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Summary—It has been proposed that one of the endocrinological factors in the pathogenesis of benign
prostatic hyperplasia is estrogen stimulation of stromal growth. Current clinical experience with
anti-estrogenic compounds indicates that, in the case of mammary carcinoma, aromatase inhibitors
provide a viable alternative to estrogen receptor antagonists for treatment of the disease. It is proposed
that inhibitors of estrogen biosynthesis could likewise provide a non-invasive therapy for benign prostate
disease. Some aspects of the activity of known aromatase inhibitors as substrates for enzymes of steroid
metabolism and their potential relevance to the pharmacology of the compounds are discussed.

INTRODUCTION

In the course of synthesis of steroid hormones from
their common precursor cholesterol, the number of
carbon atoms in the skeleton is reduced successively
from 27 to 21, 19 and finally to I8 by a series of
specific cytochrome P-450 catalysed enzymatic
reactions [1]. The last step in the series, removal of
the C-19 methyl group from the androgen pre-
cursors androstenedione? or testosterone to produce
the C; estrogens estrone or estradiol is carried out
by cytochrome P-450,,,,, in concert with NADPH-
dependent cytochrome reductase (Fig. 1, Refs [1-
4]). This enzymatic activity is commonly referred to
as aromatase and is found primarily in the gonads,
placenta, subcutaneous fat tissue and the brain [2, 5~
8]. The fact that this synthetic step is the last in the
steroid hormone synthetic cascade makes it an
attractive point for pharmacological inhibition of
estrogen biosynthesis: reduction of circulating
estrogens will not directly influence the production
of other steroids since the estrogens are unique in not
being precursors for other hormones.

Aromatase inhibitors have consequently attracted
attention due to their potential application in the
clinical treatment of several conditions associated
with the action of estrogens. For example,
endometriosis, endometrial and mammary car-

* Address for correspondence: Department of Biochemical
Pharmacology, Schering AG, Postfach65 03 11, 1000
Berlin 65, Federal Republic of Germany.

tAbbreviations and trivial names: androstenedione, 4-
androstene-3,17-dione; testolactone, bD-homo-17a-
oxa-1,4-androstadiene-3,17-dione; 4-OHA, 4-
hydroxy-4-androstene-3,17-dione;  ATD, 1.4,6-
androstatriene-3,17-dione; SH 489, 1-methyl-1,4-
androstadiene-3,17-dione; DHT, 178-hydroxy-5a-
androstan-3-one; MDL 18962, 10-propargyl-4-
estrene-3,17-dione; Aminoglutethimide; 3-(4-amino-
phenyl)-3-ethyl-2.6-piperidinedione.

cinomas in women are obvious targets, while in the
male gynecomastia, idiopathetic oligospermia and
benign prostatic hyperplasia come into question
[9-12].

CLINICAL USE OF AROMATASE
INHIBITORS

Mammary carcinoma

Hormone dependence of mammary carcinomas
has been recognised for about 90 yr—since Beatson
demonstrated the palliative effects of ovariectomy in
1896 [13]. Additional endocrine therapy in the form
of adrenalectomy and hypophysectomy has lent fur-
ther support to this concept[14,15]. Recently,
treatment of post-menopausal metastatic disease has
usually included use of non-steroidal anti-estrogens
such as tamoxifen or nafoxidine whose primary mode
of action probably results from their ability to com-
pete with estradiol for binding to the estrogen
receptor [16-18]. A logical alternative to surgical
ablation or receptor blockade would seem to be the
use of an enzyme inhibitor to prevent synthesis of the
estrogens, that is, use of an aromatase inhibitor.
Clinical experience with the use of such compounds
has, however, until recently been limited by the
availability of suitable drugs. The first compound
to find clinical application as aromatase inhibitor
was aminoglutethimide, a non-steroidal compound
known to have inhibitory effects on adrenal steroi-
dogenesis as well as on aromatase [19]. While quite
effective as treatment, especially in conjunction with
corticoid replacement therapy to combat the adrenal
side-effects, other toxic effects are too severe to
warrant use of the compound in less debilitating
indications [21, 22]. The steroid analogue testolac-
tone (1), a rather weak aromatase inhibitor, has been
shown to be effective in treatment of McCune-
Albright syndrome [22]. Although massive doses are
required to substantially reduce serum estradiol
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Fig. 1. Probable intermediates generated in the course of aromatization of androstenedione to
estrone [82, 83].

levels, the compound has also found some use in
treatment of mammary carcinoma [23].

