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Summary—Compound 1 [3-(4-aminophenyl)-3-cyclohexylpiperidine-2,6-dione] is a highly
potent nonsteroidal aromatase inhibitor of the aminoglutethimide (AG)-type containing an
asymmetric carbon atom. 1 and its enantiomers (+)-1 and (—)-1 inhibited human placental
aromatase by 50% at 0.3, 0.15, and 4.6 uM, respectively (IC5, AG = 37 uM). A competitive
type of inhibition was observed for 1 and (+)-1 (K; 1=39M, K, (+)-1=2.0nM, X,
AG = 408 nM). Using solubilized high spin aromatase, 1 showed a type II difference spectrum
indicating the interaction of the amino nitrogen with the central Fe(III)-ion of the cytochrome
P,5, heme component. 1 and (+)-1 inhibited cholesterol side chain cleavage enzyme (desmo-
lase) by 50% at 67 and 82 uM, respectively (ICy, AG =29 uM). In ACTH-stimulated rat
adrenal tissue in vitro, 1 was less active in inhibiting aldosterone and corticosterone production
compared to AG (ICs, 1, 130 and 140 uM, AG, 80 and 50 uM, respectively). In vivo, 1 was
superior to AG, too: it showed a stronger inhibition of the plasma estradiol concentration of
pregnant mares’ serum gonadotropin-primed SD rats, the activity residing mainly in the
(+)-enantiomer [ovarian vein: (+)-1, 0.31 mg/kg: 81% inhibition, (—)-1, 0.31 mg/kg: 6%,
AG, 1.25mg/kg: 35%). Furthermore 1 was much more active in inhibiting the testosterone-
stimulated tumor growth of the ovariectomized 9,10-dimethyl-1,2-benzanthracene tumor-
bearing SD rat (postmenopausal model). Up to a dose of 600 mg/kg of 1 no central nervous
symptom depressive effects were observed in the motility test and the rotarod experiment,
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whereas AG exhibited EDys of 62 and 164 mg/kg, respectively.

INTRODUCTION

Inhibition of the enzyme aromatase has been
identified as a rational strategy for the therapy
of estrogen-dependent diseases, e.g. estrogen-
dependent breast cancer. Aromatase is a cyto-
chrome P,,-dependent enzyme catalyzing the
last step of estrogen biosynthesis [1]. A strong
and selective inhibition of aromatase leads to
an inhibition of estrogen formation without
affecting the biosynthesis of other steroid hor-
mones. So far the only commercially available
aromatase inhibitor is aminoglutethimide (AG,
Fig. 1). It has been effectively used in the
treatment of estrogen-dependent breast cancer
in postmenopausal women[2,3]. The com-
pound is not a selective aromatase inhibitor,
however, for it also inhibits other cytochrome
P,~dependent enzymes involved in steroido-
genesis at concentrations similar to those at
which it inhibits aromatase [4, 5]. Furthermore
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AG also shows moderate tolerability in that it
exhibits central nervous system (CNS) depress-
ive activity leading to severe side effects like
ataxia, somnolence and depression [6). Thus the
search was initiated for more active and more
selective nonsteroidal aromatase inhibitors.
Numerous attempts to optimize AG have been
undertaken {7-13)]. Investigations of our group
showed that elongation of the ethyl substituent
of AG leads to a strong increase in aromatase
inhibition[14]. In a recent study we could
demonstrate that the exchange of the 3-ethyl
group of AG by a 3-cycloalkyl substituent (com-
pound 1, Fig. 1) enhances aromatase inhibition
even more dramatically [15). We further showed
that almost all of the aromatase inhibitory
activity resides in the (4)-enantiomer([15], a
finding which had been observed with AG as
well [16).

This article describes the effects of the
racemate and the enantiomers of compound 1
and AG on human placental aromatase and
bovine adrenal desmolase, the inhibition of the
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aldosterone and corticosterone biosynthesis
in vitro, the reduction of the plasma estradiol
concentration, the mammary tumor inhibiting
activity, and the activity in the rotarod exper-
iment and the motility test in vivo.

