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Cytochrome P450 monooxygenases (CYP450) of the steroid biosynthetic pathways are highly
substrate specific in comparison to the variable specificities of hepatic CYP450 enzymes. Both
groups of enzymes catalyze the reductive cleavage of molecular oxygen with transfer of oxygen to
the substrate to form hydroxylated derivatives. Those steroids formed in endocrine tissues represent
highly specific endocrine/autocrine hormones with enhanced biological potency, while hepatic
hydroxylation of steroids reduces their endocrine bioactivities and enhances urinary elimination.
Changes of the hormonal milieu of endocrine and peripheral tissues are associated with the
development of hyperplastic and/or malignant conditions. Hormone deprivation induces regression
of endocrine dependent growth via apoptosis and may also alter growth of hormone insensitive cells
by the induction of negative growth factors. Biosynthetic CYP450 enzymes of those steroids that
mediate specific disease processes are potential therapeutic targets for selective intervention. This
objective can be accomplished by the design of specific pseudo-substrate analogs that will be
activated during enzyme-directed catalysis to produce a reactive functional group in the enzyme’s
active site that will either tightly or irreversibly bind and inactivate the host enzyme. The CYP450
enzymes that hydroxylate the C,, carbon of androgens (aromatase) and the C,; carbon of cortico-
sterone (aldosterone synthase) were selected as target enzymes because they are terminal enzymes
of biosynthetic pathways which hydroxylate specific angular methyl groups. Hypersecretion of their
respective hormonal products, estrogens and aldosterone, are associated with specific disease
conditions. Substrate analogs containing ethynyl, vinyl, or nitrile groups attached to the C,; or Cj;
methyl groups were enzyme-activated inhibitors. The ethynyl analogs, 19-acetylenic androstene-
dione (Plomestane) and 18-acetylenic deoxycorticosterone, had nanomolar inhibitory constants (K]
values) and were irreversible inactivators of their target enzymes in animal models.
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ated with steroid hormones. The latter CYP450s
regulate the biosynthesis of steroids with very
diverse biological activities, e.g. estrogens, progestins
and corticoids.

CYP450 hepatic drug metabolism and detoxification
introduces hydroxyl functionalities that increase po-
larity and facilitate aqueous solubility and urinary

INTRODUCTION

Cytochrome P450 monooxygenases (CYP450) rep-
resent a diverse class of complex enzymes related by
similarities in their catalytic functions and the presence
of a heme prosthetic group. Oxidative reactions by
these enzymes dominate hepatic metabolism due to

their broad and overlapping selectivities for xenobiotic
lipophilic substrates [1]. In contrast, CY 450 enzymes
involved in physiological biosynthetic pathways exhibit
selective substrate specificities, especially those associ-
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excretion. These same enzymes can also activate com-
mon environmental polycyclic hydrocarbons, such as
benzo[a]pyrene (BaP), via oxygen introduction at
numerous carbon centers. These arene oxides can be
catalytically opened by epoxide hydrase, an hepatic
scavenger enzyme, to yield trams-dihydrodiols, which
are processed by another P450 epoxidation cycle
to generate a stereo-selective epoxide trans to the
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hydroxyl (e.g. BaP-diol epoxide I) which is more
mutagenic than the parent or intermediate compounds
[2]. The effectiveness of liver metabolism is also en-
hanced via differential induction of hepatic monooxy-
genases. Consequently, the metabolism of one substrate
can also be altered by the residual effects of a preceding
substrate or by more potent xenobiotic inducers which
alter the substrate metabolic spectrum and product
profile [3]. This concept of enhanced pharmacological
inhibition of the metabolism of one substrate by other
pseudo-substrates had been exploited with the use of
monosubstituted acetylenic compounds as insecticide
synergists [4, 5], but had not until recently been incor-
porated into rational drug design to provide selective
pharmacological synergism and enhanced therapeutic
benefits.

The steroidal biosynthetic pathway offered a unique
situation for evaluation of this concept, since the diverse
terminal products are the result of stereospecific hy-
droxylations of specific steroid substrates by unique
CYP450 enzymes. We chose to utilize the steroidal
substrate specificity of the biosynthetic CYP450 en-
zymes which hydroxylate the angular methyl groups at
the steroidal ring junctures to design pseudo-substrates
as selective enzyme inhibitors. The first CYP450 en-
zyme evaluated was aromatase (CYP450,,,,) which
converts androgens to estrogens via two hydroxylations
at carbon C,, (Scheme 1). The advantages of using
aromatase as a therapeutic target enzyme are: (1) it is
rate-limiting in the formation of its terminal product;
(2) the CYP450,,,,-directed hydroxylations are
confined to the C,; angular methyl (C,,) group, which
1s not a metabolic site of hepatic CYP450 enzymes
[6, 7]; (3) the C,; methyl group is accessible for chemical
modification; (4) the inhibition of estrogen biosynthesis
is of therapeutic significance in hormone dependent
diseases since estrogen receptor blockade by the anti-
estrogen, tamoxifen, is an effective breast cancer treat-
ment [8] and extraglandular estrogen biosynthesis is

inhibited by aminoglutethimide, a competitive aroma-
tase inhibitor [9].

Following our initial successes in designing mechan-
ism-based inhibitors of aromatase [10], we extended our
concepts by designing inhibitors of aldosterone biosyn-
thesis (Scheme 2). The C,; methyl (C,4) group under-
goes two CYP450 catalyzed hydroxylations to form the
mineralocorticoid, aldosterone, from corticosterone, a
glucocorticoid, via the recently characterized aldoster-
one synthase (CYP450,,,) [11-13]. Our inhibitor stud-
ies [14,15] established that two different CYP450
enzymes, 11f3-hydroxylase and aldosterone synthase,
were involved in the biosynthesis of corticosterone

(CORT), 18-hydroxy-11-deoxycorticosterone (18-
OH-DOC), 18-hydroxy corticosterone (18-OH-
CORT) and aldosterone (ALDO) from

11-deoxycorticosterone (DOC). Aldosterone synthase
is characterized by the same criteria which made aroma-
tase a therapeutic target enzyme. Aldosterone is a
terminal product of a rate-limiting CY 2450 hydroxyl-
ation at C,; of corticosterone. Similarly, this
angular methyl group at C,; is not subject to hepatic
hydroxylations [6]. Finally, the mineralocorticoid re-
ceptor antagonist, spironolactone, is an effective antihy-
pertensive agent and used clinically for treatment of
primary aldosteronism and diuretic-induced secondary
hyperaldosteronism,

We chose to design pseudo-substrates which would
be potential mechanism-based enzyme inactivators for
aromatase and aldosterone synthase. This class of in-
hibitors will presumably remain unreactive until the
catalytic activity of the target enzyme generates an
activated intermediate species which subsequently al-
kylates a proximal nucleophilic residue [16]. Such
inhibitors are extremely specific, since they inactivate
only those enzymes for which they are a pseudo-
substrate. The return of enzyme activity is dependent
upon de novo enzyme synthesis and not on the inhibi-
tor’s off-rate from the enzyme-inhibitor binding
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complex [E + I—FE — I] as is the case with competi-
tive inhibitors. Therefore, mechanism-based enzyme
inhibitors achieve prolonged pharmacological effects,
since the enzyme may remain inactivated even after
drug clearance [17].

19-Acetylenic-androstenedione was one of the initial
pseudo-substrates designed as mechanism-based in-
hibitors of aromatase [10]. This acetylenic compound
was synthesized because synthetic 17« -ethynyl steroids
(norethisterone or ethynylestradiol) selectively induced
self-catalyzed inactivation of hepatic CYP450 enzyme
activity [18], reduced CYP450 concentrations and
heme levels [19], and also reduced phenobarbital-
induced hepatic CYP450 isozymes [20]. Various termi-
nal acetylenic substrates mediate NADPH-dependent
enzyme-catalyzed inactivation of hepatic CYP450 en-
zymes [21, 22]. Thus, we proposed that the addition of

DOC
118/18-hydroxylase

an acetylenic functional group to the C;;, methyl of
androstenedione or C,; methyl group of corticosterone
or DOC would provide pseudo-substrates which would
act as selective enzyme-activated inhibitors of aroma-
tase and aldosterone synthase, respectively. These in-
hibitors would not be expected to readily inactivate
hepatic CYP450 enzymes due to the regioselectivity
and stereospecificity associated with these angular
methyl groups [6].

