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INHIBITORS OF P450-DEPENDENT STEROID
BIOSYNTHESIS: FROM RESEARCH TO MEDICAL
TREATMENT
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Summary—A number of cytochrome P450-dependent enzymes are major targets for both
steroidal and nonsteroidal compounds that may be of use in the treatment of a number
of androgen-independent, androgen-, estrogen- and other steroid-dependent diseases.
Compounds of interest are for example aminoglutethimide and derivatives; esters of 4-
pyridineacetic acid; imidazole derivatives, such as ketoconazole, liarozole, fadrozole, CGS
18320 B; bis-chlorophenyl-pyrimidine analogues; triazole derivatives vorozole and CGS 20267,
and steroidal aromatase inhibitors such as 4-hydroxyandrostenedione. Some of them
(e.g. ketoconazole) triggered studies to find new possibilities in medical treatment. Others are
of use clinically or under clinical evaluation to provide a palliative treatment and/or cure to
patients with for example prostatic carcinoma, breast cancer, hypercortisolism and benign

prostatic hyperplasia.
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INTRODUCTION

Steroid hormones not only play an important
role in regulating growth, differentiation and
function of organs such as the gonads, pituitary
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and secondary sex organs (for reviews see
Refs[1, 2]) but, are also involved in the natural
history of for example benign prostatic hyper-
plasia (BPH), many cancers, including those of
the prostate, breast and endometrium, and
Cushing’s syndrome (for reviews see Refs [2-5]).

BPH is a disease in which the prostate re-
sumes growth late in life. It is the most common
nonmalignant proliferation abnormality found
in any internal organ [6, and references therein).
The incidence of BPH rises from 23% in men at
40 years of age up to 88% by the ninth
decade [6). BPH is presently the second leading
indication for surgery in men [7].

Hormonal imbalance plays an important role
among the etiologic factors of BPH [8]. In both
foetal and adult prostate, the cell proliferative
steroid, So«-dihydrotestosterone (DHT), is
formed from testosterone by Sa-reductase [6].
Humans with Sa-reductase deficiency have
prostates which are small or undetectable [6].
The proliferative response of the prostate is not
only a function of androgens or androgen recep-
tors [6]. For example, there is direct and indirect
evidence that estrogens are involved in the
pathobiology of BPH [6,9, 10, and references
therein]. Therefore, interference with estrogen
synthesis and/or action together with inhibition
of DHT synthesis may have beneficial effects in
prostate pathology.

Prostatic carcinoma has surpassed lung
cancer as the most commonly diagnosed cancer
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in U.S. males and is the second leading cause of
cancer deaths in men [5]. At present, prostate
cancer costs, in the U.S.A., more than 10°$
annually and results in more than 28,000
deaths [5, 11]. In western Europe prostatic carci-
noma is the second most frequent cancer in
men [12]. Adenocarcinomas of the prostate
originates from the prostatic epithelium [12].
The prostate gland depends on androgens,
specially DHT, both for development within
the foetus and for maintenance in the
adult [1, 5, 6, 13]. Although the mechanisms that
regulate growth of normal and malignant
prostate tissue are poorly understood, like the
normal prostate, clinically manifested prostate
cancer is, at least in part or for a certain period,
under endocrine control [4, 14]. The studies of
Huggins et al. [15] first revealed the impact of
androgens on prostatic carcinoma and provided
the rationale for the treatment of prostate can-
cer by androgen deprivation. At present a num-
ber of treatment regimens are available such as
surgical and medical castration, androgen
blockade and inhibition of androgen syn-
thesis [11, 16].

Breast cancer is the most common malig-
nancy affecting women in the Western world
with 100,000 new cases diagnosed yearly in the
U.S.A.[17]. It is the leading cause of death in
women aged 35-54 years and is second only to
cardiovascular disease as the cause of death in
women over 55 years of age [18]. Approximately
one third of the breast tumours are estrogen-
dependent [17, 18]. Removal of the source of
estrogens or their precursor molecules or inter-
ference with estrogen action at the tumour
brings about tumour remissions, often lasting
several years, in approx. 30% of women with
advanced breast cancer[19]. When applied to
early disease, such therapies can improve sur-
vival rates by about 20% [19]. Since estrogens
have an important role in the growth of breast
cancers [2, 17-23, and references therein] an im-
portant number of investigators focused their
research on the development of compounds,
steroidal as well as nonsteroidal, which reduce
the production of estrogens by inhibiting the
aromatase.

Clinical, epidemiological and experimental
data suggest that endometrial adenocarcinoma
is hormone-dependent [19,24]. Endometrial
carcinomas regressed in one quarter of patients
upon “ablation” of estrogenic effects with either
antiestrogens alone or in combination with
aromatase inhibitors or progestins [19]. Aroma-
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tase inhibitors are also of potential use in benign
disorders such as endometriosis, precocious pu-
berty of primary ovarian and testicular origin
and fibrocystic breast disease [19].

Cushing’s syndrome is the result of the
metabolic effects of persistent, inappropriate
hypercortisolism [25]. The absolute etiology of
adrenocortical adenomas from patients with
Cushing’s syndrome has not been elucidated.
However, recent studies by Ogo e al. [25] have
shown that the overproduction of cortisol in
adrenocortical adenomas associated with Cush-
ing’s syndrome results from an increased ex-
pression of cytochrome P450 17a-hydroxylase
(P450c17) mRNA.

It is the aim of this paper to describe non-
steroidal and steroidal inhibitors of P450-
dependent steroidogenic enzymes and their
current or potential therapeutic uses. For some
of these inhibitors effect on other P450 systems,
such as retinoic acid metabolism, will also
be discussed. An overview of the steroid bio-
synthesis pathways is given in Fig. 1.

NONSTEROIDAL INHIBITORS

Aminoglutethimide

The antiepileptic agent, aminoglutethimide
(AG) (Fig. 2) is the pioneer drug of the
reversible competitive aromatase inhibi-
tors[17, 21, 22, 26, 27]. It is an amino derivative
of the hypnotic agent glutethimide. AG was
initially recognized to be an inhibitor of the
adrenal cholesterol side-chain cleavage enzyme
(P450scc) [26, 28-30]. Since glutethimide has
little or no effect on P450scc, it follows that
the amine is necessary for this inhibitory ac-
tivity [29].

