhibiting peripheral
aromatization as demonstrated in male non-
human primates (rhesus monkeys) [54]. Thus, if
estrogen has a role in prostatic diseases, aroma-
tase inhibitors may be of value by inhibiting
peripheral production of estrogens.

STUDIES WITH 4-OHA IN
POSTMENOPAUSAL BREAST
CANCER PATIENTS

Based on results from the above studies
which demonstrated that 4-OHA is a potent
aromatase inhibitor in wvitro, inhibits ovarian
aromatase activity and estrogen production,
as well as peripheral aromatization, we have
now evaluated 4-OHA in 128 postmenopausal
patients with advanced, metastatic breast
cancer [55]. The first few patients received
material prepared in our laboratories [35]. All
subsequent patients received material supplied
by Ciba-Geigy Pharmaceuticals (CGP 32349).

The effect of 4-OHA on suppression of
plasma estradiol was determined in groups of
patients administered the compound orally or
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parénterally [56]. A single injection of 4-OHA of
500 mg i.m. suppressed estradiol levels to a
mean of 36.3 + 3.3% (SE) of base-line 4-7 days
later in 14 patients. This suppression was main-
tained in 6 of 7 patients for more than 14 days.
The half-life of 4-OHA following a single injec-
tion was approx. 8 days. When the plasma level
of 4-OHA had fallen to less than 3 ng/ml,
estradiol concentrations begun to rise. Results
from patients receiving a single dose of 125 mg
4-OHA i.m. were similar to those with 500 mg
i.m. except that estradiol levels began to rise
carlier. When 4-OHA was administered orally
(500 mg per day), further suppression occurred
each day of treatment and by 7 days of treat-
ment, the mean suppression was similar to that
with 500 mg 4-OHA im. by days 4-7. These
results suggest that a dose of 125mg im. is
sufficient to maintain maximal estradiol sup-
pression for more than 7 days. Also, despite
rapid glucuronidation of 4-OHA by the
liver [56], 4-OHA given orally is equally effective
in suppressing estradiol [56].

No effect of 4-OHA treatment was observed
on serum gonadotropin, sex steroid binding
globulin or dehydroepiandrosterone sulfate
levels [36], suggesting that suppression of estra-
diol by 4-OHA at a dose of 500 mg i.m. was the
result of inhibition of peripheral aromatization.
Recently, inhibition of peripheral aromatization
in postmenopausal patients[58] treated with
4-OHA was confirmed by measuring conversion
of radiolabeled precursor [54].

Of the 128 patients treated with 4-OHA, 100
were assessable. Groups of patients received
500 mg i.m. once a week, 250 mg i.m. every 2
weeks, or 500 mg orally every day. All were
either postmenopausal or had been previously
ovariectomized and had received 1-4 treat-
ments. The patients had assessable locally
advanced or metastatic disease. Assessment was
made at 3, 6 and 9 months and at the end of
treatment using the criteria of the International
Union Against Cancer. Of parients responding
to treatment, 91% had ER positive tumors and
of patients with disease stabilization 86% had
ER positive tumors, whereas 53% of patients
whose disease progressed had ER positive
tumors. Eighty of the 100 patients had received
prior endocrine treatment (ovariectomy, tamox-
ifen, AG or megace). Patients who had pre-
viously responded to ovariectomy, had an
excellent (88%) chance of responding to 4-
OHA. The compound was well tolerated by the
patients. The only major side-effect was local

Table 2. Overall response of breast cancer patients to 4-OHA

Number (percentage)

Number responding
of

Dose patients CR/PR® NC® PD*
500 mgi.m. 51 17 (33) 7(14) 27(53)
250 mgim. 25 9(36) 5(4) 11 (44)
500 mg orally 24 8(33) 0 16 (67)
Total 100 34 12 54
2Complete or partial response.
®No change.

‘Progressive disease.

Postmenopausal patients with advanced disease were injected with
500 mg i.m. once weekly, 250 mg i.m. every 2 weeks, or 500 mg
orally each day. (Data from Coombes et al. [S5).)

reaction at the site of injection in 13% of
patients who received 500 mg i.m. This was
not a problem in patients receiving the iower
dose. The results are shown in Table 2. Over-
all, 34% of patients experienced complete or
partial response to treatment, the disease was
stabilized in 12% but progressed in 54% of
patients [S5].

In conclusion, we have demonstrated that
4-OHA is a selective inhibitor of aromatase and
causes inactivation of the enzyme. The com-
pound inhibits both ovarian and peripheral
aromatase in animal models. In addition, 4-
OHA directly inhibits gonadotropins and
reduces ER and PR in the uterus and mammary
tumors of the rat. These effects could be
reversed by antiandrogen but not by antiestro-
gen treatment, suggesting that these actions of
4-OHA may be mediated via the androgen
receptor. At the doses administered to the non-
human primate (baboons) during the menstrual
cycle, 4-OHA treatment also reduced steroid
and gonadotropin levels to base-line after one
month of treatment. Our findings suggest
that inhibition of the rise in gonadotropins
is important in maintaining suppression of
ovarian estradiol during the cycle. In the
first clinical studies with 4-OHA, 34% of post-
menopausal breast cancer patients experienced
objective response to treatment. The compound
administered by both parenteral and oral
routes reduced plasma estrogen levels, had
few side effects and was effective in patients
who had relapsed from previous endocrine
treatment.
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