About 2 yr ago, the first clinical data on the much
more potent inhibitor 4-hydroxy-4-androstene-
3,17-dione (2, 4-OHA) were published [24], show-
ing that this compound is indeed effective, These
studies together with the previous experience with
aminoglutethimide, show that aromatase inhibitors
can be used effectively to inhibit extragonadal
aromatization. Aside from providing a firm practical
basis for the treatment of post-menopausal breast
cancer, it seems realistic to suppose that these or
similar drugs could be useful in treatment of other
estrogen-dependent diseases.

Potential application in prostatic hyperplasia

The possibility of using some form of medication
in treatment of benign prostatic disease (BPH) has
aroused interest for a number of years. A hormonal
basis for BPH was postulated two centuries ago,
based on the observation that men castrated early in
life do not develop the condition [see 30]. This
obvious androgen dependence of the disease is not,
however, reflected in good clinical response to anti-
androgen therapy [25]. This stands in sharp contrast
to prostatic carcinoma, where surgical or medical
castration are standard treatment. The answer to this
apparent contradiction lies, presumably, in the
etiology of the hyperplasia.

In somewhat simplified terms, the human prostate
can be considered to consist of two main tissue
compartments: the glandular elements, of epithelial
origin, and the surrounding stromal tissue. These two
compartments contain quite distinct complements of
hormone receptors and also of steroid-metabolising
enzymes, as will be discussed later. The histological
picture of the hyperplastic prostate in the human is,
however, quite heterogeneous. The hyperplastic
areas tend to be well-defined nodules whose his-
tology varies to some extent depending on the region

of the organ in which they develop. Constriction of
the urethra and the resulting clinical symptoms are
most frequently produced by growth of nodules in
the periurethral region. These nodules generally
show a preponderance of stromal elements. Hyper-
plastic lesions more distant from the urethra tend
to show greater involvement of glandular
elements [26]. On the basis of histological analysis,
McNeal suggested that BPH results from a reac-
tivated embryonic induction of epithelial growth
stimulated by the stromal tissue. This theory of BPH
as a primarily stromal disorder was first propounded
by Reischauer in 1925 [27] and found considerable
support in anatomical studies in the first half of the
century [28-30]. Direct experimental support of this
hypothesis has been provided in the last few years by
the elegant reconstruction experiments carried out
primarily by Cunha and his colleagues who have
been able to demonstrate that embryonic mesen-
chyme, which ultimately develops into the prostatic
stroma, controls the differentiation and growth of
adjacent epithelium and that this growth is under
hormonal control [31-33].

Two principal lines of evidence indicate a prob-
able involvement of estrogen as a growth stimulant
of the prostatic stroma. First, biochemical analysis of
the tissue has shown that nuclear binding of
estrogens is higher in stroma than in epithelium while
the opposite is true of nuclear androgen receptor.
This finding has been reported for the human
hyperplastic prostate as well as for normal tissue in
common laboratory animals (rat, dog and guinea-
pig) [34-38]. The stroma, however, would seem to
be the principal site of conversion of testosterone
into dihydrotestosterone, postulated to be the prin-
ciple androgen responsible for growth of the glan-
dular epithelium [34, 39-41]. This distribution of the
receptors and enzymes appears to support the pos-
tulated role of stroma as a regulator of epithelial
growth.
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BPH is, of course, primarily a disorder of old age
and it is therefore possible that clues to the hormonal
control of hyperplasia might be gained by measure-
ment of hormone levels as a function of age. With
increasing age, the Jevels of plasma testosterone tend
to fall while estrogens rise somewhat. Furthermore,
the estrogen-dependent increase in levels of SHBG
reduces still further the effective concentration of
testosterone so that a considerable shift in the
estrogen/androgen balance is seen among men be-
tween 60 and 70 yr of age as compared to young
men. This shift in relative levels of the two hormones
may be in part responsible for reactivation of stromal
inductive activity [42-45].