AG and its two enantiomers were studied for
binding to corpus luteum mitochondrial P450
and inhibition of P450scc[28,29]. The half-
maximal inhibition (ICs-value) of cholesterol
side-chain cleavage occurs at about 16 uM d-
AG, but a 2.5 times higher concentration is
needed to reach the ICg-value with /-AG. With
the racemic mixture an IC,-value of 26 uM is
found [28]. On interaction with P450, d-, /- and
racemic AG elicited Type II low spin difference
spectra with peaks at 426 and troughs at
392 nm. This indicates an interaction of the
primary amine with the cytochrome near or
with the heme prosthetic group. This correlates
with electron paramagnetic resonance (EPR)
changes of bovine adrenal mitochondrial P450s:
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the native high spin Fe’* state changing to
an AG-bound low spin state[31]. Raman
spectra of ferric P450scc complexed with AG
are characteristic of low spin state [32]. Studies
by Salhanick [29] suggest that AG acts by
preventing reduction of P450, an obligate step
preceding the oxidation of the substrate. AG
not only binds to adrenal and corpus luteum
mitochondrial P450, a Type II spectral change
(minimum at 412 and maximum at 432 nm) was

also induced by the addition of AG to rat brain
mitochondria [33]. Pregnenolone  synthesis
from cholesterol by these brain mitochondria is
inhibited by AG [33].

Testosterone synthesis from cholesterol in
murine Leydig cells is also inhibited by AG [34].
Half-maximal inhibition of testosterone syn-
thesis in unstimulated and hCG-stimulated cells
is reached at 15.6 and 4.7 uM, respectively. This
may originate from AG’s effect on P450scc.
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Fig. 2. Nonsteroidal inhibitors of P450-dependent reactions.

Indeed, Georgiou et al. [35] showed that AG
inhibits P450scc activity in rat Leydig cells.
Acute administration of AG to normal men
lowers the plasma androgen levels through a
direct testicular effect [36]. However, a reflex rise
in luteinizing hormone (LH) and follicle stimu-
lating hormone (FSH) levels results [36]. Plasma
LH increases to castrate levels in male dogs and
testosterone secretion is thereby enhanced after
an initial inhibitory action [26]. Thus, medical
castration with AG as a means of blocking
testicular function in men with prostatic carci-
noma is not feasible [26]. However, based on its
effects on adrenal P450scc activity, AG can be

used as a medical adrenalectomy in men with
prostatic carcinoma after orchiectomy [26]. Sev-
eral clinical trials have indicated that in patients
with prostate cancer, which has become refrac-
tory to orchiectomy, the combination of AG
and glucocorticoid can induce palliation in ap-
proximately one-third of the patients[17].
AG-induced medical adrenalectomy is not
only due to its effects on P450scc. The 118-
hydroxylase is also vulnerable to AG-
inhibition [37). Thus not only the synthesis
of androstenedione but also that of cortisol
is reduced. Consequently, supplementation of
AG-treated patients with hydrocortisone is
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required [17, 21, 22]. AG does not significantly
influence the metabolism of hydrocortisone [26].
However, it accelerates the metabolism of
dexamethasone and other synthetic glucocorti-
coids [26]. AG also inhibits in vitro the P450-
dependent 18-hydroxylation of corticosterone
by sheep and human adrenal homogenates [38].
Some observations pointed to an additional
action at the 21-hydroxylase [26]. The inhibition
of all these adrenal P450 enzymes results in
a significant reduction in aldosterone pro-
duction [17, 26]). However, as long as an ade-
quate sodium intake is maintained in the diet
mineralocorticoid treatment is usually not re-
quired [26].

As a consequence of its adrenal inhibitory
actions AG is indicated for treatment of certain
patients with Cushing’s syndrome (for reviews
see Refs[17, 26, 27)).

Since nearly all of the estrogens produced in
postmenopausal women derive from peripheral
aromatization of adrenal androgen precursors,
AG was originally introduced for treating
metastatic breast cancer as a form of medi-
cal adrenalectomy [17, 21, 22, 26, 27]. However,
while these studies were ongoing, AG was found
to be an effective inhibitor of the aromatase [39].
The concentration needed to block the aroma-
tase activity was 0.3 uM being more than 10
times lower than that required to block choles-
terol side-chain cleavage [26]. Subsequently it
was found that AG-hydrocortisone (1000 mg
AG + 40 mg hydrocortisone) also blocks per-
ipheral conversion of androgens to estrogens
in vivo [40]. Therefore, the primary cause of
AG’s antitumour effects seems to be its action
on the peripheral conversion of androgens into
estrogens. As for the inhibition of the choles-
terol side-chain cleavage, the aromatase is also
more sensitive to d-AG [29]. Fifty percent inhi-
bition of estrogen synthesis was achieved with
8 uM d-AG whereas 0.31 mM was needed when
I-AG was added to placental microsomes.

A dose-dependent inhibition of in situ arom-
atization in breast cancer tissue homogenates
has been observed [17, and references therein].
Eighty percent inhibition was achieved at
30 uM AG, the mean plasma level reached after
administration of 1000 mg AG.

In randomized clinical trials AG was found to
be as effective as adrenalectomy and hypophy-
sectomy. Furthermore, inhibition of estrogen
synthesis with AG was found to have an almost
identical antitimour effect to antagonism of
estrogen action with tamoxifen [17]. However,
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the use of AG does not produce a consistent
reduction of estrogen production in pre-
menopausal women. Therefore its use is re-
stricted to postmenopausal patients[17, 41].

Since AG is a nonspecific aromatase inhibitor
and presents some problems with tolerability
new and more selective aromatase inhibitors
have been synthesized.

AG derivatives and esters of 4-pyridineacetic acid

A number of structural AG analogues have
been synthesized. Examples are pyridoglutethi-
mide [3-ethyl-3-(4-pyridyl)-piperidine-2,6-dione]
(Fig. 2)[42] and the 3- and 4-alkylated deriva-
tives such as 3-(4-aminophenyl)-3-isopentyl-
piperidine-2,6-dione [43]. Pyridoglutethimide is
slightly less potent than AG, but it is a relatively
selective inhibitor of the human aromatase with-
out affecting P450scc [44]. This means that the
drug can be used without the need for corticoid
replacement [21, 44]. Tests of central nervous
system (CNS) activity in animals indicate that in
contrast with AG, pyridoglutethimide has no
sedative properties [22].

4-Cyclohexylaniline (Fig. 2) is found to be an
effective inhibitor of the aromatization of testos-
terone and androstenedione [45]. With human
placental micrsomes, 4-cyclohexylaniline is an
about 2 times more potent aromatase inhibitor
than d-AG. P450scc from human placenta and
bovine adrenals is about 24- and 16-fold less
inhibited by 4-cyclohexylaniline than by d4-
AG [45]. The acetylation of both d-AG and
4-cyclohexylaniline resulted in the loss of inhibi-
tory activity toward aromatase. This indicates
that arylamine is essential for their inhibitory
activity. Furthermore, the results of Kellis and
Vickery [45] indicate that the 2,6-piperidine-
dione, nor the chiral 3-ethyl substituent of d-
AG is required for the high affinity binding of
P450arom. Since the glutarimide moiety may be
responsible for AG’s depressant action [29, 46]
and skin rashes [29] the latter analogues rep-
resent a substantial improvement.