MATERIALS AND METHODS

Chemicals

[18,28-*H]testosterone (sp. act. 53.5 Ci/mmol)
was obtained from New England Nuclear
(Dreieich, Germany). Glucose-6-phosphate de-
hydrogenase (350 EU/mg) and ACTH,_,, were
purchased from Serva (Heidelberg, Germany).
DMBA, pregnant mares’ serum gonadotropin
(PMSG) (1500—4000 IU/mg) and NADPH were
obtained from Sigma (Munich, Germany). For
the determination of the estradiol, cortico-
sterone, and aldosterone concentration the
radioimmunoassay (RIA) kits of DRG Instru-
ments (Marburg, Germany) were used. CGS 16
949 A (4-(5,6,7,8-tetrahydroimidazo(1,5-a]-
pyridin-5-yl)benzonitrile monohydrochloride)
was a gift from Ciba Geigy (Basel, Switzerland),
R 76 713 (6[(4-chlorophenyl)(1H-1,2,4-triazol-
1-yl)methyl]-1-methyl-1H-benzotriazole) a gift
from Janssen (Beerse, Belgium).

Animals

Female SD rats and NMRI mice were
obtained from Zentralinstitut fiir Versuchs-
tierzucht (Hannover, Germany), the male SD
rats from Savo (Kisslegg, Germany). The ani-
mals were fed with a commercial solid diet and
tap water ad libitum. They were housed at room
temperature (22°C) on a 12h light-darkness
cycle.

Preparation of aromatase and desmolase

Aromatase was obtained from the micro-
somal fraction of freshly delivered human term
placenta according to the method of Thompson
and Siiteri[17]. The microsomes were resus-
pended in a minimum volume of phosphate
buffer (0.05 M, pH = 7.4) and stored at —30°C.
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No loss of activity was observed within 4
months. Preparation of mitochondrial desmo-
lase was carried out as described by Hochberg
et al. [18] using bovine adrenal cortex as source.
After resuspension in buffered (0.01 M Tris,
pH = 7.4) sucrose (0.25 M) the mitochondria
were stored at —70°C. Enzyme activity was
stable within 3 months. Protein concentrations
were measured according to Lowry et al. [19].

Aromatase inhibition in vitro

Enzyme activity was monitored using the
tritiated water method of Thompson and
Siiteri {17]. The incubations were performed as
described previously [14]. The *H,O formed
during the conversion of [18,28-*H]testosterone
to estradiol was determined after separation of
the steroids by dextran-coated charcoal (DCC).
Following centrifugation the radioactivity of a
200 ul supernatant aliquot was determined. For
the determination of the IC, values, com-
pounds were tested in six appropriate concen-
trations. Plotting the percent inhibition vs the
concentration of inhibitor on a semilog plot the
molar concentration causing 50% inhibition
was determined.

The K, values were determined using the same
procedure with following modifications: con-
centrations of [*H]testosterone 0.05-0.4 uM,
microsomal  protein:  20-40 ug/incubation,
ImM NADPH and NADPH regenerating
system (glucose-6-phosphate 10 mM and glu-
cose-6-phosphate dehydrogenase 1EU). The
incubations (0.25 ml) with and without inhibitor
were carried out for 15 min at 30°C under initial
velocity conditions. The K, values were calcu-
lated from the Lineweaver—Burk [20] plots. The
graphs were fitted by linear regression analysis.

The test on irreversible inhibition of aroma-
tase was performed as described [14], by incu-
bating microsomal aromatase with NADPH
and inhibitor (0-50 uM) for 15, 30, and 60 min.
After separation of the inhibitor by the addition
of DCC, aromatase activity in the supernatant
was measured as reported previously [14].

Difference spectra

Partial purification and solubilization of
human placental microsomes was performed
as described [21,22]. The ammonium sulfate
precipitate was dissolved in phosphate buffer
(0.05 M, pH =7.4) containing EDTA 1 mM,
dithiothreitol 0.1 mM, sodium cholate 0.05%
and was stored at —70°C. After thawing, testos-
terone was added to the protein solution to
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produce the high spin state. Inhibitor dissolved
in ethanol was added to the sample cuvette and
the difference spectrum was scanned from
350-500 nm at 20°C.