This report describes the biochemical and endocrine
pharmacological experiments conducted to establish
chemical specificity and enzymatic selectivity of ration-
ally designed enzyme-activated inhibitors of aromatase.
These concepts are extended with novel data on the
enzyme irreversibility of steroidal aromatase inhibitors
which have been clinically investigated. New clinical
Phase 1 data are included for Plomestane. Concepts
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established via chemical modification at C,, were uti-
lized in the design of C; analogs, which represent the
first enzyme-activated inhibitors of aldosterone biosyn-
thesis. Additional biochemical and endocrine pharma-
cological experiments are described which extend our
previous meeting reports on these novel inhibitors.

MATERIALS AND METHODS
Chemicals and reagents

All inorganic chemicals and organic solvents were
of reagent grade and those used in aromatase assays
have been previously described [23, 24]. Tritium-la-
beled steroids: [1->H]androstenedione, 28 Ci/mmol;
[1,2-*H]testosterone, 40 Ci/mmol; [1,2,6,7-H]-
corticosterone, 105 Ci/mmol; [17x-methyl->H]178-
hydroxy-estra-4,9,11-trien-3-one  (methyltrienelone,
R1881), 82Ci/mmol; and [7a-methoxycarbonyl-
*H]158,168-methylene-3-o0xo-170-pregn-4-ene-21,
17-carbolactone (ZK 91587), 82 Ci/mmol, were ob-
tained from NEN Research Products (Boston, MA)
and [1a,22-*H]DOC, 36-46 Ci/mmol, was purchased
from Amersham Corp. (Arlington Heights, IL). These
labeled steroids were chromatographed (HPLC) to
ensure radiochemical purity (99 + 9%,). Purity of non-
radioactive steroids obtained from commercial sources
was determined prior to use. Dextran coated-charcoal
(DCC) was prepared 24 h prior to use as a 1:10
suspension (w/w) of Dextran T-70 (Pharmacia Fine
Chemicals, Inc., Piscataway, NY) and washed activated
charcoal, Norit-A (MCB, Norwood, OH), in assay
buffer to adsorb unbound tritiated steroids in aroma-
tase and receptor binding assays. Aqueous scintillation
cocktail, Atomlight® (NEN Research Products), was
used to enhance radioactivity detection for aromatase
and receptor binding assays. Scintillation fluid, Flo-
Scint II® (Packard Instrument Co., Meriden, CT),
was used for radioactivity detection in HPLC-based
aldosterone assays.

Steroidal inhibitors

The synthesis of 19-acetylenic androstenedione
[Plomestane, MDIL 18,962, 10-(2-propynyl)estr-4-
ene-3,17-dione], 17f-hydroxy Plomestane [17f-hy-
droxy-10-(2-propynyl)estr-4-ene-3-one], 6f-hydroxy
Plomestane [6f-hydroxy-10-(2-propynyl)estr-4-ene-
3,17-dione] and 19-allenyl androstenedione [10-
(1,2-propadienyl)estr-4-ene-3,17-dione] have been
previously described [10, 25]. 18-Acetylenic DOC [18-

Ac-DOC, 21-hydroxy-13-(2-propynyl)-18-nor-preg-
4-ene-3,20-dione] was prepared from bis-
norcholenaldehyde  (3-oxopregn-4-ene-20f-carbox-

aldehyde, Upjohn Co., Kalamazoo, MI) in a manner
analogous to the preparation of 11f-hydroxy-18-
acetylenic progesterone [11f-hydroxy-13-(2-propy-
nyl)-18-nor-preg-4-ene-3,20-dione] and 18-acetylenic
progesterone [13-(2-propynyl)-18-nor-preg-4-ene-

3,20-dione] [26]. The 21-hydroxyl substitution was
introduced via peracid epoxidation of a suitably pro-
tected trimethylsilyl enol ether [27]. Preparation of
18-allenyl progesterone [13-(1,2-propadienyl)-18-nor-
preg-4-ene-3,20-dione] and 18-vinylidene analogs of
progesterone (18-vinyl progesterone) and deoxycorti-
costerone (18-vinyl DOC) have been reported [28].
18-Cyanoprogesterone [18-cyanopregn-4-ene-3,20-
dione] was prepared in an analogous fashion to 11-
hydroxy-18-cyanoprogesterone [118-hydroxy-18-
cyanopregn-4-ene-3,20-dione] [26,29]. Other an-
drostenedione analogs that were time-dependent
aromatase inhibitors [30-32] were evaluated for com-
parative purposes. These compounds were Formestane
(4-hydroxyandrostenedione), prepared as reported
[33], and Atamestane (1-methylandrosta-1,4-dien-
3,17-dione) obtained from Schering AG (Berlin,
Germany). Other steroids or compounds not obtained
from commercial sources were synthesized and charac-
terized by standard methods in the Research Chemistry
Department, Marion Merrell Dow Research Institute
(MMDRI), Cincinnati, OH. Stock solutions (10 mM)
of nonlabeled steroids were prepared in dimethyl sul-
foxide (DMSO) and stored at 4°C. For assays, serial
dilutions (1:10, v/v) were made with assay buffer to
obtain desired concentrations. Compounds not soluble
at 1 mM in 10%, DMSO/buffer were rediluted from the
stock solution into buffer containing 409, ethanol and
then serially diluted with assay buffer. Steroid diluents
were also prepared as solvent/buffer solutions at their
highest assay concentration to ensure that these com-
pounds remained in solution under assay conditions.

Animals

Sprague-Dawley (SD) rats were obtained from
USDA-certified animal laboratories and maintained in
a controlled environment with a 14 h photoperiod
(6:00-20:00 h). These animals were fed laboratory
rodent chow (Purina Mills Inc., St Louis, MO) or,
when  indicated, a sodium  deficient  diet,
Hartcroft—Eisenstein type (ICN Nutritional Biochemi-
cals, Cleveland, OH), and deionized water ad lLbitum.
Bilateral adrenalectomy or gonadectomy was per-
formed using inhalation anesthesia (Metofane, Pitman-
Moore Inc., Mundelein, IL). Adrenalectomized rats
were maintained on saline containing 1%, sucrose ad
libitum. At necropsy, rats were sacrificed by cervical
dislocation or decapitation while under CO,-induced
anesthesia. Male SD rats (175-225g) that had been
maintained on a Na-deficient diet for at least 2 weeks
were used as a source of adrenal glomerulosa tissue.
Similarly treated rats received single subcutaneous
(s.c.) injections of 1-30 mg/5 ml/kg of 18-Ac-DOC or
Sml/kg of aqueous vehicle (109, ethanol in 0.059%,
carboxymethylcellulose). These animals were sacrificed
at 2, 4 or 6 h following treatment. These animals were
bled via cardiac puncture while under CO,-induced
anesthesia. Sera from these bleedings were stored at
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—80°C until assayed for aldosterone levels by RIA
methodology. All animal protocols were approved by
the MMDRI Animal Care and Use Committee.

Enzyme assays

Aromatase assays. Lyophilized placental microsomes
were prepared from 5-10 frozen term placentas from
non-smoking women and stored at —80°C [23].
Aromatase activities for these preps were 17-35 pmol
estrogen formed/min/mg protein at V,_, with K_
values for androstenedione of 22-40nM. Pseudo-
substrate analogs of androstenedione were evaluated as
aromatase inhibitors using both competitive and time-
dependent kinetic analyses [23, 24, 34]. Selected com-
pounds were evaluated for aromatase active-site
directed inhibition by determining the time-dependent
inactivation of aromatase activity by the inhibitor when
co-incubated with 1, 3, or 10 times the K, of the
natural substrate, testosterone [23, 34]. The require-
ment for NADPH cofactor for time-dependent inhi-
bition was determined by the effect of its presence or
absence during the preincubation phase of time-depen-
dent assays [23, 34]. Disassociation of enzyme-inhibi-
tor complexes, [E — '], were evaluated in experiments
where inhibition kinetics were determined before and
after the addition of additional enzyme to the reaction
tubes [23]. These latter parameters were also evaluated
by centrifugal precipitation of the microsomal pellet
([E — I']-complexes), which were washed with excess
buffer and reconstituted in assay buffer prior to deter-
mining residual aromatase activity [24, 34].

