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Abstract

The imidazole antifungal drugs econazole and miconazole have previously been shown to disrupt steroidogenesis in Leydig and
adrenal cells by inhibiting 17a-hydroxylase/17,20-lyase (P450c17) enzyme activity, thus reducing the conversion of progesterone to
androstenedione. However, a recent study in Y-1 adrenal cells indicated that these compounds may also reduce the availability
of cholesterol to the cytochrome P450 side chain cleavage (P450,..) enzyme, the first enzyme in the steroidogenic pathway. Since
the steroidogenic acute regulatory protein (StAR) mediates the transfer of cholesterol from the outer to the inner mitochondrial
membrane where the P450,,. enzyme resides, an action which constitutes the rate-limiting and acutely-regulated step in
steroidogenesis, we hypothesized that these drugs may also reduce StAR expression and/or activity. Our studies demonstrate that
these drugs reversibly inhibited (Bu),cAMP-stimulated progesterone production in a dose- and time-dependent manner in MA-10
cells without affecting total protein synthesis or P450,.. and 3B-hydroxysteroid dehydrogenase (3f-HSD) enzyme expression or
activity. In contrast, they dramatically decreased (Bu),cAMP-stimulated StAR protein expression post-transcriptionally. This
study indicates that StAR protein is susceptible to inhibition by at least some imidazole compounds that inhibit steroidogenesis.
© 2001 Elsevier Science Ltd. All rights reserved.
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thus limiting fungal growth [2]. Imidazole compounds
(at nanomolar to micromolar concentrations) have
been shown to reduce the activities of a variety of
cytochrome P450-dependent steroid metabolizing en-
zymes, including P450-dependent 17a-hydroxylase/
17,20-lyase (P450cl7) steroidogenic enzyme activity in
Leydig and adrenal cells [3,4]. However, recent studies
in Y-1 adrenal cells have shown that these compounds

1. Introduction

Econazole and miconazole are commonly used imi-
dazole compounds effective in the treatment of cuta-
neous mycoses. Miconazole is also effective against
severe pulmonary fungal disease which occurs fre-
quently in immunosuppressed patients and in patients
with terminal cancer. Imidazole antifungal drugs dis-

rupt ergosterol biosynthesis in yeast and cholesterol
biosynthesis in humans by inhibiting sterol 14a-
demethylase, a microsomal cytochrome P450-dependent
enzyme system [1]. In yeast, this causes an accumula-
tion of l4a-methylsterols in fungal membranes, result-
ing in the close packing of phospholipid acyl chains,
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also inhibit acute pregnenolone production without af-
fecting cytochrome P450 cholesterol side chain cleavage
(P450scc) enzyme activity [5], suggesting that they may
block the availability of cholesterol to the P450,. en-
zyme. Although these compounds reduce de novo
cholesterol biosynthesis, this cannot account for the
reduction in steroidogenesis observed during acute
stimulation since newly synthesized cholesterol only
contributes a small percentage to the amount of
steroids made during this period [6]. Since the intrami-
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tochondrial transfer of cholesterol constitutes the rate-
limiting and acutely-regulated step in steroidogenesis, it
may be an important site of steroidogenic inhibition.

The steroidogenic acute regulatory (StAR) protein
mediates the rate-limiting and acutely regulated step in
steroidogenesis, the transfer of cholesterol from the
outer to the inner mitochondrial membrane where the
P450,.. enzyme initiates the synthesis of all steroid
hormones (for review see [7]). StAR protein is a family
of 37 and 30-kDa mitochondrial phosphoproteins ex-
pressed in adrenal and gonadal steroidogenic cells that
is rapidly synthesized in response to trophic hormone
stimulation and whose active form is highly labile.
Transfection of steroidogenic cells with StAR and non-
steroidogenic cells with StAR and the cholesterol side-
chain cleavage enzyme system results in a six-fold
increase in steroidogenesis [8]. Further, mutations in the
StAR gene cause the disease Lipoid Congenital Adrenal
Hyperplasia (lipoid CAH), a condition that results from
the inability of the new-born to synthesize adequate
amounts of steroids [9].

The present study was performed to determine if
econazole and miconazole reduce StAR activity and/or
expression. Using MA-10 Leydig tumor cells, we evalu-
ated the effects of these drugs on progesterone produc-
tion, and on StAR, P450,. and 3B-hydroxysteroid
dehydrogenase (3f-HSD) enzyme activity, protein and
mRNA levels.