A variety of esters of 4-pyridineacetic acid
derivatives have been prepared [47, 48]. Within
this series of derivatives the most potent inhibi-
tors of human placental aromatase are the
(—=)borneyl, (1R,2R,3R,55)-(—)-isopinocam-
pheyl and l-adamantyl esters (ICs, = 0.089-
0.096 uM). These esters also inhibit rat testicu-
lar 17a-hydroxylase (ICs = 0.56-1.7 uM) and
17,20-lyase (ICy, = 0.61-2.2 uM). Within this
series of derivatives the most potent inhibitor of
rat testicular 17x-hydroxylase (IC,, = 0.28 uM)
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Table 1. Effects of ketoconazole, liarzole and vorozole on P450-dependent reactions*

IG5y (uM)

Species and Product(s)
tissues Substrate formed Ketoconazole Liarozole Vorozole
Testes

S-10,000

Rat 170H,20 Androgens 0.26 0.22 1.8

Pregnenolone  Androgens 6.00 3.20 >10 (23%)

Pig 3.00 4.15 >10 (0%)

Dog 5.41 0.26

Bovine 0.27

Human 0.34 0.26 >10 (29.3%)
Adrenals

Bovine Pregnenolone 11-Deoxy. 2.80 0.15 >10 (0%)

Microsomes A.dione 0.40 12.70 >10 (19.6%)

Mitochondria Cholesterol Pregnenolone 1.7 > 10 (0%) > 10 (0%)

11-Deoxy. Cortisol 3.8 1.4 64

Placenta

Human A.dione Estrone 4.2 0.004 0.0014
Skin

Rat Retinoic acid 4-OH-RA 0.65 2.6 >10 (14%)
Liver

Human

Hep G2 Acetate Cholesterol 0.52 5.0 >10

Chang 0.14 9.0 >10

Rat

$-10,000 Mevalonate Cholesterol 2.0 >10 (0%) >10 (0%)

Microsomes Cholesterol 7-OH-Chol. 0.2 >10 (7%) >10 (7%)
C. albicans

Cells Acetate Ergosterol 0.005

$-10,000 Mevalonate Ergosterol 0.07

*Most of the results obtained with ketoconazole are taken from Vanden Bossche et al. [54, 70). Those obtained
with liarozole and vorozole are partly taken from Refs[71, 72] respectively. Effects on 17,20-lyase and
17-hydroxylase + 17,20-lyase in testes and adrenals [65, 72, 73], aromatase (substrate = [4-'*CJandrostene-
dione) [72], 4-hydroxylation of retinoic acid [74], 7-hydroxylation of cholesterol [72] and ergosterol syn-
thesis [73) were studied as described previously. Cholesterol synthesis was studied in human hepatoma cells
(Hep G, cells ATCC HB 8065) [73], Chang liver cells (ATCC CCL 13)[75], and in a subcellular fraction
(supernatant of a 10,000 g centrifugation, S-10,000) of male Wistar rat liver [76). ICg-value = concentration
needed to reach 50% inhibition. 170H,20 = 17-hydroxy,20-dihydroprogesterone; 11-Deoxy. = 1 I-deoxycor-
tisol; A.dione = androstenedione; 4-OH-RA = 4-hydroxyretinoic acid; 7-OH-Chol. = 7-hydroxycholesterol.

Figures in parentheses = % inhibition at 10 uM.

and 17,20-lyase (IC,,=0.26 uM) is (15,25,
3S8,5R)-(+)-isopinocampheyl 4-pyridineacetic
acid ester [47]. This ester is also a good inhibitor
of the human placental aromastase (IC, =
0.12 uM). Although the 4-pyridineactic acid
esters have good in vitro activity, their in vivo
activity may be compromised by metabolic
degradation by esterases[47]. Furthermore,
since they are inhibitors of the 17x-hydroxylase,
cortisol depletion can be expected.

Imidazole derivatives

Wilkinson ez al. [49, 50] described a long list
of imidazole derivatives as potent inhibitors of
P450-dependent reactions in liver microsomes.
The imidazoles investigated exhibited a Type 11
difference spectrum with a peak at 430-431 and
a trough at 390-393 nm. This suggests that the
unhindered nitrogen (N-3 in the imidazole ring)
binds to the catalytic heme iron atom at the site
occupied by the exchangeable sixth ligand. A
great number of the present antifungal agents
belong to the class of imidazole derivatives.
Examples are miconazole, clotrimazole, econa-

zole, imazalil, tioconazole, bifonazole, sulcona-
zole and ketoconazole.

Ketoconazole. The introduction of the orally
active imidazole derivative, ketoconazole
(Fig. 2), represented a major advance in antifun-
gal chemotherapy. Its antifungal activity
originates from interaction with the P450-
dependent demethylation of lanosterol or 24-
methylenedihydrolanosterol, a key step in the
synthesis of ergosterol (for reviews see
Refs [51-55]). The effective daily dose of keto-
conazole for most fungal infections is
200400 mg [56]. The incidence of side effects is
low. However, gynecomastia was reported in
two patients during treatment with 200 mg keto-
conazole daily [57] and in a few patients receiv-
ing high multiple doses (600-1200 mg/day) [58].
This rare side effect suggested that in such
patients ketoconazole affected androgen syn-
thesis. Measuring the testosterone serum levels,
a dose related reversible decrease was ob-
served [58—63].