To what extent can this hypothesis be supported by
experimental data? A major problem in experimen-
tal analysis of prostatic hyperplasia is the extreme
variation among species with respect to the anatomy
and histology of their prostates, so that the question
of their relevance as models for the human condition
arises. Furthermore, there are very few species which
naturally develop hyperplasia in old age. One not-
able exception is the dog, which has been the object
of a number of studies, although the dog prostate
shows important anatomical differences compared
to man and canine hyperplasia differs considerably
from the human condition in being a diffuse and nota
nodular growth and being primarily an epithelial
rather than stromal disorder [46-49]. Estrogens play
an important role, however, in development of
canine hyperplasia and the extent and nature or the
hyperplasia can be influenced by the ratio of
androgen to estrogen in circulation[49]. It has
recently been reported that an anatomically more
suitable model may be found in the baboon [50] or
cynomolgus monkey (Macaca fascicularis,[51]).
Experiments in the last two species and the dog have
shown that prostate growth can be induced by
treatment with the aromatisable steroids 4-andros-
tene-3,17-dione [51] or testosterone enanthate [50].
Furthermore, the estrogenic effects of this treatment
on the stromal histology can be reversed by treat-
ment with the steroidal aromatase inhibitors 4-OHA
or SH489[51, 52].

There therefore exists a considerable body of
evidence, much of itindirect but some of it direct and
experimental in nature, to support the contention
that:

(1) human BPH is a disease of stromal origin and
(2) estrogens play an important role in induction of
prostatic growth.

A direct clinical trial of the use of an aromatase
inhibitor in treatment of BPH has up to now been
carried out on a limited scale using testolactone [12].
Results of this trial were encouraging enough to
warrant further trials with more potent compounds,
once these become available for testing. Benign
prostatic hyperplasia and mammary carcinoma are
therefore currently viewed as the principal in-
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Scheme 1

dications for future clinical use of aromatase in-
hibitors.

BIOCHEMICAL CHARACTERISTICS OF
AROMATASE INHIBITORS

The last few years have seen a surge of activity in
the search for new inhibitors of aromatase having
sufficient specificity for the enzyme to warrant their
testing clinically. The first lead for new compounds
which might prove useful as inhibitors of the sub-
strate analogue type was provided by the work of the
Brodies and their colleagues, who examined the
activity of a large number of steroids [53-55]. The
most active compounds found in that search were
androstenedione derivatives: 1,4,6-androstatriene-
3,17-dione (ATD, 3) 4-androstene-3,6,17-trione
and 4-substituted compounds 4-acetoxy and 4-
hydroxy-4-androstene-3,17-dione  (4-acetoxy-A
and 4-OHA, 2). As already mentioned, the latter
compound has in the mean time progressed to
clinical trials.

All four of these compounds were shown to be
potent inhibitors of aromatase in vitro, using both
human placental microsomes and microsomes
derived from the ovaries of PMSG-stimulated rats as
the source of enzyme [54]. In the mean time, several
other androstenedione derivatives with good in-
hibitory activity have been described. These include
the 10-propargyl compound MDL 18962 (4)[56-
58], 19-thio-methyl derivatives, for example (5) [59]
and the compound I-methyl-1,4-androstadiene-
3,17-dione (SH489, 6) which has been the object of
our own interest[52, 60,611

These compounds show kinetics of inhibition, as
analysed by Lineweaver—Burke or Dixon plots, in-
dicative of competitive inhibition. A further com-
mon feature of the steroids 2, 3, 4 and 6, however, is
that they are capable of irreversibly inhibiting the
enzyme. That is, on incubation of microsomes with
inhibitor in the absence of substrate, but with
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NADPH (required as cofactor for enzyme activity),
there is a time- and concentration-dependent loss of
aromatase activity [56, 58,61-64], The precise
mechanism of inactivation of the enzyme remains a
matter of discussion and it is presumably different for
the 4- or 6-substituted stercids, the steroids carrying
a C1-C2 double bond {testolactone, ATD, SH489)
and irreversible inhibitors substituted at C10 with
allenic or acetylenic groups [63-65].