Aldosterone synthase assays. Adrenals from male SD
rats fed a Na-deficient diet for 2—4 weeks were removed
and decapsulated to obtain the glomerulosal zone tis-
sue. These glomerulosa/capsular tissues were hom-
ogenized in ground-glass homogenizers with 0.5 ml of
Tris assay buffer (8.5mM MgCl,, 2.7mM CaCl,,
3.13mM KCl, 7.59mM NacCl, 0.1% (C,H;);N and
50mM Tris-HCI adjusted to pH 7.4), diluted with
Tris buffer to provide 5-12 mg of glomerulosal tissue
per ml of buffer and centrifuged at 800 g for 10 min.
Aliquots (300 ul) of this adrenal cytosolic supernatant
were added as the enzyme source to 35 ml glass centri-
fuge tubes containing 100 ul of an NADPH-generating
system (2.92 mg/ml glucose-6-phosphate, 1.68 mg/ml
NADP, and 4 IU glucose-6-phosphate dehydrogenase)
and 50 ul of steroidal inhibitor. Following preincu-
bation in a Dubnoff shaking incubator at 1 atm of 959,
0,/5% CO, at 25°C for varying time intervals of
0-60 min, the assays were started with addition of 50 ul
of [P’H]DOC (~ 235,000 dpm, 500 pmol) or [?HJCORT
(~865,000dpm, 500pmol) in 0.1% DMSO/Tris
buffer for 10 min assays. Time-course assays were
conducted over a 1-2 h incubation interval in duplicate
assay tubes. Assay components were increased in vol-
ume to permit sequential sampling of assay reactants
(0.5ml) at each time point. These reactants were
quenched by the addition of 5 ml of ethyl acetate and
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6.7 ug of nonradioactive steroids (e.g. DOC, 18-OH-
DOC, CORT, 18-OH-CORT, and ALDO) were
added to enhance recovery of radioactive steroidal
products. The samples were extracted twice with 5 ml
of ethyl acetate and evaporated under a N, stream at
30-40°C. Residues were dissolved in 105 ul of
MeOH:H, O (40:60, v/v) containing 0.1% (C,H;);N,
and transferred to microvials for auto injection (Wisp
712, Waters, Millipore Corp., Milford, MA) into a
HPLC system (Beckman Instruments Inc., San Ra-
mon, CA) for analysis. Separation of products was
achieved on a C18 reverse phase column (5 y ODS-Hy-
persil, 4.6 x 250 mm; Shannon, Altech Associates,
Inc., Deerfield, IL) with 1 ml/min flow rate using a
MeOH:H,0O gradient of solvent A (10:90v/v) and
solvent B (90:10 v/v) containing 0.1%, (C,H;);N. The
gradient solvent elution cycle conditions in respect to
duration (min) and the change in percent solvent B are:
0.0-0.01 min, 40-41%, B; 0.01-6 min, 41-429%, B;
6—8 min, 42—-489%, B; 8-12 min, 48-50%, B; 12-14 min,
50-55% B; 14-16 min, 55-60%, B; 16—18 min,
60-70% B; 18-32.5min, 709%, B; 32.5-32.7 min,
70—-409%, B; 32.7-40 min, 40°%; B. Nonlabeled substrate
remaining and products formed were monitored by the
UV absorbance at 246 nm with an in-line Kratos
Spectroflow 757 spectrometer (Kratos Analytical In-
struments, Ramsey, NJ) and radioactive components
were measured by an in-line Flow-one f-scintillation
spectrometer (Radiomatic Instruments and Chemical
Co., Inc., Meriden, CT). Retention times for chro-
matographic standards were: ALDQO, 16.9 min; 18-
OH-CORT, 18.5min; 19-OH-DOC, 20.2 min;
11-Dehydro-CORT, 22.8 min; 19-Ox0-DOC,
23.7 min; 18-OH-DOC, 25.1 min; CORT, 26.8 min;
19-Nor-DOC, 29.2 min; DOC, 31.6 min.

All assays were run in duplicate including sol-
vent/buffer controls, except for evaluations of corticoid
biosynthesis in glomerulosal tissues from drug-treated
rats. In these assays, adrenal capsules with attached
glomerulosal cells from each rat were placed in 10 ml
ground-glass homogenizers containing 300 1 of cold
assay buffer. These capsules were homogenized, cen-
trifuged at 800 g for 10 min, and the remaining assay
ingredients were added to the homogenization tubes as
described above.

The mass of steroidal product formed was the mul-
tiple of the mass of substrate added times the percent
of the ratio of radioactivity (cpm) of each steroidal
product peak, corrected for cpm of solvent blank, to the
total cpm (solvent blank corrected) determined for each
respective chromatogram. Kinetic parameters for ster-
oidal products of aldosterone synthase were estimated
using adrenal glomerulosal tissue obtained from rats on
a Na-deficient diet [34]. Apparent K, values were
320nM for 18-OH-corticosterone and 240 nM for
aldosterone using DOC as the substrate with respective
Vex values of 308 and 74 pmol/mg of glomerulosal
tissue/h.
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Steroid receptor binding assays

Mineralocorticoid receptor assays. Male SD rats
(175-225 g) were adrenalectomized 18-36h prior to
sacrifice by decapitation. Kidneys were isolated iz situ
by ligation of the aorta anterior and posterior to the
renal arteries. Each kidney was perfused by a renal
arterial catheter with ~2ml of cold (~4°C) isotonic
10 mM Tris buffered-saline (pH 7.4) via a push—pull
perfusion procedure. The blanched kidneys were re-
moved, weighed, sliced, and homogenized in cold
TEMG assay buffer (10 mM Tris, 1.5 mM EDTA,
10 mM Na molybdate and 209, glycerol, pH 7.4)at 1:3
ratio (w/v) with a Polytron Pt-10 (Brinkman Instru-
ments, Westbury, NY) for three intervals of 5s. Hom-
ogenates were centrifuged at 800 g for 10 min, and the
resulting supernatants were then centrifuged at
105,000 g for 60 min at 4°C. Kidney cytosolic super-
natants were used as the source of mineralocorticoid
receptor (MR) binding proteins. Cytosolic protein con-
centrations were determined by dye binding procedure
[35] (Bio-Rad Inc., Hercules, CA). Steroidal com-
pounds evaluated for their MR binding affinities were
diluted to Sx the desired assay concentrations
(10 pM-10 uM) with TEMG assay buffer. Radio-
labeled ligand, [PH]ZK 91587, was solubilized in
TEMG buffer to provide ~50,000dpm/100 pul
(~280 fmol/assay). The binding assays were initiated
by the addition of 100 ul of PH]ZK 91587, 300 ul of
kidney cytosol and 100ul of test steroids to
12 x 75 mm borosilicate glass tubes. After vortexing,
duplicate samples were incubated in a Dubnoff shaking
water bath at 22°C for 1h, then 500 ul of 1%, DCC
were added to each assay tube. Samples were vortexed
and placed in an ice bath for 10 min prior to centrifu-
gation at 2600 g for 10 min. Supernatants containing
receptor bound [>H]labeled ligand were decanted into
7ml glass scintillation vials and 5Sml of scintillation
fluid were added to each vial. Radioactivity was deter-
mined in a f-scintillation spectrometer (1900 CA,
Packard Instrument Co.). Nonspecific binding was
determined in the presence of 1 uM of nonlabeled ZK
91587 and subtracted from total binding to estimate
specific ligand binding. Relative binding affinity (RBA)
for each steroid was the percent ratio of the molar
concentration for half-maximal binding (IC,,) of the
nonlabeled ligand to the IC,, value of the test steroid.
The mean IC,, value for ZK 91587 from four assays in
duplicate was 0.97 + 0.16 nM.

