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Abstract Purpose: The pharmacokinetics of several
new androgen synthesis inhibitors were investigated
after intravenous administration in mice. The inhibi-
tors were: 3f-hydroxy-17-(1 H-imidazol-1-yl)androsta-5,
16-diene (VN/85-1), 3p-hydroxy-17-(1H-1,2,3-triazol-1-yl)
androsta-5,16-diene (VN/87-1), 17-(1 H-imidazol-1-yl) an-
drosta-4,16-diene-3-one (VN/108-1) and 17-(5-isoxazol-
yl)androsta-4,16-dien-3-one (L.-39). Methods: Male Balb/
¢ mice were injected with VN/85-1, VIN/87-1, VN/108-1
or L-39 at 10, 25 and 50 mg/kg doses. Blood was
collected at various times after drug administration via
the eye orbit. The concentrations of VN/85-1, VIN/87-1,
VN/108-1 or L-39 in plasma were analyzed by a
reversed-phase HPLC method with UV detection.
Results: The plasma levels of VN/85-1, VIN/87-1, VN/
108-1 and L-39 declined biexponentially with terminal
elimination half-lives ranging from 0.88 to 1.77 h. The
terminal half-lives for VN/87-1, VN/85-1 and VN/108-1
were similar. However, the terminal half-life for L-39
was significantly longer than those for VN/87-1, VN/
85-1 and VN/108-1. The systemic clearance values for
the steroids ranged from 0.85 to 10.91 1/h per kg with a
rank order of their clearance of L-39>VN/87-1>VN/
108-1>VN/85-1. The apparent volumes of distribution
at steady state for the steroids ranged from 0.58 to
18.85 1/kg with a rank order of their apparent Vg of L-
39>VN/87-1>VN/85-1 > VN/108-1. The clearance and
apparent Vg for all four compounds were dose-
independent following intravenous administration of
doses up to 50 mg/kg. Conclusions: VN/85-1, VN/87-1,
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Introduction

Prostate cancer remains the second highest cause of
cancer-related deaths in males after lung cancer in the
Western world. In 1999, the American cancer society
estimated that approximately 179,300 new cases were
reported and more than 37,000 deaths occurred from the
disease in the USA [12]. The disease is more prevalent in
older men with more than 75% of the diagnoses being in
men over 65 years of age, and it is also important to note
there has been a dramatic increase in the incidence of
prostate cancer in recent years [28]. Although localized
prostate cancer is manageable, 10-50% of localized
cases will progress to the metastatic form of the disease,
which is difficult to manage. In fact, most patients
present with locally extensive or metastatic form of the
disease since localized prostate cancer rarely causes
symptoms. In the United States, the annual health care
cost for the treatment of patients with prostate cancer is
estimated to be $4.5 billion. Clearly, prostate cancer
presents a major health care problem and new treatment
modalities are necessary [3].

Since the discovery of the beneficial effects of cas-
tration, androgen ablation has been the first line treat-
ment for all patients with prostate cancer [8, 25].
Androgen ablation can be accomplished by orchidec-
tomy or pharmacotherapeutic means, although most
patients opt for chemical castration. Current endocrine
therapies such as orchidectomy and luteinizing hormone
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releasing hormone (LHRH) agonists/antagonists, which
interfere with luteinizing hormone (LH) release at the
level of the hypothalamic-pituitary axis, result in re-
duced testosterone production by the testes and are
useful in the early stages of prostate cancer [4, 9].
However, these treatment options fail to interfere with
androgen production by the adrenals that may contrib-
ute precursor steroids to the prostate [17]. In the testes,
170-hydroxylase/Cy7 y0-lyase is a key enzyme in the
biosynthesis of androgens and converts the C,; steroid
precursors (pregnenolone and progesterone) to the cor-
responding C;9 androgens such as testosterone [16]. In
the prostate, testosterone is further converted to the
more potent androgen, dihydrotestosterone (DHT) by
Sa-reductase [1]. Both androgens stimulate prostatic
growth although DHT binds to the androgen receptor
with higher affinity and plays a much more important
role than testosterone in the organogenesis and
homeostasis of the prostate [29].