Type II difference spectra obtained when
increasing concentrations of ketoconazole were
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added to piglet testes microsomes consisted of a
maximum at about 433nm, a minimum at
412 nm and an isobestic point at 423 nm [64].
Thus, ketoconazole might exert, at least partly,
its inhibitory action on testosterone synthesis
by interacting with the heme iron of P450s
involved. It has been proven that ketoconazole
inhibits the 17,20-lyase [64-78]. As shown in
Table 1, ketoconazole is a more potent inhibitor
of the 17,20-lyase than of the 17x-hydroxylase
activity in subcellular fractions of rat testes. The
17a-hydroxylase/17,20-lyase catalysed andro-
gen synthesis from pregnenolone in human
testes is much more sensitive than that in rat,
boar and dog testes (Table 1). Ketoconazole
inhibits androgen synthesis when added to
bovine adrenal microsomes (IC,,= 0.4 uM)
(Table 1). This inhibition coincided with an
accumulation of pregnenolone and 11-deoxy-
corticosterone [64]. At higher concentrations, it
also inhibited the synthesis of 11-deoxycortisol
coinciding with a further increase in 11-deoxy-
corticosterone. This indicates again that the
17a-hydroxylase catalysed conversion of preg-
nenolone to 17x-hydroxyprogesterone is less
sensitive than the 17,20-lyase. This difference in
sensitivity was also found in human adrenal
microsomes [77-80]. A marked inhibition of the
17,20-lyase and a moderate effect on the 17a-
hydroxylase was also found in patients with
metastatic prostate carcinoma on long term
high dose ketoconazole therapy [81]. This differ-
ence in sensitivity is of interest, since in
pig [82, 83], human [84], bovine [85] and rat [86]
the microsomal 17-hydroxylase and 17,20-lyase
activities result from the action of a single P450
(P450c17). This difference in sensitivity may
originate from changes in the steroid—substrate—
protein interaction during the two consecutive
reactions. Indeed, site directed mutagenesis
studies revealed that, at least in rat P450c17, the
steroid—substrate—protein interaction changes
during the two reactions [87].

The fact that ketoconazole interferes
with testicular as well as adrenal androgen
synthesis has made it a candidate for the
treatment of androgen-dependent prostate
carcinoma [63, 80, 88-93]. With the frequent
administration of high doses of ketoconazole
(400 mg every 8 h) symptomatic relief of bone
pain and sustained clinical remissions occur in
a significant number of patients with advanced
prostate cancer [81]. However, at the high dose
used, the principal side effect is gastric discom-
fort with nausea [90]. Thus, although striking
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clinical improvement is seen in many patients,
ketoconazole’s use is limited by the uncomfort-
able intake schedule and gastric discomfort.
However, these investigations provided us with
P450 systems to evaluate activity and predict
possible toxicity and indicated the therapeutic
potential of 17,20-lyase inhibitors in the treat-
ment of prostatic cancer.

Ketoconazole is a poor inhibitor of the
aromatase in both human placental microsomes
(IC,, = 4.2 uM; Table 1) and homogenates from
human prostate (IC,;=4.7 uM)[94]. Thus,
human prostatic aromatase is about 12 times
less sensitive than androgen synthesis from
pregnenolone in human testes. Although the
demonstration of aromatase activity in human
prostatic tissue raises the possibility of regu-
lation of intraprostatic levels of estrogen inde-
pendently of circulating plasma levels [94], it is
doubtful that ketoconazole’s effect on aroma-
tase contributes to its beneficial effects in
prostate pathology.

Since androgens are of causal significance in
the etiology of hirsutism [95, 96], inhibitors of
androgen synthesis, such as ketoconazole, may
be of help in the treatment of this disease [92].
Successful therapy with ketoconazole has also
been reported in a few children with precocious
puberty and autonomous Leydig-cell hyper-
activity with low basal and gonadotropin-
releasing hormone-stimulated gonadotropin
levels (for a review see Ref. [94]).

Since ketoconazole also inhibits, next to the
17-hydroxylase, the cholesterol side-chain cleav-
age and 11f-hydroxylase (Table 1) its use in
Cushing’s syndrome could be expected. Rapid
clinical improvement has been observed after
daily administration of 600-800 mg ketocona-
zole in pituitary-dependent Cushing’s dis-
ease [97-99]. In a recent study ketoconazole’s
use as a palliative treatment was evaluated in 34
patients [100]. The data collected confirm that
ketoconazole is valuable in the management of
hypercortisolism, provided that patients are
closely followed to exclude those who may
develop liver toxicity and to prevent the occur-
rence of adrenal insufficiency [100].

Liarozole. The results obtained with keto-
conazole in the treatment of prostatic cancer
have triggered a multidisciplinary study to find
new possibilities in medical treatment. A first
product of these studies is liarozole (R 75251;
Fig. 2; liarozole fumarate =R 85246). This
imidazole derivative is devoid of antifungal
activity, it is a poor inhibitor of cholesterol
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synthesis, has no effect on cholesterol side-chain
cleavage, but, shares with ketoconazole the
effects on P450 isozymes involved in testicular
androgen and adrenal cortisol synthesis
(Table 1)[71, 101, 102]. As shown in Table 1 low
concentrations of liarozole inhibit testicular
androgen synthesis from 17-hydroxy,20-dihy-
droprogesterone by subcellular fractions of
rat testes. Higher concentrations are needed to
inhibit the synthesis of androgens from preg-
nenolone (17a«-hydroxylase and 17,20-lyase ac-
tivities). This indicates that androgen synthesis
inhibition originates first from an effect on the
17,20-lyase. Liarozole and ketoconazole are
almost equipotent inhibitors of androgen syn-
thesis from pregnenolone by subcellular frac-
tions from human testes (Table 1). However, as
compared with ketoconazole, liarozole is a more
potent inhibitor of the 17a«-hydroxylase/17,20-
lyase activity in dog testicular microsomes.

In dogs, liarozole at 2.5mg/kg reduced
plasma testosterone and androstenedione levels
to castrate levels for at least 12 h (De Coster,
personal communication). Values close to cas-
trate levels are found in male volunteers 8 h
after a single oral dose of 300 mg liarozole [102].
Mean plasma testosterone levels decreased from
23.6 to 3.3nM. After 24 h testosterone levels
were still decreased by 40% [102]. These results
prove that liarozole is in vitro and in vivo
an inhibitor of testicular androgen synthesis.
Liarozole inhibits (Table 1) the synthesis of
11-deoxycortisol from pregnenolone in bovine
adrenal microsomes proving that the adrenocor-
tical 17a-hydroxylase activity of P450c17 is also
sensitive. However, when compared with its
effects on androgen synthesis by bovine testicu-
lar microsomes, almost 47 times more liarozole
is needed to achieve 50% inhibition of an-
drostenedione synthesis from pregnenolone by
adrenocortical microsomes (Table 1). This indi-
cates that in contrast with the 17,20-lyase ac-
tivity of bovine testicular P450c17 the adrenal
one is not a good target for liarozole. Neverthe-
less, in a pilot study, in orchiectomized stage D
prostate cancer patients, liarozole (300 mg every
12 h) induced both subjective and objective im-
provement [12, 103]. In these patients adrenal
androgen synthesis was not inhibited [104].
Furthermore, liarozole reduced growth of
both androgen-dependent [105] and androgen-
independent [106] prostatic adenocarcinoma in
rats. These results suggest that liarozole’s anti-
tumoural effects may not be related to its inhibi-
tory effects on androgen biosynthesis.
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In contrast to ketoconazole, liarozole is a
potent inhibitor of the aromatase in human
placental microsomes (Table 1). Fifty percent
inhibition of estrogen synthesis (estrone
plus estradiol synthesis from [4-'Clandrostene-
dione) is already reached at 3.8 nM. In rat
granulosa cells, a 50% inhibition of FSH-stimu-
lated estradiol synthesis was achieved at 0.4 uM
(measured by an estradiol radioimmunoassay)
and estradiol plasma levels were significantly
suppressed after a single oral intake of 300 mg
liarozole by male volunteers [102].

