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Abstract

Since the first publication in 1973 concerning aromatase
inhibitors, several effective compounds have been reported by
a number of investigators. Our studies with 4-hydroxyandro-
stene-3,17-dione, 4-acetoxyandrostene-3,17-dione, and 1,-
4,6-androstatrienedione indicate that these compounds cause
rapid competitive inhibition of the enzyme. Aminoglutethimide
binds competitively to cytochrome P-450 and inhibits a number
of steroid hydroxylations but is more active as an aromatase
inhibitor. 16a-Bromoandrogens and 7a-(4'-amino)phenylthio-

androstenedione are also reported to be aromatase inhibitors.
As yet, only some of these compounds have been evaluated in
vivo, but all appear to be similarly effective in inhibiting aro-
matization in breast tumors in vitro. Recent interest has focused
on enzyme inactivators or "suicide" inhibitors. Such com

pounds act as substrates for the enzyme but are converted by
the normal catalytic mechanism of the enzyme to reactive
intermediates. These then bind covalently to the active site of
the enzyme causing loss of activity. Active site-directed inhib
itors are usually quite specific and have long-lasting effects in

vivo. A number of new compounds, as well as some of the
above compounds, appear to be inactivators of aromatase and
are potentially interesting as agents for hormone-dependent

breast cancer therapy.

The initial publication by our group (32) in 1973 on aroma
tase inhibitors describes evaluation of a number of compounds,
of which the most active series was Ci9 3-ketosteroids. These
compounds resemble the natural substrate of aromatase, an-
drostenedione. The best inhibitors were found to be andro-
stene-3,6,17-trione and ATD.2

As aromatization is a unique reaction and the last in the
series of steps in the biosynthesis of steroids, it seems likely
that compounds interacting with the aromatizing enzyme would
be specific inhibitors. We envisaged that effective inhibitors of
aromatase might have useful application for controlling estro
gen-dependent processes in reproduction and in hormone-
dependent breast cancer. In addition, such compounds may
be useful tools for aiding studies on the mechanisms involved
in estrogen biosynthesis and the role of estrogens in physio
logical processes. Commercially available ATD is now being
used quite extensively for the latter purpose by a number of
investigators.

Subsequently, we found that 4-OHA (15) and 4-acetoxyA

(11) were also highly effective aromatase inhibitors. These and
the above compounds all showed kinetics of rapid competitive
inhibition of placental aromatase (15, 32).

' Presented at the Conference 'Aromatase: New Perspectives for Breast
Cancer," December 6 to 9, 1981, Key Biscayne, Fla. This work was supported
by Grants CA-18595 and HD-13909 from NIH.

2The abbreviations used are: ATD, 1,4,6-androstatriene-3,17-dione; 4-OHA,
4-hydroxyandrostene-3,17-dione; 4-acetoxyA, 4-acetoxyandrostenedione; AG,
3-(p-aminophenyl)-3-ethyl-2,6-piperidinedione.

As we planned to study in vivo activity of aromatase inhibitors
in the rat, we developed a rat ovarian microsomal preparation
with a high level of aromatase activity induced by treatment of
the rats with pregnant mares' serum gonadotropin (14). Com

parative studies with placental and ovarian microsomes indi
cated that both preparations of aromatase had similar proper
ties. Most compounds inhibited both ovarian and placental
aromatase to about the same extent. An exception was an-
drostene-3,6,17-trione which was more active in the placental

than in the ovarian system, suggesting that some differences
may exist between the 2 enzymes.

Other investigators have evaluated compounds as aromatase
inhibitors. The most active series of compounds studied by
Siiteri and Thompson (34), Thompson et al. (36), and Thomp
son and Siiteri (37, 38) were Sa-reduced Ci9 steroids. Based

on their observations, these investigators suggested that sev
eral androgen derivatives which had been used for many years
in breast cancer treatment may be acting as aromatase inhibi
tors (36). One such compound is A'-testololactone, a dg

steroid without androgenic activity. Subsequently, Barone ef
al. (4) demonstrated that testololactone-inhibited peripheral
aromatization of androstenedione to estrone but not to estradiol
in postmenopausal women with breast cancer. Extraovarian
aromatization of androgens, mainly of adrenal origin, increases
after menopause. Aromatization also occurs in some breast
tumors (2, 26, 42). These peripheral sources of estrogen could
contribute to tumor stimulation in postmenopausal breast can
cer patients.