Desmolase inhibition

The method of Hochberg et al [18] was
applied with modifications [14]. Adrenal mito-
chondria were incubated with the substrate
[26-"*C]cholesterol. Separation of the isocaproic
acid from the substrate was performed by chro-
matography on alumina mini columns. Aliquots
of the eluate were counted. Inhibition values are
the mean of at least three experiments at an
inhibitor concentration of 25 uM. For the deter-
mination of the IC-values the same procedure
as described under aromatase inhibition was
applied.

Inhibition of corticosterone and aldosterone
Jormation in vitro

The procedure described by Héausler et al. [5]
was used. Adrenals removed from male SD rats
were cut into eight pieces each and transferred
into tubes (eight pieces per tube, randomized)
containing 2 ml of incubation medium (Krebs—
Ringer bicarbonate, 8.4 mM glucose, saturated
with 0,-CO, (95:5); pH 7.6 [23]). After preincu-
bation (1h, 37°C, shaking water bath), the
medium was replaced by fresh medium contain-
ing ACTH,_,, (0.1 ug/mg) with and without test
compound. After a 2-h incubation, supernatant
aliquots were taken. The determination of the
corticosterone and aldosterone concentration
was performed without extraction using the
corresponding RIA kits. The IC,,-values were
determined by plotting the percent inhibition vs
the inhibitor concentration on a semilog plot.

Effect on plasma estradiol (E,) level in vivo

Eight- to twelve-week-old female SD rats
were primed with PMSG similar to the method
of Brodie ef al. [24]. Subcutaneous (s.c.) injec-
tions of 100IU of PMSG in 500 ul of saline
were applied every other day for 7 days. On day
8 the animals received a single s.c. injection of
olive oil or of an olive oil solution of the test
compound. After 6 h the rats were anesthetized
and blood was taken from the ovarian vein and
the heart. The plasma E, level was determined
by RIA.

Mammary tumor studies

The tumor inhibiting effect was determined
by using the 9,10-dimethyl-1,2-benzanthracene
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(DMBA)-induced hormone-dependent mam-
mary adenocarcinoma of the SD rat in the
postmenopausal arrangement [14, 25,26]. The
methods applied for tumor induction and
assighment to treatment groups have been
described previously [27]. Animals bearing at
least one tumor greater than 140 mm’ were
classified in groups of ten. One day before the
start of the treatment, the ovaries of the tumor
bearing rats were removed through incisions in
the lumbar region of the back. Compounds were
dissolved in olive oil and applied s.c. 6 times a
week. The therapy was continued for 28 days.
Measurement of tumor size and determination
of body weight were made weekly.

Motility test and rotarod experiment

In both experiments female NMRI mice
(20-25 g) were used. The test compounds were
applied perorally in doses up to 600 mg/kg. The
motility test was performed according to [28]
measuring the locomotor activity of single ani-
mals over two total periods of activity. Each
dose group consisted of 8 animals. In the
rotarod experiment the procedure of Gross
et al.[29] was applied. Each dose group
consisted of 10 mice.

RESULTS

Aromatase inhibition

The inhibition values of the test compounds
toward human placental aromatase are given in
Table 1. Exchange of the ethyl substituent of
AG by a cyclohexyl group increased inhibitory
potency by a factor of 123 (compound 1).
Showing a relatively potency of 240 the dextro-
rotary enantiomer of 1, (+)-1, is 30 times as
active as its antipode [(—)-1}. The same
phenomenon is observed with AG, (+)-AG
exhibiting a relative potency of 1.9, whereas
(—)-AG is almost inactive (relatively potency:
0.1).

Table 1. Inhibition of human placental aromatase by
the racemates and the enantiomers of 1 and AG

Compound ICy, (uM)* RP® K, (nM)*
1 0.3 123 39
(+)1 0.15 240 20
(=1 4.6 8 ND
AG 37 1 408
(+)AG 19 19 ND
(~)-AG 370 0.1 ND

*Concentration of testosterone used 5 uM. Mean
values of at least six experiments. The deviations
were within +10%. ®Relative potency, calcu-
lated from the IC,, values and related to AG.
°K,, (testosterone): 46 + 8 nM. ND, not deter-
mined.
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In the test for irreversible aromatase inhi-
bition[30] 1 and AG were inactive, i.e. no
reduction of enzymatic activity was observed
after preincubation for 1h and subsequent
removal of the inhibitor by DCC treatment
(data not shown).