Estrogens are described as prostatic growth
stimulators and may play a role in prostatic
pathology [10, 107, 108].  Futhermore, the
aromatase inhibitors 4-hydroxy-androstene-
3,17-dione (4-OHA) and I-methyl-1,4-androsta-
diene-3,17-dione (atamestane, see later) are able
to antagonize androstenedione-induced pro-
static hypertrophy in dogs and cynomolgus
monkeys, respectively [9, 109]. The benefit of
estrogen depletion in prostate carcinoma
remains to be determined, but it cannot be
excluded that liarozole’s effects on androgen-
dependent and androgen-independent prostatic
adenocarcinoma in rats and prostate cancer in
men may partly originate from its effects on
aromatase.

Effects of ketoconazole and liarozole on
retinoic acid metabolism. As shown in Table 1,
both liarozole [71] and ketoconazole [74] inhibit
in vitro the P450-dependent 4-hydroxylation of
retinoic acid in epidermal microsomes of neo-
natal rats. Ketoconazole and liarozole also
inhibit this 4-hydroxylation step in liver micro-
somes from phenobarbital pretreated male
Sprague-Dawley rats. Fifty percent inhibition
is achieved at 0.7 and 3.1 uM, respectively
(unpublished results). In vivo, ketoconazole and
liarozole increased the biological half-life of
exogenously administered retinoic acid and en-
hanced its endogenous plasma level [110, 111].
Increased plasma retinoic acid levels and
cutaneous reactions similar to those observed
after high doses of vitamin A were observed in
orchiectomized stage D prostate cancer patients
treated with liarozole [104]. Retinoids are shown
to be of key importance in differentiation and
morphogenesis. Upon exposure to retinoic acid,
F9 mouse teratocarcinoma and HL60 human
promyelocytic leukemia cells differentiate re-
spectively to normal parietal endoderm and
functional mature granulocytes (for a review see
Ref. [112]). In F9 cells it has been proven that
retinoic acid itself rather than its metabolites
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mediates differentiation [113]. Since extensive
metabolism  occurs simultaneously with
retinoid-induced differentiation, inhibition of
the 4-hydroxylase will prolong retinoic acid’s
activities. Liarozole (10 uM) enhanced the
effects of retinoic acid in F9 teratocarcinoma
cells[106] an effect shared with ketocona-
zole[113, 114).

Based on these results it is tempting to specu-
late that ketoconazole’s beneficial effects in
prostate pathology may originate from its inter-
action with the 17,20-lyase activity and the
P450 involved in the 4-hydroxylation of retinoic
acid. The effects on the metabolism of endogen-
ous retinoic acid and on aromatase may be
involved in liarozole’s antitumoural effects. Pre-
clinical and clinical studies are needed to prove
or reject this hypothesis.

Fadrozole and CGS 18320B. Two non-
steroidal competitive aromatase inhibitors,
fadrozole hydrochloride (CGS 16949A) and
CGS 18320B (Fig. 2) have recently been intro-
duced [22, 115, 116]. Fadrozole is a potent com-
petitive inhibitor of human placental aromatase
with a K; of 1.6 + 0.2 nM vs 700 + 200 nM for
dl-AG phosphate [115]). ICy-values for inhi-
bition of human placental and rat ovarian
aromatase are 5 nM (fadrozole) and 3 nM (CGS
18320B) [117]. Using ovarian microsomes from
immature rats, primed with pregnant mare’s
serum gonadotropin (PMSG), and measuring
the conversion of testosterone into estradiol,
IC,,-values of 1.7 and 200 nM were found for
fadrozole and dI-AG phosphate, respect-
ively [115]. The potency of the / isomer of
fadrozole is equivalent to that of the race-
mate [118]. The IC,-value of the d isomer is
39 nM [118]. The cholesterol side-chain cleavage
in hamster ovarian tissue was inhibited by high
concentrations of fadrozole and CGS 18320B
with IC,;-values of 160 and >300uM[117].
However, in vitro investigations with dispersed
normal and hyperplastic human adrenocortical
cells showed that fadrozole is a 118-hydroxylase
inhibitor (IC,-values are between 0.1 and
1 uM), which inhibits ACTH-stimulated corti-
sol release [119]. Aldosterone release by ACTH-
stimulated normal human adrenocortical cells
was suppressed 50% by 1 nM fadrozole. Fadro-
zole also inhibited (91% at 0.1 uM) angiotensin
II-stimulated aldosterone release by adrenal
adenoma cells {119]. This suggests that fadro-
zole also inhibits the 18-hydroxylation of deoxy-
corticosterone (DOC) and/or the 18-oxidation
of 18-hydroxy-DOC. Fifty percent inhibition of
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aldosterone production by rat adrenal tissue
slices is achieved at 1 uM fadrozole and 6.1 uM
CGS 18320B(117).

At a dose of 16 mg daily fadrozole hydro-
chloride significantly blunted cortisol responses
to ACTH in postmenopausal patients with
metastatic breast cancer[120]. At the same
dose a significant suppression of both basal
and ACTH-stimulated aldosterone production
and a concomitant rise in the blood 18-hydroxy-
corticosterone/aldosterone ratio was ob-
served [121]. This proves that fadrozole inhibits
the terminal step in aldosterone biosynthesis.
However, maximum inhibition of estrogen syn-
thesis is already observed at a daily dose of 2 mg
fadrozole [120, 122]. The degree of estrogen re-
duction was similar to that found in women
treated with 1000 mg AG plus 40 mg hydrocor-
tisone daily [120]. Postmenopausal women with
breast cancer were treated for 4 weeks with 0.3,
1.0 and 2 mg fadrozole twice daily [123]. There
was no significant difference between any of the
doses in the suppression of estrone but highest
suppression of estradiol levels were achieved at
the 2 mg twice daily dose. No significant effects
were noted on serum levels of testosterone,
androstenedione, 17-hydroxyprogesterone or
cortisol. However, serum aldosterone levels
were significantly suppressed by 1mg twice
daily and further suppressed by 2mg twice
daily [123).