Ketoconazole, an imidazole derivative that inhibits
170-hydroxylase/Cy; x0-lyase and other steroidogenic
enzymes, is used clinically to reduce testosterone bio-
synthesis for the treatment of patients with advanced
prostate cancer [15, 26, 27]. However, ketoconazole is
not very potent or specific and has a number of signifi-
cant side effects. Finasteride, which was recently ap-
proved for the treatment of benign prostatic
hypertrophy (BPH), is a potent inhibitor of Sa-reduc-
tase. However, finasteride is only effective against benign
prostatic hypertrophy in patients with minimal disease
and although the compound reduces DHT Ilevels, it also
increases serum testosterone levels [5, 24]. Antiandro-
gens such as flutamide, block androgen action at the
receptor level but are only partially effective as the dis-
ease frequently progresses due to mutations in the
androgen receptor [23]. Although a significant majority
of prostate cancer patients initially respond to hormonal
manipulations, virtually all patients will eventually de-
velop androgen-independent disease [2]. A second line of
treatment modalities for advanced prostate cancer is
combined androgen blockade (CAB) which is based on
depleting or antagonizing both testicular and residual
adrenal androgens. Randomized clinical trials compar-
ing CAB, for example orchidectomy plus antiandrogens,
to a single therapeutic approach indicate the superiority
of CAB, especially in patients with low tumor burden
[2]. In addition, the combination of a 17«-hydroxylase/
Ci720-lyase or So-reductase inhibitor with an antian-
drogen has also been shown to decrease the concentra-
tions of testosterone in the serum to castrate levels with
minimal side effects [7].

Although the success of the standard ablation therapy
for combating androgen-independent carcinoma of the
prostate has been limited, recent studies with ketoco-
nazole indicate that careful scheduling of treatment can
produce prolonged responses in otherwise hormone-
refractory patients [15]. This suggests that more potent
and selective inhibitors of 17a-hydroxylase/C;7,0-lyase
could be useful agents for treating this disease, even in

advanced stages. Clearly, the limitations of the current
treatment options, especially for advanced prostate
cancer, have fueled the search for other therapeutic
options.

We have recently reported the synthesis and evalua-
tion of several steroidal inhibitors of 17a-hydroxylase/
Ci7.20-lyase and So-reductase [13, 18]. 3-Hydroxy-17-
(1H-imidazol-1-yl)androsta-5,16-diene (VN/85-1), 3p-
hydroxy-17-(1H-1,2,3-triazol-1-yl)androsta-5,16-diene
(VN/87-1), 17-(1 H-imidazol-1-yl)androsta-4,16-diene-3-
one (VN/108-1) and 17-(5-isoxazolyl)androsta-4,16-
dien-3-one (L-39) (Fig. 1) have emerged as the most
potent inhibitors of these enzymes. Several of the novel
steroidal compounds inhibit proliferation of LNCaP
cells in vitro and in tumors in male severe combined
immunodeficiency (SCID) mice, which are models of
human prostate cancer. The novel steroids also manifest
antiandrogenic activity in cultures of LNCaP cell lines
[10, 11, 14]. In addition, the compounds diminish the
levels of circulating testosterone and DHT in male rat
tissues [19, 20]. Thus, these compounds could be more
effective than current therapies in the treatment of
prostate cancer due to their multiple mechanisms of
action. The objective of the present study was to eval-
uate the pharmacokinetic profile of several of the leading
steroids following intravenous (i.v.) administration in
mice. The information obtained from this investigation
will help us to optimize the use of these steroidal
inhibitors of androgen synthesis in order to obtain im-
proved disposition profiles and activities in vivo.
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Fig. 1 Chemical structures of 3-hydroxy-17-(1 H-imidazol-1-yl)an-
drosta-5,16-diene (VN/85-1), 3f-hydroxy-17-(1H-1,2,3-triazol-1-yl)
androsta-5,16-diene  (VN/87-1), 17-(1 H-imidazol-1-yl)androsta-
4,16-diene-3-one (VN/108-1) and 17-(5"-isoxazolyl)androsta-4,16-
dien-3-one (L-39)