To get a further insight into the mode of
aromatase inhibition, Lineweaver-Burk and
difference spectroscopy experiments were per-
formed with compound 1 and AG. Compound
1, (+)-1 and AG showed a competitive inhi-
bition vs testosterone (figures not shown).

Based on the X values, compound 1 is 105
times, (+)-1 is 204 times as potent an inhibitor
of aromatase as AG (K; 1=3.9nM, X, (+)-
1=2.0nM, K; AG =408 nM, Table 1).

The difference spectrum of compound 1
toward solubilized high spin aromatase is shown
in Fig. 2. Exhibiting a minimum at 390 nm and
a maximum at 425 nm, the spectrum is typical
of the interaction of a basic nitrogen (amino
group of the p-NH, phenyl moiety) with the
central Fe(IIl)ion of the cytochrome P,y heme
component (type II difference spectrum)[31].
The same type of difference spectrum was
obtained with AG (data not shown).

The data obtained in the Lineweaver—Burk
and spectroscopy experiments show that com-
pound 1 interacts with the central iron of the
cytochrome P,, as well as the apoprotein
moiety of the enzyme.

Selectivity of inhibition

As already pointed out, AG is a less selective
aromatase inhibitor, as it also inhibits other

I A= 0.001
T T T v
390 410 430 nm

Fig. 2. Difference spectrum obtained by the addition of

compound 1 to solubilized high spin aromatase. Both

cuvettes contained: testosterone 5 uM, microsomal protein

0.96 mg/ml, ethanol 0.1%; only sample cuvette:
compound 1 1 zM.
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Table 2. Inhibition of bovine adrenal desmolase by the
racemates and the enantiomers of 1 and AG

Compound % Inhibn**  IC, (uM)*  RP*
1 31 67 0.4
(+)1 19 82 0.3
(=1 39 ND —
AG 57 29 1

(+)AG 67 ND —
(-)-AG 36 ND —

*Concentration of inhibitor: 25 uM. ®Mecan values of at
least 4 experiments. The deviations were within
+10%. °Relative potency, calculated from the IC,,
values and related to AG. ND, not determined.

cytochrome P,,-dependent hydroxylases of
steroid biosynthesis leading to a depletion of
mineralo- and glucocorticoid levels. In order to
exclude those effects, new aromatase inhibitors
have to be tested for selectivity of aromatase
inhibition.

Table 2 shows the effects of AG and com-
pound 1 on the cholesterol side chain cleavage
enzyme (desmolase), the key enzyme, which
catalyses the first and rate-limiting step of
steroid biosynthesis. Compared to AG the
inhibitory activity of compound 1 toward
desmolase is reduced (relative potency 0.4). (+)-
AG shows a stronger inhibitory effect than the
racemic mixture, whereas the opposite is true
for compound 1. The most active aromatase
inhibitor, compound (+)-1, is the least active
inhibitor of desmolase.

The effects of compound 1 and AG on
corticosterone and aldosterone biosynthesis are
shown in Tables 3 and 4, respectively. The
method developed by Haiusler et al.[5] was
applied using ACTH-stimulated rat adrenal
fragments in potassium containing buffer. As
can be seen from the IC,, values in Table 3,
compound 1 inhibited corticosterone formation
to a lesser extent than AG (ICy: 140 and
50 uM). In this test compound (+)-1 is more
active than its antipode. In the inhibition of
aldosterone formation similar differences are
observed (Table 4). In these experiments com-
pound 1 also turned out to be a marginally
weaker inhibitor than AG (IC,: 130 and

Table 3. Inhibition of corticosterone formation by 1 and AG*

Concentration % Of ICy

Compound (uM) n control® (uM)