2. Materials and methods

2.1. Chemicals

Waymouth’s NIB 752/1 medium, horse serum, gen-
tamicin sulfate, lyophilized trypsin-EDTA, phosphate-
buffered saline with Ca®’* and Mg>*, (PBS*), and
phosphate buffered saline without Ca?* and Mg?™*,
(PBS—) were purchased from Gibco Life Technologies
(Gaithersburg, MD). [1,2,6,7-N-*H(N)]-progesterone
(Specific Activity (SA), 97 Ci/mmol) was obtained from
New England Nuclear (Boston, MA). Antibodies to
progesterone were obtained from Holly Hills Biological
(Hillsboro, OR). Percoll and Dextran T70 were ob-
tained from Pharmacia Fine Chemicals (Uppsala, Swe-
den). Nunc cell culture dishes, charcoal (Norit),
trichloroacetic acid, scintiverse BD and sodium bicar-
bonate were obtained from Fisher Scientific (Houston,
TX). Acrylamide, bis acrylamide, and SDS were pur-
chased from Bio-Rad (Hercules, CA). Bovine serum
albumin (BSA), (BU),cAMP, 22(R)-hydroxycholesterol
(22R-HC), econazole 1-(2-[(4-chlorophenyl)methoxy]-2-
[2,4-dichlorophenyl] ethyl)-1H-imidazole and micona-
zole  1-(2,4dichloro-p-[(2,4-dichlorobenzyl)-oxylphen-
ethyl)imidazole were purchased from Sigma (St Louis,

MO). Rabbit antisera to amino acids 88—98 of mouse
StAR protein was generated by Research Genetics
(Huntsville, AL). Rabbit antisera to amino acids 421—
441 of rat P450,.. enzyme was purchased from Chemi-
con (Temecula, CA). Antisera to purified mouse
3B-hydroxysteroid dehydrogenase 1 (3f-HSD) was a
gift from Dr Allesandro Capponi, University of Geneva
(Geneva, Switzerland). Horseradish peroxidase conju-
gated donkey anti-rabbit IgG was purchased from
Amersham (Arlington Heights, IL). StAR cDNA was
previously cloned in our laboratory [8]. Bovine P450,,,
cDNA was obtained from Dr Michael Waterman, Van-
derbilt University (Nashville, TN); Mouse 38-HSD I
cDNA was provided by Dr Anita Payne, Stanford
University (Stanford, California); Mouse L-19 and 18S
rRNA c¢cDNAs were obtained from Dr Gail Cornwall,
Texas Tech University Health Sciences Center (Lub-
bock, TX).

2.2. MA-10 cell culture

The mouse MA-10 Leydig tumor cell line was a gift
from Dr Mario Ascoli, University of Towa College of
Medicine (Iowa City, IA). Cells were maintained in
Waymouths MB 752/1 medium + 15% horse serum at
37°C, 5% CO, as described previously [10]. For dose-re-
sponse, time-course, steroidogenic enzyme activity and
reversibility studies, 75 000 cells were seeded into each
well of a 96-well plate and grown overnight. For the
remaining studies, 1.5 x 10° cells were plated into 100
mm culture dishes and grown until 80% confluent. For
all experiments, medium was removed, cells were
washed twice with PBS*, and serum-free Waymouth’s
medium containing the appropriate treatment was
placed on the cells.

2.3. Treatment of cells

Stimulation of MA-10 cells was performed using a
maximal stimulatory dose of (BU),cAMP (1 mM). In
some studies, optimal concentrations of 22R-hydroxy-
cholesterol (25 puM) were provided as steroidogenic
substrate. All treatments were performed in serum-free
media. Final concentrations of the DMSO and ethanol
used as chemical solvents were < 0.4%.

2.4. Dose-response and time-course studies

In dose-response and time-course studies, the effects
of xenobiotics on steroidogenesis and total cellular
protein synthesis were determined. In dose-response
studies, (BU),cAMP-stimulated MA-10 cells grown in
96-well plates were treated for 2 h with various
amounts of xenobiotics. The concentrations of econa-
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zole and miconazole required to reduce progesterone
production by 50% (IC50) were calculated using linear
regression analysis. Eadie/Hofstee plots ([Progesterone]
versus [Progesterone]/[econazole or miconazole]) of the
dose-response data were made [11]. The slope of the
line equals the ICs, value. In time-course studies,
(Bu),cAMP-stimulated MA-10 cells grown in 96 well
plates were treated in the presence or absence of each
xenobiotic for 2 or 4 h.