Androgen receptor assays. Male SD rats (150-200 g)
were gonadectomized 18-36 h prior to necropsy. Ven-
tral prostate tissues were removed, trimmed, weighed,
rinsed with cold saline, homogenized in cold TETG
buffer (50 mM Tris—-HCI, 1 mM EDTA, 12 mM thio-
glycerol and 309, glycerol, pH 7.5) at 1:4, ratio (w/v),
and cytosol prepared as described for MR assays.
Prostate cytosolic supernatants were used as the source
of androgen receptor (AR). Cytosol was diluted at least

1:4 (v/v) with cold TETG buffer (~1 mg protein/ml)
and 300 ul aliquots were added to 12 x 7S mm glass
assay tubes containing ~ 55,000 dpm (~ 300 fmol) of
[PH]R1881 in 100 ul of TEG assay buffer (10 mM
Tris—=HCI, 1 mM EDTA and 209, glycerol, pH 7.5).
Steroidal compounds evaluated for their AR binding
affinities were diluted to 5 x the desired assay concen-
trations (10 pM-1 uM) with TEG buffer and added to
the assay as 100 u1 aliquots. After vortexing, duplicate
samples were incubated at 4°C for 18 h, then 500 ul of
cold 0.5%, DCC were added to each assay tube. The
tubes were vortexed and placed in an ice bath for 5 min
prior to centrifugation at 2600 g for Smin at 4°C.
Supernatants were prepared for measurement of
specific AR bound [*H]R1881 and RBA values as
described for MR assays, except 1 uM R1881 was used
to measure nonspecific binding. The mean IC;, value
for R1881 from seven assays in duplicate was
1.35+0.11 nM.

Mineralocorticoid bioassays

Mineralocorticoid activity of steroidal compounds
were evaluated using a modified Kagawa bioassay [36].
Male SD rats (125-150 g) were used within 3-7 days of
adrenalectomy. Rats were placed at 08:00 h in individ-
ual metabolic cages equipped with stainless steel collec-
tion funnels. Food was removed the previous evening.
Rats were provided deionized water ad lLbirum during
the treatment day. At 10:00h, rats were forced to
urinate using subpubic pressure and a whiff of ether to
provide the pretreatment urine samples. Animals were
then s.c. injected with test steroid or 10%, ethanolic
saline vehicle (0.2 ml/rat) and with two 1.5 ml injec-
tions of 0.154 M NaCl. Urine samples were collected
during the 3 h interval following drug treatment. Urine
volumes were recorded and urinary creatinine values
were determined by the Jaffee reaction using a Coulter
DACOS spectrometer (Coulter Electronics Inc.,
Hialeah, FL). Urinary Na~ and K* were measured by
flame photometry (Coleman Model 51 Ca, Bacharach,
Inc., Pittsburgh, PA). Mineralocorticoid bioactivity of
test steroids that induce Na retention will alter urinary
electrolyte excretion by decreasing the Na/K ratio.
Aldosterone, 0.1 ug/rat, was used as the standard agent
for demonstrating Na retention in adrenalectomized
rats [37].

Plomestane clinical tolerance trial

A double blind, placebo-controlled, crossover Phase
I single dose oral tolerance study of Plomestane was
conducted using normal male volunteers. After com-
pletion of pretreatment clinical tests, safety evaluations
and sample collections, Plomestane or placebo was
orally administered to subjects on Study Day 1. Safety
monitoring and sample collections were continued for
the next 72 h. On Study Day 8, the alternate treatment
was administered and all tests and evaluations were
repeated during the subsequent 72 h. Clinical safety
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data at each dose level was evaluated before procceding
to the next dose level. All 72 subjects remained in the
study facility (Harris Laboratories, Inc., Phoenix, AZ)
for the duration of their participation in the study. Both
phases of the cross-over study were completed by 63
subjects. Nine subjects who were in the initial placebo
treatment group were dismissed due to elevated
hepatic enzyme values, SGPT > 50 U/l. The doses of
Plomestane were 0.1-20 mg/kg representing 14 differ-
ent dose levels with four volunteers per dose group,
except for 0.4 mg/kg (12 subjects) and 1.6 mg/kg (3
subjects). Drug and placebo dosage tablets of 25, 50
and 100 mg were provided by the Pharmacy Depart-
ment at MMDRI. Serum levels of Plomestane and
17 -hydroxy Plomestane were determined after solid
phase extraction on Cg-columns, reconstitution of
dried eluent in 509, acetonitrile/water, separation by
Waters HPLC system with a RCM-100 radial com-
pression module containing an 8C18 Novapak, 4 u
column, and detection by UV absorption at 247 nm,
Absorption data was digitized and serum concen-
trations estimated by peak height ratios of standard
concentration curves to those of the internal standard,
Norethindrone (19-nor-17a-ethynylandrosten-17f-ol-
3-one). The assay sensitivity was 1 ng/ml for Plomes-
tane and 2 ng/m] for 17f-hydroxy Plomestane. Only
volunteers receiving 0.6-20 mg/kg had detectable
serum concentrations of Plomestane (35 subjects) or
178 -hydroxy Plomestane (30 subjects) [38].

Radioimmunoassays

Aldosterone concentrations in rat sera were
measured by adapting a solid-phase coated tube ['**I]-
radioimmunoassay (RIA) kit (Diagnostic Products
Corp., Los Angeles, CA). The assay requirement of
200 g1 of human serum was replaced with 25 ul of rat
serum and 175 ul of “zero calibrator” diluent. Esti-
mates of aldosterone concentrations were linear when
10-50 ul of rat serum or plasma were diluted to 200 ul
with “zero calibrator”. The crossreactivity of 18-Ac-
DOC with the anti-aldosterone antibody was less than
0.01%,.

Estradiol and estrone serum levels of five normal
male volunteers in the Plomestane Phase I oral toler-
ance study were determined following column chro-
matographic separation using previously described
RIA methods [39]. The estrogen antisera used in these
assays by Dr D. C. Collins (University of Kentucky,
Lexington, KY) did not cross react with Plomestane or
its metabolites. Initially, serum estradiol and estrone
levels were analyzed in two different University Re-
search Clinical Chemistry Laboratories using different
commercially available estrogen antisera and standard
RIA procedures. Estrogen RIA values of sera from
subjects receiving 6.4-20 mg/kg of Plomestane were
compromised due to immunological crossreactivities
with presumptive Plomestane metabolite(s).

Statistical and kinetics analyses

Statistical analyses used standard procedures with
data expressed as mean + SEM [40]. Michaelis—
Menten enzyme kinetic constants, apparent K, K; and
V. values were determined by least-squares linear
and nonlinear regression analyses [41-43]. In time-
dependent enzyme inhibition experiments, the kinetic
constants, apparent K.« ;s & and T, the 7, , interval
for enzyme inactivation at infinite inhibitor concen-
tration, were estimated by the method of Kitz and
Wilson [44]. The receptor binding affinities, 1Cs, val-
ues, were graphically estimated from semilog plots of
percent ligand binding vs log molar concentration of
ligand. For pharmacokinetic analyses of the Plomestane
single oral dose tolerance study, data from 25 subjects
receiving 1.2-20 mg/kg dose with quantifiable serum
levels of Plomestane or its metabolite from 9-24 h post
treatment were used to estimate the terminal exponen-
tial half-lives by least squares regression analysis of the
log of the serum concentration vs time. Areas under the
serum concentration—time curves (AUC), 0-24 h, for
both Plomestane (21 subjects) and metabolite (16 sub-
jects) were calculated using the trapezoidal rule [45].
Based on 0-24 h data from four subjects receiving
15 mg/kg of Plomestane, these calculations captured 98
and 919, of the AUC for Plomestane and 17 -hydroxy
Plomestane, respectively, for the estimated AUC for
O h to infinity.

RESULTS
Aromatase inhibition

Pseudo-substrate analogs designed as enzyme acti-
vated inhibitors must exhibit a high affinity for the
enzyme active site and possess latent functionalities
which can be activated via the normal catalytic action
of the target enzyme. The hydroxylation of the C,,
methyl by aromatase dictated the use of C,, positional
analogs of androstenedione. The C,, carbon was
modified by the synthesis of a series 1,2-propadienyl,
1- and 2-alkynyl, 2-propenyl and cyano derivatives
(Table 1). These pseudo-substrate analogs were evalu-
ated in time-dependent aromatase assays. These data
were used to calculate enzyme inhibition kinetic par-
ameters [44]. Compounds could be ranked for
efficiency of enzyme-catalyzed inactivation by calculat-
ing the ratio of their catalytic inactivation rate, B, to
their molar concentration at half-maximal inactivation,
apparent Kii..... The magnitude of this ratio reflects
the inhibitor’s effectiveness as an enzyme inactivator.
The most potent of this series of analogs was the
2-propynyl analog (Plomestane) which had a K.
value of 3.2 + 0.5 nM, k,, value of 1.2 x 107* s~ ! and
75, value of 9.4 + 0.7 min representing mean values
from five experiments as illustrated in Fig. 1(A). These
data demonstrate both concentration and time-depen-
dent inhibition of human placental aromatase,
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Table 1. Enzyme kinetic parameters for androstenedione analogs in hwman
placental aromatase assays

(0]
R

Kx(inacl; lS(b kcat kcal /’
(o) (nM) (min) s Kigivact)
CH,-C = CH* 32405 9.4+0.7 1.2 x 1073 384,060
CH,-C = C-CH, 14.6 23.4 49 x10~* 33,560
C=C-CH, NI — — —
CH(OH)-C=CH, 49+8 323+45 36x10°* 7380
CO-C=CH, 350 NTD — —
CH,-CH = CH, 12.5 NTD — —
CH =C=CH, 13.6 25.9 4.5x107* 32,800
CH,-C=N 225 NTD — —
C=N NI — — —
178 -Hydroxy plomestanet 28.1 7.8 1.5 x 1073 52,710
6f-Hydroxy plomestanet 13.4 36.7 3.1x10°¢4 23,130
Formestaned 30+9 32409 37x10°° 121,440
Atamestane§ 66.0 64.0 1.8 x 10¢ 2740
*Plomestane.

tData from reference [25].