The dependence of the inactivation on NADPH,
protection by addition of substrate and the irrever-
sibility of the reaction as judged by stability to
prolonged washing or dialysis all point to a
mechanism of the “k.,,” or suicide type. It is there-
fore presumed that the hydroxylation of these sub-
strate analogues by cytochrome P-450,,,, leads to
formation of active intermediates which can form a
covalent bond to the protein. In the case of 4-OHA,
additional evidence for the covalent nature of the
binding was provided by our observation that, fol-
lowing reaction of PH}M4-OHA with partially purified
human placental aromatase, the radioactive label
was recovered in a protein of molecular weight
55,000 under the denaturing conditions of SDS-
PAGE [66]. This molecular weight corresponds to
that of the homogeneous purified cytochrom P-
450,,0m [4] and therefore also provides further sup-
port for the idea that a suicide interaction occurs
between the activated substrate and the hydroxylat-
ing cytochrome. Analogous experiments with other
suicide substrates have not yet been reported.

As far as the kinetics of the irreversible reaction
are concerned, we have previously reported that
introduction of the 1-methyi group in SH489 leads to
a slower reaction than observed in unsubstituted 1,4
dienes {61]. The methyl group, however, improves
substantially the reversible binding of the compound
as a competitive inhibitor and prevents aromatiza-
tion of the inhibitor. 4-OHA, ATD and MDL. 18962
are all known to produce, in addition to reduced
serum estrogen levels, a reduction of the specific
activity of aromatase in target tissues in vivo, which
is presumed to result from inactivation of the
enzyme {62, 67, 681

FURTHER BIHOCHEMICAL CONSIDERATIONS

Androstenedione derivatives described as being
active as aromatase inhibitors are in general not
dramatically modified in structure, as is clear from
the few examples shown here. This results from there
being relatively few points on the molecule where
maodifications can be made without reducing affinity
to the enzyme. In so far as they have been tested,
however, such modifications have only modest
effects on other enzymes of steroid metabolism
{e.g.[69)). As a consequence, it must be anticipated
that the steroidal inhibitors discussed here will be
subject to metabolism. Apart from the obvious con-
sequence of excretion, such substrate activity can be
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viewed from two standpoints: on the one hand,
enzymatic modification may reduce or abolish
activity of the compound as an aromatase inhibitor,
Alternatively, the compound, in competing for an
enzyme with its natural substrate, may produce
changes in the pattern of synthesis or metabolism of
the natural hormonal steroids.

1t is known, for example, that the plasma half-life
of 4-hydroxy-4-androstene-3,17-dione {(4-OHAj is
quite short. It has recently been reported that
glucuronidation of the hydroxyl group is very rapid
following in vive administration to human or the rat
and also on incubation with suspensions of rat
hepatocytes [70, 71]. In addition, the compound is
also subject to a number of alterations in the A-ring,
While at least some of the identifiable metabolites are
still capable of inhibiting aromatase, others and in
particular the glucuronide are presumably inactive.
Furthermore, the conjugated steroid can be expec-
ted to be rapidly excreted. These metabolic effects
on the molecule therefore contribute substantially to
the fact that the compound must be given in sub-
stantial doses to be effective, most particularly when
applied orally[71]. The other steroidal inhibitors
mentioned here differ from 4-OHA in not possessing
hydroxyl groups. It is, however, likely that one or
other of the ketone groups at positions 3 or 17 in
these compounds, after reduction by the appropriate
oxidoreductase, could provide a site for conjugation
in a manner analogous to normal metabolic process-
ing of natural steroids. Since reactions of this type
might play a decisive role in the pharmacokinetics of
the inhibitors, it seemed worthwhile to investigate
the properties of some of the inhibitors as substrates
for steroid-metabolizing enzymes. Besides providing
an understanding of the metabolism of the com-
pounds themselves, information gained in studies of
this type may prove useful in future development of
more effective inhibitors.

In the course of characterizing the inhibitor
SH489, we have therefore compared the com-
pound with androstenedione and also with 4-OHA
for its activity as substrate and for four androgen-
metabolising enzymes: Sa- and 5B-reductase and
the soluble and membrane-bound forms of hepatic
17 B-hydroxysteroid dehydrogenase.