Materials and methods

Steroidal inhibitors and reagents

VN/85-1, VN/87-1, VN/108-1 and L-39 and its A>-hydroxy deriv-
ative (L-38) were synthesized according to procedures described
previously [13, 18]. All other reagents were purchased from Sigma
Chemical Company (St. Louis, Mo.).

Animal treatment

Male Balb/c mice (810 weeks old, weighing about 20 g) obtained
from NCI (Frederick, Md.) were maintained in a controlled envi-
ronment of about 25°C, 50% relative humidity and a 12-h light/
12-h dark cycle, and allowed free access to food and water. The
steroids were formulated in 40% f-cyclodextrin in water and a
single i.v. bolus dose (10, 25 or 50 mg/kg in 100 pl vehicle) was
administered to male mice. Control animals were treated with the
vehicle (0.1 ml) alone. Blood (about 0.5 ml) was obtained from two
animals per time-point via the eye orbit under halothane anesthesia
at 0.0, 0.083, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 6, 8, and 24 h after
administration of the steroids or the vehicle alone. The animals
were killed immediately after blood sampling. These experiments
were repeated twice for each steroid and for each dose level.

HPLC analysis

Chromatographic separation and quantitation of the steroids and
the appropriate internal standards, were achieved by a modified
reversed-phase HPLC method on a Waters (Milford, Mass.)
Novapak CI18 column (3.9x150 mm) protected by a Waters guard
cartridge packed with pellicular C18, as described previously [21,
22]. Briefly, the HPLC system used in this study consisted of a
Waters solvent delivery system and a Waters 600 controller coupled
to a Waters 717" autosampler and a Waters 996 photodiode
array detector operated at 243 nm. The mobile phase used was
water/methanol/acetonitrile/acetic acid (30:40:30:0.0001, v/v) at a
flow rate of 1.0 ml/min. The HPLC analysis was performed at
ambient temperature and data acquisition and management were
achieved with a Waters millennium chromatography manager.

Sample preparation

Samples were prepared using a previously described procedure [21,
22] with modification. Briefly, test tubes containing 250 pl mouse
plasma, appropriate steroidal compound and the appropriate
internal standard, were extracted with diethyl ether (2x2 ml) using
a vortex mixer for 1 min and centrifugation at 1500 g for 5 min.
L-39 (5 pg/ml) was used as the internal standard for the assay of
VN/85-1, VN/87-1 and VN/108-1, while L-38 (10 pug/ml) was used
as the internal standard for the assay of L-39. The organic layers
were evaporated to dryness under a gentle stream of air. The ex-
tracts were reconstituted in 250 pl acetonitrile and loaded into a
solid-phase Sep-Pak 1-ml CI18 cartridge (Waters) prewashed with
1 ml methanol for further purification. The steroids were eluted
from the cartridge with 250 pl acetonitrile and the solvent evapo-
rated. The residue was reconstituted in a 50-pl aliquot of the mobile
phase and filtered using 0.2-pm Teflon filters before HPLC analy-
sis.

Calibration curves and HPLC assay validation

The calibration curves for each steroid were constructed by spiking
various amounts of the steroids into extraction tubes (in duplicate)
containing 0.25 ml plasma from untreated animals to give final
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concentrations of 0.0-100.0 pg/ml. Appropriate blank extraction
tubes were also prepared and an aliquot of the internal standard
was added to each extraction tube to give a final concentration of
5 pg/ml (L-39) or 10 pg/ml (L-38). The calibration samples were
taken through the sample preparation procedure described above.
A 10-pl aliquot of the reconstituted extract was injected into the
HPLC system and the ratios of the peak area for each analyte to
that of the internal standard were plotted against concentrations of
appropriate steroidal compound. The precision and accuracy of the
assays were determined from a range of known concentrations of
each steroidal inhibitor in blank plasma and taken through the
extraction and HPLC procedure. These studies were repeated on
three separate occasions.