1 100 3 56+ 7 140
300 3 24+2

(+)1 100 4 45+ 4 <100
300 4 2843

(=)t 100 3 61+9 170
300 3 3744

AG 30 9 68 + 15 50
100 4 2844

*In vitro; rat adrenal slices; stimulation by ACTH. ®Mean
value + SD.
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Fig. 3. Effect of compound 1 and AG on plasma E, level of the PMSG-pretreated SD rat (n = 5); blood

taken from the ovarian vein as well as from the right ventricle 6 h after a single dose application of the

compounds in a dosage of 0.31 mg/kg (1) and 1.25 mg/kg (AG). *P < 0.05, **2P < 0.05 (paired students
t-test).

80 uM). No significant differences in the activi-
ties between the enantiomers of 1 are observed
(ICs,: 125 and 135 uM).

In vivo studies

The in vivo activity of compound 1 and AG
on the plasma E, level was determined using
PMSG-stimulated female rats according to the
procedure of Brodie et al. [24]. The E, concen-
tration lowering effect 6 h after s.c. application
of the inhibitor is shown in Fig. 3. There
are only marginal differences in the inhibition
values found in plasma from the right ventricle
and the ovarian vein.

According to the enhanced aromatase inhibi-
tory potency in vitro, compound 1 also shows a
much stronger E, lowering effect in vivo than
AG, which was tested at a 5-fold higher dosage.
The (+)-enantiomers of both compound 1
and AG are more active than the correspond-
ing racemic mixtures, while the levorotary
enantiomers are almost inactive in the applied
doses.

The antitumor activity of compound 1 and
AG was determined using the DMBA-induced

Table 4. Inhibition of aldosterone formation by 1 and AG*

Concentration % Of ICy

Compound (M) n control® (M)

1 100 3 51115 130
300 4 28+6

(431 100 3 5416 125
300 4 35+4

(—)1 100 4 5613 135
300 4 32+8

AG 30 6 6716 80
300 6 2645

*In vitro; rat adrenal slices; stimulation by ACTH. Mean

value + SD.

mammary carcinoma of the ovariectomized,
testosterone-treated SD rat [14, 25]. This model
mimicks the endocrine situation of a post-
menopausal or ovariectomized woman. As can
be seen from Table 5 and Fig. 4, the ovari-
ectomy-induced regression of the tumors can be
overcome by the administration of testosterone.
A similar effect is obtained by androstenedione,
whereas the nonaromatizable androgen dihy-
drotestosterone shows no effect. The testoster-
one (androstenedione) stimulation of tumor
growth can be dose-dependently inhibited by
aromatase inhibitors, and therefore is probably
due to aromatization in peripheral tissues [26].

Table 5. Effect of compound 1 and AG on the DMBA-induced, hormone-dependent mammary tumor
of the ovariectomized testosterone-treated SD rat (postmenopausal model)

Dose of  No. of tumors % Of tumors with

Treatment inhibitor % Change of
group* [mg/kgl® B° NT* CR* PR’ NC* Pt tumor area*’
Control 24 1 83 17 0 0 -98

T 26 1 32 28 12 28 —26
AG+T 20 24 0 86 5 5 4 —81k
1+T 123 32 0 81 19 0 0 —9¢'
1+T 6.2 25 0 66 25 9 0 — 84t
1+T 2.5 28 0 83 4 6 7 -9

*T: testosterone. *Dose of T: 20 mg/kg. At the beginning of the experiment. *Occurring during the
experiment. *CR: complete remission, tumor not palpable. 'PR: partial remission, reduction of initial
tumor size 3 50%. $NC: no change, tumor size 51-150% of initial tumor size. *P: progression, tumor
size >150% of initial tumor size. ' Average on the 28th day of treatment. /The U-test of Wilcoxon,
Mann, and Whitney was used. *Significantly different from the control group (a = 0.01). 'Signifi-

cantly different from the T group (x =0.01).
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Fig. 4. Effect of compound 1 and AG on the tumor area of

the DMBA-induced hormone-dependent mammary carci-

noma of the ovariectomized, testosterone-treated SD rat

(postmenopausal model): control (@——@), T (20 mg/kg)

(O—0), T + AG (20 mg/kg) (A——A), T + compound

1 (2.5mg/kg) (A——A). The compounds were applied
6 times per week.