In a phase II study doses of 0.6 mg 3 times
daily, 1 mg twice daily and 2 mg twice daily were
compared [22]. Maximal suppression of plasma
and urinary estrogens occurred at a dosage of
1 mg twice daily. Basal and ACTH-stimulated
cortisol levels were unaffected. Basal aldoster-
one levels also remained stable upon adminis-
tration of the 3 drug dosages. However,
ACTH-stimulated aldosterone levels were sig-
nificantly blunted [22].

Both fadrozole and CGS 18320B caused
almost complete regression of 7,12-dimethyl
benz(a) anthracene (DMBA)-induced mam-
mary tumours in adult female Sprague—Dawley
rats and also caused almost complete suppres-
sion of the appearance of new tumours.
The EDj-values of the antitumour effect
of fadrozole and CGS 18320B were estimated
to be 0.1-0.5 and +0.05 mg/kg/day, respect-
ively [117]. The antitumour activity of fadrozole
in patients is not yet well defined. In a phase |
study [122] 2 of the 16 patients, who were evalu-
able for antitumour response, had a partial
response and 7 patients had stable disease for 5,
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6, 7, 8, 8, 11 and 24+ months, respectively. In
the phase II trial [22], 1 complete regression and
3 partial regressions were observed in the 18
patients treated. In a recent study 80 post-
menopausal women with metastatic breast
cancer were treated daily with 1 or 4 mg[124].
Seventy-eight patients were assessable for side
effects and response. Side effects were limited to
hot flashes in 28%, nausea in 13%, fatigue in
8% and mild loss of appetite in 5% of patients.
There was no change in serum electrolytes and
calcium during the course of the study. Eight
patients had a complete response, and 10
patients had a partial response. In addition 45%
of the patients had a no change status.

Imidazole antifungals inhibiting aromatase.
Other potent aromatase inhibitors are found in
the class of imidazole antifungals. In contrast
with ketoconazole, the topically used imidazole
antifungal, econazole (Fig. 2) is a potent inhibi-
tor of the aromatase in human placental micro-
somes [125] and of the human placental
P450arom expressed in transfected COS-1
cells [126]. In the latter cells an ICg-value of
40nM was found ([’HJandrostenedione
was used as substrate) [126]). Using human pla-
centa microsomes and [4-'Clandrostenedione
(40 nM) as substrate we reached 50% inhibition
with 1.8 nM econazole and 6.8 nM miconazole,
whereas 4.2 uM of ketoconazole was needed.
Mason et al. [125] using [*H]androstenedione as
substrate compared the inhibitory effects of
econazole with those of imazalil, miconazole,
prochloraz, clotrimazole, ketoconazole, and
aminoglutethimide on the human placenta
microsomal aromatase. Fifty percent inhibition
was achieved at 0.03, 0.15, 0.6, 0.7, 1.8, 60 and
45 uM, respectively.

Bis-chlorophenyl-pyrimidine analogues

The interest in the development of bis-
chlorophenyl-pyrimidine analogues as aroma-
tase inhibitors started with the agricultural
fungicide fenarimol (Fig. 2)[127]. This 14a-
demethylase inhibitor [52] was found to cause a
decrease in fertility in rats which was associated
with an impairment of male sexual behaviour.
Subsequently, it was found that fenarimol inhib-
ited the aromatase activity within the hypo-
thalamic—preoptic area~amygdala region of the
brain [127]. Fenarimol also inhibits in vitro es-
trogen synthesis by ovarian microsomes from
rats treated with PMSG (IC,, = 4.1 uM)[127].

The inhibitory activity of the ovarian aroma-
tase increased more than 70 times when the
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hydroxyl group of fenarimol was replaced by
a proton and both chlorines are placed in
the 4-position (LYS56110, Fig. 2)[127-129].
LY56110 induced a reversed Type I binding
spectrum, which is indicative of interaction with
the Fe of P450 and the nitrogen of the pyr-
imidine moiety [129]). However, despite its good
activity, both in vitro and in vivo, it had to be
abandoned due to its ability to induce hepatic
microsomal enzymes and its unusually long
biological half-life [127]. Structural modifi-
cations resulted in the development of the in-
denopyrimidine LY113174 (Fig. 2). The latter
compound inhibited rat ovarian aromatase
in vitro with an IC,, of 24 nM [127]. The plasma
radioactivity half-life for LY113174 was esti-
mated to be 135 h which is considerably less than
the 49h found with LY56110. Although
LY113174 increased relative liver weight and
the microsomal protein content in female rats,
this was not associated with an increase in
P450[127).

Triazole derivatives

The knowledge gathered with ketoconazole
and liarozole contributed to the finding of
new P450 inhibitors that interfere with
estrogen biosynthesis. The search for a potent
and selective aromatase inhibitor led to the
synthesis of the triazole derivative, R76713
(Fig. 2)[72,130,131]. R 76713 is a potent in-
hibitor of the aromatase in human placental
microsomes. Fifty percent inhibition of the con-
version of [4-'*Clandrost-4-ene-3,17-dione into
estrogens by human placental microsomes is
reached at 2.59 + 1.37 nM, i.e. at concentrations
549 times lower than that needed for AG [72].
This IC,-value corresponds very well with the
5.1, 3, 3.7, 7.6 and 10 nM found for rat ovarian
homogenates [132], cultured rat granulosa
cells [130], cultured human adipose stromal
cells{131], cultured human choriocarcinoma
JEG-3 cells[134] and cultured human ovarian
granulosa cells [133], respectively. Kinetic
analysis implies that there is a competitive
part in the inhibition of human placental
(K;,=13nM)[73] and JEG-3 cell (K =
0.43 nM) [134] aromatase by R 76713. JEG-3
tumour aromatase measured ex vivo, 2 h after a
single administration of R 76713, to nude mice
was dose-dependently inhibited. An EDy,-value
of 0.05mg/kg was calculated [134]. Spectro-
photometric analysis indicates that R76713
competes at low concentrations with carbon
monoxide for binding to the heme iron of P450
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present in human placenta microsomes [72].
Binding to P450 was further proven by adding
increasing concentrations of R 76713 to micro-
somal suspensions previously equilibrated with
androstenedione. The reversed Type 1 spectral
changes observed, suggest that this triazole de-
rivative is able to replace the substrate from its
binding place [72).

In vivo, a single oral dose of 1 mg/kg lowered
plasma estradiol levels of rats primed with
PMSG by more than 90% for at least 16 h [130].
Oral administration of 1 mg/kg of R 76713
twice daily for 12 days reduced plasma estradiol
to levels comparable to those obtained with
ovariectomy [131]. Plasma progesterone levels
decreased and LH levels slightly increased by
both less than after ovariectomy[131]. Fifty
percent inhibition of peripheral aromatization
in male cynomolgus monkeys was obtained at
an intravenous dose of 0.13 ug/kg[131].