Data analysis

Compartment modeling was performed using WinNonlin (Phar-
sight Corporation, Mountain View, Calif.). The one- and two-
compartment analyses, with various weighting schemes, were
evaluated to determine the best model. The goodness of fit was
based on random distribution of residuals and the Akaike infor-
mation criterion. An open two-compartment model best described
the plasma level data for each androgen synthesis inhibitor
according to the following general expression:

Cp =Ae™ +Be ”

where C;, is the concentration of each androgen synthesis inhibitor
in plasma at any time (t), the coefficients A and B are the extrap-
olated intercepts of the line of residuals and the linear terminal
elimination phase at time zero, respectively. The macroscopic rate
constants o« and f§ represent the first-order rate constants for the
distribution and the elimination process, respectively. The half-lives
for the distribution (t»,) and elimination (t;,s) phases were cal-
culated from the following expressions 0.693/o and 0.693/f,
respectively.

The clearance (CL), the volume of distribution at steady state
(V) and the areas under the plasma concentration versus time
curves (AUC) were calculated using the following equations:

— D
CL = Xuoc )
Ve = Vp+Rv,
AUC 2+3

where V, is the volume of the central compartment, k is the first-
order rate constant for transfer of drug from the central com-
partment to the tissue compartment, and k,; is the first-order rate
constant for transfer of drug from the tissue compartment to the
central compartment. The data obtained from each experiment
were fitted individually and the parameters are reported as means
+SE of the values obtained from separate fits, for each drug and
for each dose level. One-way analysis of variance (ANOVA) on
SigmaStat for Windows version 1.0 was used to determine the
significance of the differences between pharmacokinetic parameters
obtained for different treatment groups. The Bonferroni post-hoc
test was used for determination of significance. P-values <0.05
were considered statistically significant.

Results

VN/85-1, VN/87-1, VN/108-1 and L-39 were well re-
solved from the internal standard (L-38) and other
endogenous compounds in mouse plasma by reversed-
phase HPLC. The peaks were sharp and symmetrical for
each androgen synthesis inhibitor and the extraction
recoveries for each compound ranged from 90% to
97%. The calibration curves derived for each compound
were linear and reproducible and the inter- and intra-
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assay variabilities were less than 10%. The limits of
quantitation (LOQ) for VN/85-1, VN/87-1, VN/108-1
and L-39 in mouse plasma were 0.20, 0.15, 0.20 and
0.03 pg/ml, respectively. The HPLC assays were fully
validated and used to monitor the concentrations of
each compound in mouse plasma.

The plasma concentrations of VN/85-1 in mice
showed a biexponential decline at each dose level fol-
lowing i.v. administration (Fig. 2). The mean pharma-
cokinetic parameters of VN/85-1 following an i.v. bolus
administration are shown in Table 1. VN/85-1 was rap-
idly distributed with a mean distribution half-life (t; )
of about 0.072 h and was eliminated with a mean
terminal elimination half-life (t5) of about 1.24 h
(Table 1). The mean terminal half-life obtained at the
10 mg/kg dose was similar to the values obtained at
the 25 and 50 mg/kg dose levels (P <0.05). Similarly, the
mean total clearances were similar at all dose levels ex-
amined (P <0.05). The volume of distribution at steady
state (V) for VIN/85-1 was estimated at about 0.82 1/kg.

After i.v. administration of VN/87-1, the plasma
concentrations declined biexponentially with distribu-
tion half-lives ranging from 0.065 to 0.074 h, indicating
that the compound is rapidly distributed in mice
(Fig. 2). The terminal elimination half-lives ranged from
0.97 to 1.04 h, indicating that the compound is rapidly
removed from the general circulation (Table 2). The
mean total clearances were similar at all dose levels
examined (P <0.05).