The results in the DMBA experiment of AG
and compound 1 confirm the findings of the
PMSG experiment. Given at  of the dose of
AG, compound 1 is equieffective to AG in
inhibiting the testosterone-stimulated tumor
growth of the ovariectomized DMBA tumor
bearing rat.

To obtain information about the possible
CNS-depressive activity, compound 1 and AG
were examined in the motility test (28] and
the rotarod experiment[29] in mice. Even at
very high doses (600 mg/kg) the cyclohexyl com-
pound did not show any effect in these tests,
whereas AG had an EDs of 62 mg/kg in the
motility test and an EDy, of 164 mg/kg in the
rotarod experiment.

DISCUSSION

The present study shows that compound lisa
highly active aromatase inhibitor, whose inhibi-
tory activity resides almost exclusively in its
dextro isomer, compound (+)-1. The amino
nitrogen of the new compound interacts with
the central iron of cytochrome P,s, arom, while
the rest of the molecule interacts with the
substrate binding site at the apoprotein moiety
of the enzyme. Thus, compound (+)-1 should
be a helpful scientific tool to elucidate the
topography of the active site of aromatase, the
crystal structure of which is still unknown.

R. W. HARTMANN et al.

In vivo the differences in the activities of AG
and compound 1 are less dramatic. Nevertheless
the in vivo properties of the new compound are
remarkable. The racemate is approx. 10 times as
strong as the parent compound AG in inhibiting
mammary tumor growth in ovariectomized, tes-
tosterone-treated rats. In PMSG pretreated
adult rats it is the dextro enantiomer, (+)-1,
which is predominantly responsible for the E,
lowering effect. Thus compound (+)-1, being
more active as AG in vivo by a factor of about
20, should be more favorable for clinical use.

In this connection it is of great interest
that compound (+)-1 exhibits a specificity for
aromatase as compared to other enzymes
involved in steroid biosynthesis. Desmolase
inhibition is reduced compared to AG and even
more important the compound is less effective in
lowering adrenal corticosterone and aldosterone
production in vitro. With regard to the miner-
alocorticoid production, compound (+)-1 is
also superior to two other highly active nons-
teroidal aromatase inhibitors recently being de-
veloped by others, CGS 16 949 A [32] and R 76
713 [33]. The two compounds are stronger in-
hibitors of aldosterone production compared to
compound (+)1 [CGS 16 949 A:
IC4,=0.6 uM; R 76 713: IC;, = 12 uM; (+)-1:
ICy, =125 uM]. They are about equieffective,
however, in inhibiting corticosterone formation
[CGS 16 949 A: IC,=80uM; R 76 713:
IC =95 uM; (+)-1: IC,, < 100 uM].

Based on the fact that compound (+)-1
in vitro influences adrenal corticosterone and
aldosterone production only in very high con-
centrations, it can be assumed that the com-
pound does not affect adrenal steroid formation
in those small concentrations sufficient to
reduce estrogen levels. Thus a substitution of
steroid hormones, as it is routinely applied in
the therapy with AG, should not be necessary.

The fact that the therapy of hormone-depen-
dent breast cancer in postmenopausal women
with AG is second line, is predominantly due to
its moderate tolerability, i.e. to its CNS depress-
ive activity leading to severe side effects [6].
Therefore the finding that compound 1 does not
show any CNS depressive activity is of great
clinical relevance. In retrospect this finding is
not really surprising since it has been known
for a long time that barbituric acids with two
cyclic substituents in the 5,5 position are not
CNS active. The 3,3 substituted piperidine-2,6-
diones, compound 1 and AG, are structurally
related to the 5,5 substituted barbituric acids,
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i.e. exchange of an ethylene (-CH,CH,-) moiety
by a carboxylic acid amide (-CONH-) leads to
the barbituric acids.

In conclusion the present data gives rise to the
hope that compound (+)-1 might be a promis-
ing candidate for the treatment of estrogen-
dependent diseases.
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