Another compound studied by Thompson and Siiteri (37, 38)
was AG. This is a potent inhibitor of aromatase (37, 38) as well
as an inhibitor of a number of other steroid hydroxylations. AG
binds competitively to cytochrome P-450 at a site somewhat
distant from the binding site for steroid substrates undergoing
hydroxylation (type II binding rather than type I binding) (22,
40, 41). Inhibition of aromatase by AG appears to be greater
than that by other hydroxylating enzymes. We have compared
the activity of this compound and A'-testololactone with 4-OHA

for aromatase inhibition in placental and ovarian microsomes
(Table 1). Testololactone is less effective than either AG or
4-OHA.

To date, AG (28, 29, 30, 31) and A'-testololactone (21, 33)

are the only aromatase inhibitors that have been studied in
human subjects. AG, as well as A'-testololactone, causes ob

jective tumor regression in postmenopausal breast cancer pa
tients. AG has also been demonstrated to inhibit peripheral
conversion of androgens to estrogens (31).

However, extensive studies in animal models have been
carried out with 4-OHA, 4-acetoxyA, and ATD (7, 11, 15).
These latter compounds inhibit ovarian estrogen secretion and
cause marked regression of hormone-dependent mammary
tumors induced in the rat with carcinogens 7,12-dimethyl-
benz(a)anthracene (6, 12, 29) or W-nitrosomethylurea (3). In
primates, 4-OHA and 4-acetoxyA also inhibit more than 90%

of peripheral aromatization. For these studies, male rhesus
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Table 1

Compounds tested for competitive inhibition of aromatase

Microsomes were prepared from ovaries of rats primed for 12 days with
pregnant mares' serum gonadotropin given as 100 ID/day s.c. on alternate days

(14). Each incubation contained 50 mg wet weight (0.75 mg protein) of ovarian
tissue, [1,2-3H]androstenedione, test compound, and an NADPH-generating sys
tem in 2.5 ml phosphate buffer (pH 7.4) for 30 min at 37Â°and oxygen. All are

mean values.

CompoundControl4-OHAATDAGTeslac"Control4-OHA6-BrAa

I:S, ratio of inhibitor concentration9I:S"11361020501336tosubstrate (0.283

of inhibitionofaromatization073726068253443071886274and

0.7 /Â¿MandrÃ²-stenedione
for first and second sets of data,respectively).b

Teslac, 17a-oxo-D-homo-1,4-androstadiene-3,1 7-dione; 6-BrA,6-bro-moandrostene-3,1

7-dione.

monkeys were given a constant infusion of radiolabeled an-
drostenedione. After steady-state conditions were established,

blood samples were drawn and the conversion to estrone and
estradiol was measured in the resulting plasma. No alteration
in the metabolic clearance rates of androstenedione and es
trone or in the interconversion of androstenedione to testoster
one, of androstenedione to dihydrotestosterone, and of estrone
to estradiol was observed in this experiment (10). As with
testololactone, these inhibitors appear to specifically affect
aromatization.

A series of 7a-substituted d9 steroids have been evaluated
as competitive inhibitors by Brueggemeier eia/. (17). The most
effective inhibitor of this series was 7a-(4'-amino)phenyl-

thioandrostenedione.
As mentioned above, studies by a number of investigators

have demonstrated that a significant portion of human breast
tumors aromatize androstenedione to estrogens. Abul-Hajj ef

al. (1 ) recently compared in vitro inhibition of aromatization in
human breast tumors by 7a-(4'-amino)phenylthioandrostene-

dione, aminoglutethimide, and 4-OHA and found them all sim

ilarly effective in causing 81 to 97% inhibition, although at
rather high concentrations of inhibitors.

Recently, several groups have been interested in developing
enzyme inactivators or "suicide" inhibitors of aromatase. Such

compounds act as substrates for the enzyme but are converted
by the normal catalytic mechanisms of the enzyme to reactive
intermediates. These then bind covalently to the active site of
the enzyme, causing loss of activity. Suicide inhibitors are
normally quite specific and have long-lasting effects in vivo.