The plasma concentrations of VIN/108-1 in mice also
showed a biexponential decline at each dose level fol-
lowing i.v. administration (Fig. 2). The mean pharma-
cokinetic parameters of VN/108-1 following i.v. bolus
administration are shown in Table 3. VN/108-1 was
rapidly distributed with a mean distribution half-life
(t1/24) of about 0.15 h and was eliminated with terminal
elimination half-lives (t;/»4) ranging from 0.88 to 1.01 h.
The mean total clearance of VIN/108-1 was about
1.17 I/h per kg and was independent of the dose given
(P<0.05).

Fig. 2 Plasma concentration 1000 1000
versus time curves after i.v. , VN/87-1
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Table 1 Pharmacokinetic parameters of VN/85-1 in male mice
after administration of single intravenous doses. Values are
means +=SE, n= 6

Parameter Dose (mg/kg)

10 25 50
t125 (h) 0.073+0.01 0.073+0.01 0.072+0.01
ti2p (h) 1.24+0.15 1.24+0.13 1.23+0.13
AUC... (ug-h/ml) 11.62+0.41 29.04+0.90 58.57+1.80
CL (I/h/kg) 0.86+0.03 0.86+ 0.03 0.85+0.03
Vs (I/kg) 0.82+0.08 0.82+0.07 0.82+0.07

Table 2 Pharmacokinetic parameters of VN/87-1 in male mice
after administration of single intravenous doses. Values are
means+SE, n= 6

Parameter Dose (mg/kg)

10 25 50
ty2, (h) 0.071+£0.01 0.074+0.01 0.065+0.01
ti25 (h) 0.98+0.33 1.04£0.03 0.97+0.16
AUC... (ug'h/ml) 391+0.22 9.22+0.44 17.99 +0.94
CL (I/h/kg) 2.56+0.15 2.71+0.13 2.78 +£0.07
V, (I/kg) 1.17+0.33 1.13+£0.26 1.13£0.11

Table 3 Pharmacokinetic parameters of VN/108-lin male mice
after administration of single intravenous doses. Values are
means+SE, n= 6

Parameter Dose (mg/kg)

10 25 50
t24 (h) 0.14+£0.02 0.15+0.02 0.14+0.02
ty2p (h) 0.88 +0.04 1.01+0.04 0.98+0.31
AUC... (ugh/ml) 8.54+0.57 21.45+0.25 42.89+2.23
CL (I/h/kg) 1.17+£0.07 1.17+0.07 1.16+0.06
Vg (I/kg) 0.58+0.14 0.62+0.13 0.61+0.09

Table 4 Pharmacokinetic parameters of L-39 in male mice after
administration of single intravenous doses. Values are means = SE,
n= 6

Parameter Dose (mg/kg)

10 25 50
ty25 (h) 0.027+£0.01 0.032+0.01 0.033+0.01
tiop (h) 1.42+0.03 1.45+0.25 1.77+0.39
AUC... (ug'h/ml) 0.97+0.24 2.29+0.40 5.20+£0.63
CL (I/h/kg) 10.28 £1.59 10.91+1.10 9.61+1.17
Vi (Ukg) 14.75+0.61 17.09+4.57 18.85+3.32

After i.v. administration, the plasma concentration of
L-39 declined biexponentially with distribution half-lives
ranging from of 0.027 to 0.033 h (Fig. 2, Table 4). The
mean terminal elimination half-lives ranged from 1.42 to
1.77 h. The mean total clearance of L-39 ranged from
9.61 to 10.91 1/h per kg. The clearance and apparent Vi
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for L-39 were dose-independent (P <0.05) following i.v.
administration of doses up to 50 mg/kg.