R 76713 is in contrast to ketoconazole
and some other azole antifungals, devoid of
any effect on the P45014DM-dependent choles-
terol synthesis[72]. It has at 10~°M almost
no effect on microsomal P450(s) of C.
albicans [101]. In contrast with ketoconazole
but similar to liarozole, R 76713 is devoid
of effects on the cholesterol side chain cleavage
(P450scc) [72,135,136]. At 10uM it has a
slight effect on bovine adrenal androgen and
11-deoxycortisol synthesis, suggesting that
R 76713 is a poor inhibitor of both the adrenal
17-hydroxylase and 17,20-lyase{72]. R 76713
is also a poor inhibitor of androgen synthesis
by subcellular fractions of Wistar rat testis;
50% inhibition is reached at +2uM ..
about 770 times higher than the concentration
needed to achieve 50% inhibition of the
aromatase [72]. A +17% decrease in cortisol
synthesis is observed at 10uM only[72].
Fifty percent inhibition of cortisol, cortico-
sterone and aldosterone production by cultured
human adrenal cells was only reached at con-
centrations >10 uM[131,133]. R 76713 is a
poor inhibitor of the regio- and stereoselective
P450-dependent hydroxylations of steroids by
rat liver microsomes [72]. No changes in plasma
progesterone, testosterone, 11-deoxycorticos-
terone, corticosterone or aldosterone levels
were detected, 2 h after a single oral adminis-
tration of 20mg/kg of R 76713 to rats
injected with PMSG, LHRH or ACTH or
fed a sodium-deprived diet[131]. The
plasma renin activity levels were also not
altered [131]. R 76713 did not show any
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in vitro or in vivo estrogenic or antiestrogenic
property [130, 131].

R 76713 treatment is comparable to ovari-
ectomy in causing almost complete regression
of DMBA- or NMU (dimethylnitrosourea)-
induced mammary tumours in Sprague—Dawley
and Wistar rats, respectively[131, 137, 138].
Three weeks oral treatment of rats with R 76713
(0.3-5 mg/kg) caused regression of experimental
endometrial autotransplants [131].

Results of a preclinical study in male and
female (premenopausal) volunteers prove that
R 76713 is a potent inhibitor of estrogen syn-
thesis [131]. Twenty-six patients with advanced
postmenopausal breast cancer, all heavily pre-
treated for their disease, received either 2.5 or
Smg R 76713 as a single oral dose once
daily [139]. An ACTH test performed before
and after 4 weeks of treatment proved that R
76713 does not affect cortisol or aldosterone
plasma levels.

The aromatase inhibitory effect of R 76713
is largely due to its (+)-S-enantioner, R 83842
(Vorozole). For human placental microsomal
aromatase vorozole (IC,,=1.4nM, Table 1)
is about 1.9- and 32-times more active than
the racemate and the (—)-R-enantiomer
(R 83839) [72]. Vorozole is about 30- and 1029-
times more active than 4-hydroxyandrostene-
dione (see later) and AG([72]. The high
potency of vorozole might originate from its
high affinity for the microsomal P450. Indeed,
as compared to R 76713 and R 83839, the
(+) enantiomer forms a more stable P450—drug
complex. As shown in Table 1, vorozole is
not only a potent aromatase inhibitor, it also
is a selective one. Fifty percent inhibition of
the conversion of 17-hydroxy,20-dihydro-
progesterone to androgens (17,20-lyase) by
a subcellular fraction of Wistar rat testes
was achieved at 1.8 uM, i.e. at a concentration
1300-times higher than that needed to
reach 50% inhibition of the human placental
aromatase. With pregnenolone as substrate
(a measure for both the 17-hydroxylase and
17,20-lyase activities of P450c17) only minor
effects on androgen synthesis by rat, pig and
human testes, are observed (Table 1). Sixty-four
micromolar is needed to get 50% inhibition of
the 118-hydroxylase. Thus, vorozole differs
from fadrozole, which is a relatively potent
inhibitor of this mitochondrial P450-dependent
enzyme (see above). Up to 10 uM, vorozole, R
76713 and R 83839 have no statistically signifi-
cant effect on the regio- and stereoselective
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Fig. 3. Steroidal inhibitors of P450-dependent reactions. 4-OHA = 4-hydroxyandrostenedione.

oxidations of testosterone in male rat liver
microsomes [72].

The potency and selectivity of vorozole
suggest that it may represent a major improve-
ment over AG for treatment of patients with
estrogen-dependent diseases. Clinical studies in
advanced postmenopausal breast cancer have
been initiated.

A triazole derivative of CGS 18320, CGS
20267 (Fig. 2), is also under clinical study. CGS
20267 appears to be active at a dosage as low
as 0.2 mg given daily to men [140]. In animal
studies, this triazole does not interact with the
cholesterol side-chain cleavage, 118-hydroxyl-
ase or 17,20-lyase [140].

STEROIDAL INHIBITORS

The aromatase inhibitors, discussed so far,
are nonsteroidal competitive aromatase inhibi-
tors. They bind reversibly to the active site
of the enzyme and prevent estrogen synthesis
only as long as they occupy the catalytic site.
A great number of steroidal compounds
structurally related to the natural substrate,
have been developed (for reviews see
Refs [22, 141, 142]). These compounds can be
classifitd as irreversible mechanism based
inhibitors. They initially compete with an-
drostenedione or testosterone for binding to
the active site of P450arom but are then con-
verted by the enzyme into alkylating agents
which form covalent bonds at or near the active
site. Thus, the enzyme becomes inactivated as
a consequence of its own mechanism of action.
Such inhibitors have been called “‘suicide” in-
hibitors [21, 22, 141-143]. Covey [141] evaluated

the activity of 87 steroidal inhibitors (a few
of them will be described here) and discussed
the possible aromatase inactivation mechan-
isms.

Testolactone

A steroidal aromatase inhibitor, clinically
used, since the beginning of the sixties, in the
palliative treatment of postmenopausal breast
cancer, is A'-testolactone (D-homo-17a-0xa-
androsta-1,4-diene-3,17-dione, Fig. 3)[144].
Knowledge of its efficacy for the treatment of
breast cancer preceded the discovery that testo-
lactone lowers circulating estrogen levels [145].
It was found to be a weak-binding, slow inacti-
vator of the aromatase in placental micro-
somes [141]. Apparently the modified D-ring of
this A'#-3-ketosteroid prevents its tight binding
to P450arom [141]. Encouraging results with
Al-testolactone (100 mg b.i.d.) were obtained
in a relatively small group of patients with
BPH [146]. These results suggest that aromatase
inhibitors may be of use in the treatment of
BPH.