Sw- and 5SB-reduction

The enzymes So- and 38-reductase control an
important step in the metabolism of both C19 and
C21 steroids: only after reduction of the C4-C35
double bond is reduction of the 3-ketone possible,
leading to a product which can be conjugated and
excreted. The activities of both 5a- and 58-reduc-
tases is high in the liver. Sa-Reductase is found in the
nuclear membrane and in microsomes while 583-
reductase is a soluble enzyme [72]. Sa-Reductase is
also found in the male reproductive organs and in
tissues which are targets for androgen action. While
the function of the reductases in the liver is primarily
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Fig. 2. Concentration dependence of inhibitory effects of progesterone (M), SH489 (A), 4-OHA (@) and
17-hydroxy-1-methyl-1 4-androstadiene-3-one {17 BOH metabolite of SH489 (V) on Sa-reduction of
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in inactivation and excretion of the steroids, 5a-
reductase in androgen target tissues is responsible
for conversion of testosterone into dihydrotestos-
terone (DHT), which is an active androgen.

Figure 2 shows the effects of several steroids on
reduction of testosterone to DHT by a crude mem-
brane fraction isolated from rat ventral prostate.
Results are expressed as the amount of DHT
produced as a function of added competing test
compound. Since [**Cltestosterone subsirate was
present at 2 umol/1, approximately the K,, under
these conditions, a 50% reduction in the yield of
DHT will be produced by a test compound at its K,
{or K; in the case of compounds which are not
substrates). In this experiment, micromolar concen-
trations of the natural substrate progesterone re-
duced dramatically the production of DHT, con-
sistent with the K., of 3 pumol/l determined using
labelled progesterone as substrate (not shown). The
aromatase inhibitors SH489 and 4-OHA proved to
be essentially inactive in concentrations up to
100 pwmol/l. While a moderate inhibition was found
using the 17B-hydroxy metabolite of SH489, in-
dicating the preference of the enzyme for a 178-
hydroxyl over a 17-ketone group, the K, for this
compound appears to lie in the region of 100 gmol/L

In experiments using either nuclei or microsomes
from rat liver, similar results were obtained (data not
shown). Thus it is anticipated that these compounds
will not be readily reduced to 5a-metabolites in vivo
and neither aromatase inhibitor is expected to inter-
fere significantly with the conversion of testosterone
to DHT.

The soluble 5B-reductase from rat liver is a
NADPH-dependent enzyme with a mol. wt. of about
39 kDa. Using purified protein prepared by a slight
modification of the method of Mode and Rafter[73]
we find that SH489 is a good substrate for this
enzyme, showing a K, of 0.8 umol/1 (Fig. 3), com-
pared to about 20 pmol/1 for androstenedione itself
(not shown). SH489 also shows approximately 6-fold

SH 489 : Substrate Activity with Rat Liver
58-Reductase
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Fig. 3. K, determination for 5B-reduction of SH489.
Reaction conditions were as described in [73]. Substrate
was [1-methyl *C]SH489.

higher V., as compared to androstenedione so that
5B-reduced metabolites can be expected in vivo.

17 B- Hydroxysteroid dehydrogenases

The 178-hydroxysteroid dehydrogenases are
stereospecific enzymes catalysing the intercon-
version of a wide range of 17-keto and 178-OH
steroids. In the human, as also in the rat and guinea-
pig liver, both cytoplasmic [NADP(H)-dependent]
and microsomal [NAD(H)-dependent] activities are
present[74]. In the present investigation, we have
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Table 1. Substrate activities with hepatic 17 8-hydroxysteroid dehydrogenases®

Compound K ,(pmol/1), microsomal K.,(xumol/1), soluble
Androstenedione 4.9 2) 408 (3)
SH489 20+ 1 4) 37 (2)
4-hydroxy-androstenedione 15+8 3 40 (2)

*Apparent K, values measured for conversion of the substrates to their corresponding 17 3-hydroxy
derivatives by microsomes or purified soluble dehydrogenase isolated from guinea-pig liver. The
numbers in parentheses are the number of determinations. Average values or mean values and SD are

given.

compared the activities of the microsomal enzymes
from the last two species with the soluble enzyme
purified to homogeneity from guinea-pig liver.
Purification was by ammonium sulphate fractiona-
tion, affinity chromatography on Blue Sepharose and
ion-exchange chromatography on Mono-Q resin
using a Pharmacia FPLC apparatus.