Discussion

The results indicate that these novel inhibitors of
androgen synthesis exhibit linear pharmacokinetics in
mice and suggest that the processes of disposition of
these steroids were not saturated over the dose range
examined. Some differences were evident between the
disposition profiles of these novel inhibitors of androgen
synthesis after i.v. administration. The pharmacokinetics
of VIN/85-1, VN/87-1 and VN/108-1 were characterized
by a relatively short half-life and relatively moderate
systemic clearance. However, the terminal half-life of L-
39 was significantly longer than those of VN/87-1, VN/
85-1 and VIN/108-1. The systemic clearances of VN/85-1
and VN/108-1 were similar, approximately 2.5-fold less
than the systemic clearance of VIN/87-1 and about ten-
fold less than the systemic clearance for L-39. The rel-
atively high systemic clearance of L-39, which exceeded
published values for mouse liver blood flow of 5-6 1/kg
per h [6], appears to have been primarily due to its rapid
and extensive distribution into tissues. The apparent Vg
of VN/85-1 and VN/87-1 were similar, and this may
reflect their similar distribution pattern in mice. On the
other hand, the apparent Vi of VN/108-1 was signifi-
cantly lower than those of VN/85-1 and VN/87-1, an
indication that its distribution was not as extensive in
mice. The apparent Vg of L-39 was considerably higher
when compared to the other steroids, and this finding
may indicate extensive distribution of L.-39 in mice.
The observed differences in the pharmacokinetics of
these novel androgen synthesis inhibitors may have been
a result of the differences in the chemical properties of
the steroids. VIN/85-1, VIN/87-1 and VIN/108-1 are new
azolyl steroids in which the azole moiety is attached to
the steroid nucleus at C-17 via the nitrogen of the azole
[18]. In contrast, L-39 is an isoxazole androstene deriv-
ative in which the isoxazole moiety is attached to the
steroid nucleus at C-17 via a carbon atom [13]. VN/87-1
(50 mg/kg per day for 28 days) is as effective as castra-
tion in its ability to inhibit human LNCaP tumor growth
in male SCID mice. The rank order of efficacy of these
steroids (50 mg/kg per day for 28 days) in the male
SCID mouse model is VN/87-1>VN/85-1>VN/108-1
[10]. It is also worthy of note that L-39 (50 mg/kg per
day for 28 days) inhibits the growth of human LNCaP
tumors in male SCID mice to the same extent as cas-
tration [14]. Although the systemic clearance of L-39
was significantly higher than those of VN/85-1, VN/87-1
and VN/108-1, its efficacy in the male SCID mouse
model of prostate cancer is similar to that of VN/87-1
and greater than those of VN/85-1 and VN/108-1. Thus,
it would appear that the efficacy of these new steroidal
compounds to modulate the proliferation of human
LNCaP tumors in the male SCID mouse model of
prostate cancer is not directly related to the rank order
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of their systemic clearances in mice. There are several
plausible explanations for this observation. It is possible
that VN/87-1 and L-39, the most effective of these ste-
roids in the male SCID mouse model of prostate cancer,
are converted to metabolites with antitumor activity [21,
22]. However, the metabolic pathways of these new
steroids have not yet been characterized. In addition, the
equivalent activity of L-39 to VN/87-1 in vivo following
a much lower systemic exposure (AUC) may possibly be
due to (a) a greater intrinsic potency at the receptor
level, (b) higher L-39 concentrations in the tumors, or (c)
differences in protein binding. Additional experiments
are being conducted to investigate the tissue and tumor
distribution of these androgen synthesis inhibitors using
radiolabeled compounds.

VN/85-1, VN/87-1, VN/108-1 and L-39 are rapidly
cleared from the systemic circulation in mice, although
at different rates. The pharmacokinetic data presented in
this report may be used to improve the dosing schedules
for these novel compounds in animal models of prostate
cancer. Furthermore, the results may be useful in opti-
mizing the structures of these steroidal inhibitors of
androgen synthesis in order to obtain improved dispo-
sition profiles and increased activities in animal models
of prostate cancer.
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