Atamestane

Another A'*-3-ketosteroid with a methyl
group at C-1, atamestane (SH 489, ZK 95639,
Fig. 3) shows a much higher affinity
(K; = 0.082 uM) for human placental aromatase
than testolactone (K= 20uM)[9, 147-149].
The presence of the l-methyl group prevents
ready aromatization of the A-ring while improv-
ing the noncovalent binding to the enzyme [147].

Other P450-dependent enzymes of steroid
synthesis (adrenals) or metabolism (5u-re-
ductase) are not inhibited [9]. Atamestane is a
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substrate for liver 58-reductase and for 178-hy-
droxysteroid dehydrogenases of liver and testis
in rat and guinea pig[150]. Given subcu-
taneously to PMSG-stimulated rats, atamestane
was found to give a dose-dependent reduction
in serum estradiol [9]. However, its effect was
negligible when given orally at a dose of
100 mg/kg [143].

Atamestane inhibits estrogen-induced hyper-
plastic changes in the fibromuscular stroma of
the prostate in androstenedione-treated dogs
and monkeys [9, 109, 151]. In male volunteers
and patients with BPH, atamestane at an oral
dose of 10 mg/kg/day (7 days) induced a maxi-
mum mean reduction of serum estrogen levels of
about 65% [150]. Twenty-four hours after treat-
ment the BPH patients showed 71-78% re-
duction of serum estrone levels. Studies are
planned to establish the long-term safety and to
evaluate the potential of atamestane to alter the
natural history of BPH [150].

ORG 30958, ORG 30365 and FCE 24304

More recently 19-(ethyldithio)-androst-4-ene-
3,17-dione (ORG 30958, Fig. 3) has been re-
ported to be both a potent competitive and
irreversible inhibitor of the aromatase [152].
ORG 30958 itself is in vitro a very weak aroma-
tase inhibitor. This compound is assumed to be
converted into 19-mercapto-androst-4-ene-3,17-
dione (ORG 30365, Fig. 3), a potent irreversible
aromatase inhibitor [152]. The latter compound
is as compared with atamestane, an 8-times
more active inhibitor of the human placental
microsomal aromatase. The prodrug ORG
30958, is also more active than atamestane in rat
and dog models. It does not display other
hormonal effects [152].

Another irreversible aromatase inhibitor is
6-methyleneandrosta-1,4-diene-3,17-dione
(FCE 24304, Fig. 3)[143, 153]. This compound
is an effective inhibitor when administered both
orally (EDs, = 3.7 mg/kg) and subcutaneously
(EDs, = 1.8 mg/kg) to rats [143].

4-OHA

The so far best studied example of this class
of inhibitors is 4-OHA (CGP 32349, lentaron,
Fig. 3)[22, 46, 94,109, 141-143, 154158, and
references therein]. 4-OHA is a relatively
potent competitive aromatase inhibitor which
also causes inactivation of the enzyme
in vitro [159]. In laboratory experiments, 4-
OHA was found to inhibit human placen-
tal [46, 72, 154, 155, 159, 160] and rat ovarian
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aromatase [46, 154, 155,160] and to reduce
estradiol synthesis in granulosa cells from
preovulatory follicles of rats and humans [161].
Studies of Ayub and Levell [94] indicate that
4-OHA also inhibits human prostatic aromatase
activity. 4-OHA administered (subcutaneously)
to normal cycling rats reduced estrogen levels in
plasma from ovarian vein blood and aromatase
activity of ovarian homogenates [46, 156, 160]
and was found to inhibit peripheral aromatiza-
tion in male rhesus monkeys [47, 156, 157, 163].
Inhibition of peripheral aromatization was
confirmed in postmenopausal women with
breast cancer [163]. Aromatase activity in the
breast tumour of these patients was also found
to be inhibited in 3 out of 7 patients[163].
4-OHA also produced tumour regression in
DMBA-[46,154,164] and NMU-treated
rats [46].

In cycling animals, 4-OHA also directly in-
hibits gonadotropin production and reduces
estrogen and progesterone receptors [157].
These effects appear to be mediated by inter-
action with androgen but not with estrogen
receptors [157] and appears to be associated
with the weak androgenic activity of 4-
OHA [158]. The latter activity may contribute to
reducing the growth stimulating effects of estro-
gen.

In the initial endocrine study, post-
menopausal breast cancer patients received
500-1000 mg 4-OHA by weekly intramuscular
(i.m.) injection [165]. During therapy estradiol
levels fell from 7.2 to 2.6-2.8 pg/ml. A single
i.m. injection of 500 mg 4-OHA suppressed
estradiol levels to a mean of 36.3% of baseline
4-7 days later in 14 patients [166]. No effect of
4-OHA treatment was observed on serum
gonadotropin, sex steroid binding protein or
dehydroepiandrosterone sulfate levels [157]. In a
recent overview, Brodie [158] summarizes the
results of three clinical trials on 465 breast
cancer patients. The patients received either
500im. weekly or biweekly, or 250 mg bi-
weekly. The response rates were not signifi-
cantly different between the different doses and
frequency of administration. Overall 26% of
patients experienced complete or partial re-
gression of their tumours, in a further 24.6% of
patients the disease was stabilized and the dis-
ease progressed in the remaining women [158].

In contrast with Brodie et al. [167], Ayub and
Levell [94] were able to measure the conversion
of androstenedione to estrone and estradiol in
human prostatic tissue. As already mentioned
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above, 4-OHA inhibits human prostatic
aromatase activity [94] and 4-OHA is able to
antagonize androstenedione induced prostatic
hypertrophy in dogs[10, 109]. Furthermore,
Shearer et al.[168] reported that 12 of 19
patients with advanced, hormone resistant, pro-
static cancer and who had relapsed following
castration and other therapies, gained signifi-
cant pain reflief following weekly i.m. injections
of 500 mg 4-OHA. These preliminary results
suggest that 4-OHA can be of use in the
palliation of patients with advanced prostatic
cancer.

CONCLUSION

The examples, taken out of the long list of
present available nonsteroidal and steroidal in-
hibitors, demonstrate that P450 systems can be
exploited in the construction of compounds that
may become important tools in chemotherapeu-
tic applications. The study of interactions of
compounds, such as ketoconazole and liarozole,
with P450s resulted in the finding of new targets
(i.e. the P450-dependent 17,20-lyase and
catabolism of retinoic acid) which can be ex-
ploited in the search for new possibilities in
medical treatment.
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