$Data are mean of reported values [32, 46-48].

§Data from reference [32].

NI, no inhibition at 100nM. NTD, not time dependent, apparent K; value

reported.

indicating that Plomestane has a high competitive
affinity for the active site as well as an enzyme-activated
mechanism of inhibition. The observed saturation kin-
etics, i.e. Ty, value >0, indicates that a kinetic step
subsequent to formation of the reversible
Michaelis—Menten complex, [E + I—E —1], was
rate-limiting. The binding of Plomestane to aromatase
was active site directed, since enzyme inactivation
could be blocked or protected by increasing substrate
concentration during the preincubation phase [Fig.
1(B)]. The ¢, of inactivation of human placental
aromatase activity by 5 nM Plomestane was 23 min in
the absence of testosterone substrate in the 0—40 min
preincubation phase of time-dependent assays. The
addition of 135 nM testosterone to the preincubation
phase slowed the enzyme inactivation rate to
t;; = 74 min. Thus the inhibitor and the substrate were
competing for binding to the same active site. Time-de-
pendent enzyme inactivation required NADPH cofac-
tor [Fig. 1(B)], indicating that Plomestane must be
transformed by aromatase to a reactive intermediate
before enzyme inactivation could occur in the active
site (Scheme 1). The absence of a lag time in the onset
of inhibition that occurs in the presence of 10 nM
dithiothreitol in the incubation medium supports the
direct action of the inhibitor in the enzyme active site
without involving a diffusible alkylating species. The
reversibility of aromatase inhibitors was determined
following incubation of inhibitors for 15min with
placental microsomes and isolation of the microsomes
by centrifugation. The residual microsomal pellets
were washed and resuspended in buffer prior to deter-
mining residual aromatase activity [24]. Plomestane did

not exhibit any disassociation from the enzyme (Fig. 2).
The competitive inhibitor, 2,10-ethylene androstene-
dione (K; = 35 nM) [34], completely disassociated from
the enzyme-complex, while the time-dependent inhibi-
tors, Atamestane (K., = 66 nM) [32] and Formes-
tane (Ko, = 10-55 nM) [32, 46-48] exhibited partial
disassociation from the enzyme-complex, with Formes-
tane having a greater affinity for the aromatase active
site.

Plomestane or placebo tablets were orally adminis-
tered to 63 healthy male volunteers enrolled in a single
dose, double-blind placebo-controlled crossover Phase
1 tolerance study. The maximum tolerated dose was
not established in this study since, there were no
changes in ECG, vital signs, laboratory clinical par-
ameters,. or adverse events that differentiated Plomes-
tane (0.1-20 mg/kg) from placebo treatment. RIA
analysis of serum estradiol and estrone levels from two
different research laboratories demonstrated significant
(P < 0.05) decreases in estrogen levels at 12-24 h, with
the maximum difference observed at 24 h after receiv-
ing a single oral dose of Plomestane (0.1-20 mg/kg) in
comparison to their placebo treatment. The apparent
minimum and maximum effective doses were 0.2—0.3
and 6.4 mg/kg of Plomestane. Analysis of urine and
serum from volunteers receiving concentrations of
Plomestane greater than 6.4 mg/kg were apparently
compromised by immuno-crossreactivity from a pre-
sumptive drug metabolite(s). In addition, serum
samples from 5 volunteers were also analyzed in a third
research laboratory {39], where the apparent immuno-
crossreactivites were not observed in sera from volun-
teers receiving 6.4-20 mg/kg of Plomestane (Fig. 3).
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Fig. 1. Inactivation of aromatase activity induced by Plomestane. (A) Concentration and time-dependent
inhibition of human placental aromatase activity were induced by 1-50 nM Plomestane. The insert represents
a Kitz-Wilson plot [44] of linear regression analysis of enzyme inactivation rates (¢,,) vs reciprocal of

Plomestane concentrations. The Y-intercept is 7, value (7.9 min) and X-intercept is 1/K;

, (2.28nM).

(inact.

Percent residual enzyme activity is relative to respective buffer controls to corrected for inherent time course

loss of aromatase activity (10-15%). (B) Human placental microsomes were preincubated for varying time

intervals with S nM Plomestane in the presence of NADPH (0), £,,, = 22.9 min; in the absence of NADPH (@),

t;; =928 min; or in the presence of NADPH plus 135nM testosterone as a competitive substrate (@),

t;; = 73.7 min. The relative residual enzyme activity values were adjusted so that the “0” min of preincubation

values equaled 1009% activity to allow inter assay comparisons. The ¢,,, values are from linear regression
analyses of non-adjusted data.

Based on these limited observations, the suppression of
estrogen levels observed in initial analyses may not
reflect the true magnitude of estrogen suppression.
Median terminal half-lives for Plomestane and 17f-
hydroxy Plomestane were 4.69 and 6.82 h, respectively.
Maximum concentrations of both compounds were
observed at 3 h post dosing. No half-life dose depen-
dencies were observed in these studies. At doses equal
to or greater than 10 mg/kg, pharmacokinetic analyses
suggested that both saturation and dissolution rate-
limited absorption can occur. At higher concentrations
of Plomestane, proportionally less 17f-hydroxy metab-
olite was observed in the serum concentration—time
curves relative to parent drug. This suggests that the
metabolism of the Plomestane to its 17f-hydroxy
metabolite can also be saturable.

Aldosterone inhibition

After establishing that C s-acetylenic analogs of an-
drostenedione were enzyme-activated inhibitors of
aromatase, we designed and synthesized similar C -
analogs of progesterone and DOC as potential inhibi-
tors of C,3 hydroxylation of corticosterone
[14, 15, 26, 28]. These compounds were evaluated in

adrenal glomerulosa cytosolic preparations from rats
maintained on a sodium-deficient diet for at least
2 weeks. Time-course experiments established that
after 11 days, this dietary regimen induced a 60-fold
increase in serum aldosterone levels (9.2 + 1.6 vs
0.29 + 0.03 ng/ml; P < 0.01) when compared to serum
from rats fed normal rat chow. Glomerulosa/capsular
cytosol from these rats exhibited significant (P < 0.01)
concomitant increases in biosynthesis of [*H]18-OH-
CORT (1.2940.14 vs 0.15+0.03 pmol/mg/h) and
[FPHJALDO (0.61 +0.09 vs 0.09 4+ 0.005 pmol/mg/h)
when incubated with 20 nM PH]JCORT for a 30 min
assay at 30°C.

For time-dependent assays, 1 uM [PH]DOC was
used as the substrate because it allowed evaluation of
11$/18-hydroxylase activity as well as 18-hydroxylase
activities of corticosterone methyl oxidase. In these
assays, linear first-order rate kinetics were observed
during the initial 5~10 min for [*H]-product formation
for both primary (18-OH-DOC and CORT) and sec-
ondary (18-OH-CORT and ALDO) products of
[PH]DOC. The 18-acetylenic analog of DOC was a
better inhibitor of aldosterone biosynthesis than 18-
acetylenic analogs of 11f-hydroxy progesterone or
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Fig. 2. The reversibility of aromatase binding of androstenedione analogs. Recovery of aromatase activity was
determined following incubation of inhibitors for 15 min with human placental microsomes and isolation of
microsomal pellet by centrifugation. After washing the pellet, the microsomes were reconstituted in
buffer and assayed for aromatase activity. Percent residual enzyme activity is relative to respective buffer
controls to corrected for procedural losses. Inhibitors evaluated were (A) 2,10-ethylene androstenedione,
(B) Atamestane, (C) Formestane and (D) Plomestane.