Table 1 summarises the results obtained with the
guinea-pig enzymes, showing that the K,, values
obtained with the soluble enzyme were the same for
all three diones while the aromatase inhibitors
showed increased K, with the microsomal enzyme.
Differencesin V,,, were not significant (not shown).
Thus, although the aromatase inhibitors may show
slightly less conversion to their corresponding 17 3-
hydroxy metabolites than androstenedione under
analogous conditions, conversion by this metabolic
route could also be expected.

A further aspect of the activity of the microsomal
enzyme which deserves more detailed investigation
is that of product activation. It was described in 1973
that androstenedione accelerates the conversion of
testosterone into androstenedione in homogenates
of human testis. Testosterone shows a similar activity
for the reverse reaction[75,76]. We have in-

vestigated the microsomal enzymes of rat liver and
testis and find a similar phenomenon. Furthermore,
this activity is not restricted to androstenedione
alone but is demonstrable in the case of both SH489
and 4-OHA, indicating that it is probably a general
property of 17-keto substrates for the enzyme. As an
example, Fig. 4 shows the results obtained with rat
testis microsomes displayed as a Hanes’ plot. The
inset shows the dependence of V,,,, on the concen-
tration of dione present in the reaction mixture: the
order of effectiveness for these three compounds was
androstenedione > 4-OHA > SH489. All  three
compounds gave approximately the same maximal
stimulation of the enzyme at the highest concen-
tration tested (20 umol/1).

The principle routes for interconversion of Sa-
reduced androgen metabolites are shown in Fig. 5.
An analogous scheme can be drawn up for 58-
reduced compounds. As displayed here, conversion
between the upper and lower rows is mediated by
17-dehydrogenases. The product activation just
described is predicted to lead to a relative increase in
the 17-keto compounds androstenedione, andros-
tandione and the androsterones at the expense of
testosterone, DHT and androstanediols. Interes-

Effect of ;\c;o;!e\neaioineiar;l its derivatives on t.ie‘éc;ﬁ;errsiion of |
I testosterone into androstenedione by rat testis microsomes
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Fig. 4. Effects of androstenedione and the aromatase inhibitors 4-OHA and SH489 on conversion of

[**C]testosterone to androstenedione by microsomes from rat testis. The curves shown are for reactions

in the presence of 20 umol/1 of the test compounds. The inset shows the concentration dependence of the
effects on V ,a,( Vinax 1N units of nmol/mg protein per min).
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tingly, precisely this shift in metabolites has been
observed in Leydig cell suspensions incubated with
labelled testosterone or DHT and either SH489,
4-OHA or androstenedione [77]. It is, furthermore,
likely that a similar product activation takes place in
vivo. Thus, for example, 4-OHA and 4-acetoxy-4-
androstene-3,17-dione were found to produce sub-
stantially greater reduction in serum estradiol as
compared to estrone in rats [78,79], an observation
which was confirmed in the course of our own studies
(Nishino and El Etreby, personal communication).
More recently, a similar disparity has been observed
in breast cancer patients treated with 4-OHA [80]. It
is conceivable, therefore, that activation of oxidative
metabolism of the steroids by 17-dehydrogenase(s)
induced by the aromatase inhibitor contributes to the
clinical effectiveness by converting some residual
estradiol to estrone. In the case of male subjects,
these effects could lead to a reduction in both
androgens and estrogens available to the prostate.
As discussed elsewhere by Motta er al [78], this may
be beneficial in treatment of prostatic hyperplasia
since effects on the growth of both the estrogen-
dependent stroma and androgen-dependent glan-
dular epithelia might result.

CONCLUSIONS

Results of the animal studies and clinical trials
alluded to in the first part of this brief review
strengthen our belief and hope that use of aromatase
inhibitors will provide a useful therapy for estrogen-
dependent conditions. In contrast to mammary car-
cinoma, however, where substantial information is
already available from the clinic [20, 21, 23, 24, 80]
the application of aromatase inhibitors for treatment
of benign prostatic hyperplasia is more speculative.

Nevertheless, the profound effects of these com-
pounds demonstrable in animals together with the
overall biochemical and endocrinological picture of
the pathophysiology of BPH provide a reasonable
basis for future research in this direction. As far as
the inhibitors themselves are concerned, there is still
much to be learned of their pharmacokinetics and
metabolism. A more detailed understanding of these
aspects should allow optimization of treatment
schedules and might also provide clues for future
development of more effective drugs or for-
mulations.
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