Inhibitors of this type have been successfully used for other
enzymes (35).

A number of active site-directed inhibitors were reported by

Bellino Ã©tal.(5). These compounds were bromoandrogens and
were prepared for affinity labeling aromatase to aid in studies
on estrogen biosynthesis. Bellino e? al. (5) demonstrated that
the most active compound 6a-bromoandrostenedione acts

both as a competitive inhibitor and as an inactivator of aroma
tase, indicating that the compound goes to the same enzyme

site as androstenedione. The activity of this compound is
compared in Table 1.

More recent studies of suicide substrates involve compounds
modified at the C-19 position. To date, 10/8-propargyl-4-es-
trene-3,17-dione is the most active compound reported in this
series (19, 23, 25). Interestingly, 4-OHA, 4-acetoxyA, ATD,
and androstene-3,6,17-trione (7, 9, 18) also inactivate aro
matase but rather more slowly than they compete for the
enzyme. Kinetic studies show that loss of enzyme activity is a
time-dependent first-order process which occurs more slowly
in the placenta than ovary. 4-OHA and 10/3-propargyl com
pound have equivalent activities as inactivators of ovarian
aromatase (f,/2 ~ 20 min). Enzyme inactivation occurs more

slowly in both tissues than competitive inhibition. The 2 com
pounds also appear to be equally effective inhibitors of aro
matase in breast tumor incubations (27).

In our inactivation studies with 4-OHA, aromatase activity
was not regained after microsomes preincubated with 4-OHA

and then treated with charcoal and exhaustive washing (which
were considered sufficient to remove any residual 4-OHA) had
been allowed to stand 18 hr at 0Â°.The addition of androstene

dione to the preincubation with 4-OHA protected the aromatase

from inactivation, suggesting involvement of the active site of
the enzyme in the inhibitory process. When control (untreated)
and 4-OHA-preincubated microsomes were mixed in equal

proportions and the aromatase activity was assayed, the activ
ity was similar to the control value. The same result was
obtained when boiled microsomes were mixed with control
microsomes. These findings suggest that 4-OHA causes long-

term inactivation or irreversible inhibition of aromatase.
Aromatase inactivation may explain the sustained effects of

4-OHA observed in vivo and the high efficacy of the compound
in view of our findings that 4-OHA is cleared rapidly from the
circulation. Thus, in the monkey, the disappearance of 4-OHA
from the blood following an i.v. injection of [6,7-3H]-4-OHA was

very rapid, even faster than androstenedione (13).
If the binding of these inhibitors is indeed irreversible, as it

appears to be, the aromatization of the compound itself to an
estrogen would be unlikely. We have investigated the metabo
lism of 4-OHA in the pregnant mares' serum-stimulated rat

ovary and found that there was minimal conversion (less than
0.1%) of [6,7-3H>4-OHA to 4-hydroxyestrone (24). No other

estrogens could be detected during the incubation. Inhibitors
binding at the active site of the enzyme would also be expected
to be quite specific. In studies with 4-OHA, no effect on other

enzyme systems involved in the metabolism of progesterone or
androstenedione was observed. Only at concentrations of 70
/tw, 100 times that needed to inhibit aromatase, were 17/3-
hydroxysteroid dehydrogenase and 5Â«-reductase inhibited by
4-OHA, 4-acetoxyA, or ATD (8, 27). Similarly, as indicated

above, these enzymes were unaffected by inhibitor treatment
in vivo in studies with rhesus monkeys (10).

We have examined a number of other aromatase inhibitors
we have prepared as enzyme inactivators. Thus, although
4-OHA and 4-acetoxyA cause inactivation, 4-methoxyandro-
stenedione and 4-chloroandrostenedione are without activity
but act as competitive inhibitors. On the other hand, 4-hydroxy-
1,4-androstenedione-3,17-dione and 4-hydroxy-4,6-andro-
stenedione-3,17-dione inactivate ovarian aromatase but rather
more slowly than 4-OHA.

Although the mechanism of the aromatase inactivation is as
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yet unknown, studies into the structure-activity relationship of

these varied compounds may aid in elucidating the mechanisms
involved in aromatization as well as producing valuable new
drugs for breast cancer treatment.
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