Table 2. Enzyme kinetic parameters for corticoid analogs in aldosterone synthase assays

ICSO Ki<imcn Tsp kcal kcal

Compound (M) #M)  (min) s 1) Kitinaen
Progesterone analogs

18-Cyano progesterone 20 NTD*

118-Hydroxy-18-cyano prog 14 10.1 26.8 4.3 x10°% 43

18-Allenyl progesterone 0.21 TDY

18-Vinyl progesterone 0.02% TD

114-OH-18-acetylenic prog 20 TD

18-Acetylenic progesterone 0.035 0.04 9.6 1.2 x 1073 30,000

18-Acetylenic-progesterone NI§

(17a-acetyl isomer)
Deoxycorticosterone analogs

18-Acetylenic DOC 0.014 0.038 4.8 24 x107% 63,160

18-Vinyl DOC MR agonist
Other inhibitors

Ketoconazole 0.6% NTD

Spironolactone 7.0 NTD

Data derived from time-dependent assays using adrenal glomerulosa/capsular homogenates
from SD rats on an Na-deficient diet for at least 2 weeks. Steroidal compounds were
preincubated for varing intervals from 0—40 min prior to adding 500 pmol of [*H]DOC
for 10 min assay. Labeled aldosterone formed was quantitated by HPLC methods.

*NTD, not time-dependent.
+TD, time-dependent.

$Compound was not specific for aldosterone synthase, but also inhibited 11/18-hydroxylase.
§NI, no inhibitory activity at 0.05 uM.
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progesterone (Table 2). The presence of an 11f-
hydroxy group on 18-acetylenic progesterone reduced
its inhibitory ICy, value from 35nM to 20uM.
Changes in the steric orientation of the C,, acetyl group
from beta to alpha of 18-Ac-progesterone reduced
enzyme inhibitory activity. 18-Vinyl progesterone was
1000 times more effective than the 18-cyano analogs in
time-dependent assays. At 10-50 nM, 18-vinyl pro-
gesterone exhibited time-dependent inhibition of the
18-hydroxylation of corticosterone, as reflected by con-
centration and time-dependent increases in the percent
of PH]DOC converted to [*H]18-OH-CORT and
(*HJALDO, without blocking the formation of
[*H]CORT and [*H]18-OH-DOC. At higher concen-
trations, 0.1 and 1.0uM, 18-vinyl progesterone
produced a time-dependent inhibition of 118/18-hy-
droxylation of PH]DOC. Ketoconazole, a competitive
non-steroidal inhibitor, was 12 times more potent than
the competitive inhibition exhibited by Spironolactone,
a steroidal mineralocorticoid receptor antagonist. Both
of these compounds displayed competitive inhibition of
118/18-hydroxylation of PH]DOC and 18-hydroxyl-
ation of [*H]corticosterone (Table 2).

As with the aromatase inhibitors, acetylenic sub-
strate analogs were the most potent and selective in-
hibitors of hydroxylation of the C;-angular methyl
group. As shown in Fig. 4, 18-Ac-DOC was twice as
effective as 18-Ac-PROG in time-dependent inhibition
of 18-hydroxylase activity as reflected in £, /Kiinac,)
values of 63,160 and 30,000, respectively. Neither
compound had a significant effect on the 114/18-hy-
droxylation of DOC at concentrations that produced
909, time-dependent inhibition of aldosterone biosyn-
thesis. The time-course product curves in Fig. 5(A)
display the product profile of [>H]DOC metabolism in
glomerulosa cytosolic preparations of adrenal tissue
from rats fed a normal sodium replete diet. The
depletion of sodium from the diet induced an increase
in the rate of DOC utilization and a 10-fold increase in
corticosterone 18-hydroxylase activity [Fig. 5(B)]. The
incubation of 0.1 uM 18-Ac-DOC for 20 min prior to
the addition of [>’H]DOC inhibits the 18-hydroxylase
activity without altering the 11f5/18-hydroxylation of
DOC ([Fig. 5(C)]. This selective inhibition of
18-hydroxylation of corticosterone by 18-Ac-DOC
normalizes the DOC metabolic profiles of rats
with hyperaldosteronism [compare Fig. 5(A) with
Fig. 5(C)].

The in vivo specificity of 18-Ac-DOC was evaluated
in a 10 min assay following the addition of 500 pmol
PH]DOC to adrenal glomerulosa preparations ob-
tained 2h after rats had been s.c. injected with
1-30 mg/kg of 18-Ac-DOC. The dose of 18-Ac-DOC
that produced half-maximal inhibition, EDq,, of aldos-
terone biosynthesis was 3 mg/kg s.c. at 2 h post treat-
ment. The data in Fig. 6 shows the selective effects of
a single 15 mg/kg subcutaneous injection of 18-Ac-
DOC. Only the corticosterone 18-hydroxylase activity

was inhibited. The steroidal precursors to thc second
enzyme, CORT and 18-OH-DOC, are increased, while
the products of the second enzymatic step, cortico-
sterone-18-hydroxylase, are significantly inhibited
(P <0.01). Sera from these rats showed a sustained
decrease in aldosterone levels which reflects the inhi-
bition of aldosterone biosynthesis measured in the
ex vivo adrenal enzyme assays (Fig. 7).

Steroid receptor binding assays

The potential hormonal activities of these aromatase
and aldosterone synthesis inhibitors were evaluated by
determining their ability to bind to androgen and
mineralocorticoid receptors isolated from prostate and
kidney tissue (Table 3). Of the androstenedione
analogs, only Plomestane’s 17f-hydroxy metabolite,
19-Acetylenic testosterone, exhibited any androgen re-
ceptor binding activity (RBA =3.919%,). None of the
C,, steroids or their analogs effectively bound to the
androgen receptor protein. Spironolactone exhibited

weak affinity (RBA =1.59%,) for the androgen
receptor.
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Fig. 3. Serum estrogen levels from a Phase I single oral dose
tolerance study of Plomestane. A healthy male volunteer in
a double-blind, placebo-controlled crossover study received
an oral dose of 550 mg of Plomestane on Day 1 and 550 mg
placebo on Day 8. Serum concentrations of Plomestane de-
creased from 237.0 ng/ml at 3 h post dose (C,.,) to 17.2 and
2.7 ng/ml at 12 and 24 h post treatment, respectively. Serum
concentrations of 178-hydroxy Plomestane decreased from
50.8 ng/ml at 3 h post dose (C,,,,) to 8.0 and 4.0 ng/ml at 12
and 24 h post treatment, respectively. The apparent terminal
half-life for Plomestane and 17f-hydroxy Plomestanes were
4.81 and 12.02h, respectively. The area under the serum
concentration-time curves (0-24h) for Plomestane was
1096.5 ng/ml/h and 310.0 ng/ml/h for 17f-hydroxy Plomes-
tane.
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Fig. 4. Time-dependent inhibition of 118/18-hydroxylation of DOC and 18-hydroxylation of corticosterone

induced by 18-acetylenic DOC and 18-acetylenic progesterone. Adrenal glomerulosa preparations from rats

on a Na-deficient diet were incubated with 50 nM of inhibitors for 0-20 min prior to addition of 500 pmol

PHIDOC for a 10 min assay. Products quantified by HPLC chromatography and online scintillation
spectrometry. Percent residual enzyme activity is relative to respective buffer controls.

Table 3. Steroid receptor binding affinities

Androgen* Mineralocorticoid*
IC,t RBAYt ICt RBAYT
Ligands (nM) (%) (nM) (%)
Labeled ligandt 1.35 100 0.97 100
Endogenous androgens
Dihydrotestosterone 2.59 521 NT —
Testosterone 6.8 19.9 NT —
Androstenedione 610 0.22 1.1 M 0.09
Androgen analogs
Plomestane 2uM 0.07 13.5uM 0.007
178-Hydroxy plomestane 34.5 391 4uM 0.024
6f-Hydroxy plomestane >50 uM <0.003 >50uM <0.002
Formestane 690 0.20 NT —
Endogenous corticoids
Deoxycorticosterone 300 0.45 0.84 115.5
19-Hydroxy DOC >50 uM <0.003 25.0 3.88
18-Hydroxy DOC >10uM <0.01 450 0.22
Corticosterone 1.7S uM 0.08 3.25 29.9
18-Hydroxy corticosterone >10uM <0.01 1.2pM 0.08
Aldosterone >10uM <0.01 1.74 55.8
11-Dehydrocorticosterone NT — 62.5 1.55
Se-Dihydrocorticosterone NT — 1.0uM 0.01
Progesterone 210 0.64 7.10 13.7
Corticoid analogs
18-Cyanoprogesterone 30uM 0.05 1.0uM 0.01
11-OH-18-cyanoprogesterone 3.0uM 0.05 420 0.23
18-Vinyl progesterone 288 0.47 15.0 6.47
18-Allenyl progesterone NT — 20.0 4.85
113-OH-18-acetylenic prog 650 0.21 325 0.30
18-Acetylenic progesterone 275 0.49 50 1.94
18-Acetylenic DOC 1.1 M 0.12 11.7 8.29
18-Vinyl DOC NT — 1.05 92.4
Other steroidal compounds
Dexamethasone NT — 11.12 8.72
Spironolactone 85 1.59 6.0 16.2

*Prostate and kidney tissue cytosols, respectively, were prepared from castrated and
adrenalectomized male SD rats at 24 h post-surgery.

1Relative binding affinities (RBA) are expressed as the percentage of the ratio of the
half-maximal binding concentration (IC;) of the labeled ligand to the 1C,, value of the
competitive ligand. RBA values represent the mean of duplicates from 1-8 assays per
compound. NT, not tested.

tLabeled ligands were [*H]methyltrientone (R1881) and [*H]ZK 91587 for androgen and
mineralocorticoid receptors, respectively.
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Mineralocorticoid binding proteins present in rat
kidney cytosols exhibited type-I high affinity binding
(<1nM) which was consistent for the physiologic
aldosterone receptor [49]. The high affinity binding of
DOC to the type-I mineralocorticoid receptors has
been reported by others [49, 50]. Hydroxylation of the
angular methyl carbons at C,, or C, of DOC decreases
its receptor affinities by 30- and 500-fold, respectively.
A similar decrease in binding affinity (370-fold) was
observed with 18-hydroxylation of corticosterone.
However, hydroxylation at C,, of the steroid (DOC vs
corticosterone) reduces binding by only 4-fold, while
hydroxylation of progesterone at C,, yielding DOC

increases affinity by 8.4-fold. Addition of vinylidene or
alkynyl substitution at C g4 of progesterone or DOC did
not alter receptor binding to the degree that was
observed for Cs-cyano analogs or hydroxylation at C,g.
The 18-vinyl analogs of DOC and progesterone re-
duced affinity by only 1.4- and 2-fold, respectively.
Interestingly the analogous acetylenic analogs exhib-
ited a 14- and 7.7-fold reduction. These slight struc-
tural differences may account for the significant
difference observed in the mineralocorticoid bioactivi-
ties between 18-vinyl DOC and 18-Ac-DOC. Spirono-
lactone displayed about twice the binding affinity
observed for dexamethasone.
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Fig. 5. Time-course for corticoids formed from [*H]deoxycorticosterone during incubation of rat adrenal

glomerulosa preparations. (A) Adrenal tissue from rats that were on a normal diet. (B) Adrenal tissue from

rats that were on a Na-deficient diet. Glomerulosa preps were preincubated with buffer for 20 min prior to

adding 500 pmol PH]DOC. (C) Adrenal tissue from rats that were on a Na-deficient diet. Glomerulosa preps

were preincubated with 0.1 M of 18-Ac-DOC for 20 min prior to adding 500 pmol [PH]DOC. The

[*H]corticoids measured were DOC, O; 18-OH DOC, ¢; corticosterone, A; 18-OH corticosterone, @; and
aldosterone, A.
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Fig. 6. Steroidogenesis of adrenal glomerulosa from rats on
a Na-deficient diet treated with 18-acetylenic DOC. Male rats
(4 per group) received either a single subcutaneous injection
of 15mg/kg of 18-Ac-DOC, &, or 5ml/kg of vehicle, [].
Individual glomerulosa preps from each of 4 rats per treat-
ment interval were incubated with 500 pmol [*H]DOC for
30 min assay. The tritiated products of 118/18-hydroxylase
and 18-hydroxylase of aldosterone synthase were measured.

Mineralocorticord bioactivities

The modified Kagawa bioassay [36] was utilized to
evaluate the mineralocorticoid bioactivity of the pro-
gesterone and DOC analogs. The Na/K ratios of urine
collected during the 1-3 h interval following s.c. injec-
tion of drug or vehicle were used as an index of sodium
retention. Na/K ratios of 5 or higher were observed for
vehicle treatment or compounds devoid of sodium
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Fig. 7. Aldosterone serum levels of rats on a Na-deficient diet
treated with 18-acetylenic DOC. Male rats (4 per group)
received either a single s.c. injection of 15 mg/kg of 18-Ac-
DOC, A, or 5ml/kg of vehicle, []. The percent reduction of
aldosterone levels relative to their respective vehicle controls
are shown within each treatment bargraph. This reduction in
aldosterone levels was statistically significant at P < 0.01.
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I
VEHICLE ALDO DOC 18-Ac-DOC
0.1ug 10 ug 100 ug

Fig. 8. The mineralocorticoid bioactivities of steroidal com-

pounds. Na/K ratio of urine collected from adrenalectomized

rats during a 2h pretreatment interval, [], and a 3h post

treatment interval, /. Data shown for rats s.c. injected with

0.1 ug of aldosterone, 10 g of DOC or 100 pg of 18-acetylenic

DOC. The number of rats per treatment group is shown
above each bargraph.

retaining activity. Maximal Na/K ratios responses of
1.3-1.6 were measured following treatment with aldos-
terone at 0.1 pgfrat (~0.5 ug/kg) or DOC at 10 ug/rat
(Fig. 8). The half-maximal response, ED, for aldoster-
one and DOC were 0.04 and 2.5 ug/rat, respectively.
Neither 18-vinyl nor 18-acetylenic progesterone exhib-
ited any sodium retaining activity at 100 ug/rat. How-
ever, 18-vinyl DOC at 10 ug/rat was equipotent to
10 pg/rat of DOC (Na/K ratio =2.24+0.3vs 2.8 £ 0.3)
while 18-acetylenic DOC did not exhibit any mineralo-
corticoid bioactivity at 100 ug/rat. These iz vivo obser-
vations are consistent with the 10-fold greater binding
affinity displayed by 18-vinyl DOC for the type I
mineralocorticoid receptor than that observed for 18-
acetylenic DOC.

DISCUSSION

The CYP450 enzymes that hydroxylate the angular
methyl groups of the steroid nucleus lead to the for-
mation of hormones that are highly specific but ex-
tremely diverse in their biological actions. In the
formation of estrogen from androgens, aromatase
readily inserts oxygen into the C—H bonds of the C,
methyl during the first two oxidative steps to produce
the 19-carboxaldehyde derivative. These reactions are
typical CYP450 hydroxylations utilizing two equiva-
lents of molecular oxygen and NADPH (Scheme 1).
The third catalytic step is proposed to involve the
nucleophilic attack by the CYP450 heme’s ferric per-
oxide intermediate on the aldehyde group of the 19-
oxo-steroid [51, 52]. With oxidative cleavage of the
C,—C,s bond, the aldehyde is lost as formic acid with
the concomitant introduction of a double bond into the
unsaturated sterol A-ring which tautomerizes to phe-
nolic estrogen. The emergence of new active-site
models for aromatase [53] has supported our original
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approach to design C,, analogs of androstenedione as
enzyme-activated inhibitors [10]. Several series of com-
pounds were synthesized [10, 24, 34], however, 19-
acetylenic androstenedione (Plomestane) was the most
active of these substrate analogs. Pseudo-first-order
time-dependent loss of aromatase activity was observed
with a catalytic inactivation rate proportional to
inhibitor concentration, i.e. Kjj,, =3.2nM and
Ry = 0.0012 57" [Fig. 1(A)]. Plomestane was active-
site directed and required NADPH cofactor for its
time-dependent inactivation, implying that enzyme ac-
tivation of the inhibitor was required [Fig. 1(B)].
Irreversible binding of Plomestane to placental micro-
somes was supported by dialysis studies where aroma-
tase activity of microsomal preparations incubated with
Plomestane failed to return to pretreatment levels
following 24 h of dialysis [23]. Ongoing studies have
demonstrated covalent binding of ['*C]Plomestane to
purified human placental aromatase following enzyme
incubation. Labeled inhibitor remained associated with
the CYP450,,,, protein during SDS gel electrophor-
esis and autoradiography. In addition, a ['*C]-labeled
peptide fragment was isolated by HPLC chromatog-
raphy of tryptic digests of [ C]Plomestane/aromatase
complex [54]. Irreversible inactivation of aromatase by
Plomestane was observed in trophoblast cell cultures
[55] and i vivo when intratumoral aromatase activity
was measured following treatment of nude mice with
human tumor xenografts [56]. In these later studies,
intratumoral aromatase activity remained suppressed
even after [**C]Plomestane levels had decreased to
non-detectable level in tumor tissue, suggesting that
the return of aromatase activity awaited de novo enzyme
synthesis. Peripheral aromatase activity in female ba-
boons was significantly inhibited following treatment
with intravenous or oral Plomestane [57]. Having
demonstrated the lack of inherent hormonal activities
and no adverse toxicology [58], Phase 1 clinical studies
were initiated using an intravenous preparation of
Plomestane [59]. Serum estrogen levels were signifi-
cantly decreased in this clinical study, thus a single oral
dose study was initiated. As shown in Fig. 3, a single
oral dose of Plomestane induced a sustained suppres-
sion of estrogen biosynthesis that persisted even after
Plomestane and its major bioactive metabolite [25]
were no longer detectable in the serum from a male
volunteer. These studies confirm that rationally de-
signed mechanism-based enzyme inhibitors offer sig-
nificant therapeutic potential by the specificity of their
action. Prolonged pharmacological effects are achieved
even after drug clearance, since irreversible inhibition
will require new enzyme synthesis to restore enzymatic
activity.

Based on the effectiveness of 19-acetylenic an-
drostenedione in inhibiting only the hydroxylation at
C,s and the lack of inhibitory activity against hepatic
CYP450 enzymes [60], we designed similar analogs of
progesterone, 11f5-hydroxy progesterone and deoxy-

corticosterone as potential inhibitors of 18-hydroxylase
activity required for aldosterone biosynthesis
[26, 28, 29]. The zona glomerulosa cells of the adrenal
cortex are the only cells in the body expressing mito-
chondrial CYP450 of aldosterone synthase. This en-
zyme controls the final steps of aldosterone
biosynthesis from corticosterone (Scheme 2). Steroido-
genesis in the zona fasciculata, the adjacent cellular
zone to the glomerulosa, is regulated almost exclusively
by pituitary adenocorticotropin (ACTH). In contrast,
steroidogenesis in the zona glomerulosa cells is stimu-
lated via membrane receptors for various peptide hor-
mones, biogenic amines and regulatory lipids. These
agonists stimulate only the early steps of steroid bio-
synthesis that precede pregnenolone formation. Thus
their effects on aldosterone synthesis are completely
dependent upon the level of aldosterone synthase ac-
tivity. This enzyme is very sensitive to alterations in
electrolyte composition of extracellular fluid, especially
potassium ion concentration which contributes to its
physiologic control of electrolyte homeostasis. Conse-
quently aldosterone, as a mineralocorticoid, can selec-
tively regulate plasma electrolyte balance by enhancing
Na* ion retention and promoting K* ion excretion by
the distal renal tubules. However, the responsiveness of
aldosterone biosynthesis to alterations in sodium or
potassium intake occurs slowly over a time course of
hours to days [60, 61]. Due in part to the differential
regulation of the early and final steps of aldosterone
biosynthesis, numerous conditions contribute to hy-
persecretion during various pathophysiological states.
Hypersecretion of aldosterone can be induced by either
conditions of primary hyperaldosteronism (i.e. adrenal
adenomas) or in states of secondary hyperaldostero-
nism as in response to diuretic therapy. Increased
aldosterone biosynthesis is also associated with con-
ditions of hypertension, edema, congestive heart failure
and even cardiac arrhythmias in conditions of severe
hypokalemia.

The relatively slow responsiveness of aldosterone
biosynthesis to dietary regulation via the rate limiting
step of 18-hydroxylation of corticosterone makes this
enzyme an excellent therapeutic target for mechanism-
based enzyme inhibition. Such inactivating compounds
could potentially normalize conditions of hyperaldos-
teronism where competitive inhibitors would be less
effective due to their reversible kinetics. Based on the
biological specificity imparted by the sequential hy-
droxylation at C,; angular methyl of corticosterone, we
designed several potential mechanism-based inhibitors
of aldosterone synthase [14, 26, 28, 29]. As we had
observed with aromatase, the acetylenic anologs were
the most potent inactivators. The utilization of
glomerulosal preparations from rats fed sodium-
deficient diets significantly enhanced aldosterone syn-
thase activity. These preparations when evaluated in
radioenzymatic assays with quantification of labeled
products in both time-dependent and time-course
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assays allowed for a clear characterization of these
inhibitors (Figs 3 and 4). These procedures detected
the inhibitory effects of 18-vinyl progesterone on both
11$/18-hydroxylase and aldosterone synthase. Similar
observations have not been reported by others who
used non-stimulated rat adrenal tissues in conventional
enzyme assays with quantification of only aldosterone
by RIA procedures [62-64]. The comparisons of
the 18-vinyl and 18-acetylenic analogs demonstrate the
specificity associated with the latter compounds. In
addition to the inhibitory effect of 18-vinyl progester-
one on corticosterone synthesis, this compound had a
3-fold greater affinity for the mineralocorticoid recep-
tor than 18-acetylenic progesterone. These differences
were greater for the DOC analogs. 18-Vinyl DOC was
almost equipotent with DOC for both mineralocorti-
coid receptor binding affinity and i wivo bioactivity
(Table 3, Fig. 8). In contrast, 18-acetylenic DOC
exhibited weak mineralocorticoid receptor binding
affinity and no sodium retention in the Kagaway
bioassay. This compound did not exhibit androgen
receptor binding activity. 11§-Hydroxy 18-acetylenic
progesterone was much less effective in rat adrenal
preparations than in bovine mitochondrial preparations
[15], while 18-acetylenic DOC exhibited 6.5-fold lower
K; values in rat glomerulosa cytosolic preparations than
in bovine glomerulosa cell cultures [65-67]. The
species differences in enzyme kinetics of these steroidal
probes may well reflect the similarity in product for-
mation (both corticosterone and aldosterone) observed
for bovine CYP450 11f-isozymes, while these corti-
coids are separate products for the rat adrenal 118-
isozymes [68]. The product spectrum of the human
118-isozymes corresponds more closely with those of
rat than of the bovine [68]. In primate adrenal mito-
chondrial preparations, 18-acetylenic DOC selectively
inhibited only hydroxylations at C,; of corticosterone
during aldosterone biosynthesis (Scheme 3) [69]. Infu-
sion of sodium-depleted monkeys with 18-acetylenic
DOC caused a prolonged suppression of serum aldos-
terone levels without altering cortisol serum levels [70].

The acetylenic analogs of androstenedione (Plomes-
tane) and deoxycorticosterone (18-acetylenic DOC)
represent the first rationally designed, enzyme-acti-
vated inhibitors of aromatase [10, 71-73], and aldoster-
one synthase [14,15,26,28]. These compounds
exhibited classical criteria for mechanism-based en-
zyme inactivation. They achieved selective enzyme
inactivation by being pseudo-substrates for the specific
CYP450 that normally hydroxylates the angular
methyl group of the sterol nucleus (Schemes 1 and 2).
The mechanism for enzyme inactivation remains un-
clear, but presumably the targeted CYP 450 monooxy-
genase would deliver activated oxygen to the acetylenic
bond to form the transient reactive oxirene that could
covalently bind to the respective enzyme. The low
nanomolar K; values of these inhibitors make them the
most potent known steroidal inactivators of their re-

spective targeted enzymes. The selective pharmaco-
logical synergism demonstrated by prolonged
suppression of hormonal levels in animals or man is
indicative of their therapeutic potential.
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