2.5. RIA

Quantitation of progesterone in the medium was
performed by RIA as previously described [12]. Analy-
sis of RIA data was performed using a software pro-
gram which was written by Bennie Shaw (Texas Tech
University Health Sciences Center, Lubbock, TX).
Data are expressed as ng/ml media.

2.6. Determination of total cellular protein synthesis

To determine the effects of compounds on total
protein synthesis, cells grown in 96-well plates were
treated as described above with the inclusion of 5
uCi/ml Expre®’S 3°S Protein Labeling Mix (SA, 1000
Ci/mmol; New England Nuclear; Boston, MA). A zero
time point control was taken in which the Expre*S**S
Protein Labeling Mix was added and immediately re-
moved. Also, determination of total protein content by
a modification of the Bradford method [13] was per-
formed on identically plated cells that were not treated
with Expre**S*S. Following treatment, media was re-
moved and cells were solubilized for 2 h in 0.25 M
NaOH at 37°C. Next, an equal volume of cold 20%
trichloroacetic acid (TCA) was added and protein was
precipitated overnight at 4°C. TCA precipitable mate-
rial was transferred onto glass fiber filters using a 1225
Sampling Manifold (Millipore; Bedford, MA) and
rinsed with 5% TCA, dried and counted in a liquid
scintillation counter. Results were reported as: counts
per minute/mg protein/2 or 4 h minus counts per
minute/mg protein/0 h.

2.7. Determination of P450,
reversibility

and 3f-HSD activity and

cc

The effects of xenobiotics on the combined activities
of the P450,.. and 3B-HSD enzymes were determined
by adding 22R-HC to MA-10 cells in the presence or
absence of the xenobiotic for 2 h and measuring proges-
terone production. To determine reversibility, cells were
then rinsed with PBS™, allowed to recover for 24 h in
serum containing medium, and incubated again for 2 h
with (Bu),cAMP and/or 22R-HC. Progesterone in the
media was measured by RIA.

2.8. Isolation of mitochondria and Western blot
analysis

MA-10 cells grown in 100 min plates were stimulated
with (Bu),cAMP in the presence or absence of econa-
zole or miconazole (25 uM) for 4 h. Mitochondria were
isolated by homogenization and differential centrifuga-
tion [8]. Then, Western blot analysis of mitochondrial
protein was performed as previously described [14].
Following detection of StAR, the membrane was
stripped in 62.5 mM Tris-HCI (pH 6.8), 2% SDS, and
100 mM B-mercaptoethanol at 70°C for 30 min, washed
in 10 mM Tris-HCI (pH 7.4) and 150 mM NaCl twice
for 10 min, and then successively probed with P450,.,
or 3B-HSD antisera. The bands of interest were quanti-
tated using a Biolmage Visage 2000 (Biolmage Corp.,
Ann Arbor, MI) imaging system. Values obtained were
expressed as integrated optical density units (IOD) as
previously described [15].

2.9. Isolation of RNA and Northern blot analysis

Cells were treated as described above for Western
blot analysis. Total RNA was isolated using Trizol
reagent (Gibco BRL, Grand Island, NY), according to
the manufacturers protocol. RNA was quantitated and
resuspended in RNA sample buffer (0.1 x borate
buffer, 48% formamide, 6.4% formaldehyde, 5.3% glyc-
erol and 0.27% bromophenol blue). Northern blot anal-
ysis was performed as previously described [16]. A total
of 20 pg of total RNA were loaded into each well.
Labeling of cDNA probes for mouse StAR, P450.,
3B-HSD, and 18S rRNA was achieved by random
priming (Prime-It II; Stratagene, La Jolla, CA) using
[¢-*?P] ACTP (SA, 3000 Ci/mmol; New England Nu-
clear, Boston, MA), according to the manufacturers
protocol. After hybridization, the blots were washed
twice in 2 x SSC, 1%SDS at room temperature for 30
min, and once in 0.1 x SSC, 0.1% SDS at 65°C for 30
min. Following Northern blot analysis with StAR
cDNA, blots were stripped by washing twice in 0.1 x
SSC, 1% SDS at 65°C for 30 min, and then successively
probed with P450,.., 3B-HSD, and 18S rRNA cDNA.
The bands of interest were quantitated and the values
obtained were expressed as described above.

2.10. Statistical analysis

Statistically significant differences between treatments
and controls were determined by one-way ANOVA and
Fisher-PLSD multiple comparison using the software
program Statview SE + Graphics™ (Abacus Concepts,
Berkeley, CA).
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3. Results

3.1. Effects of econazole and miconazole on
progesterone production and total cellular protein
synthesis

For dose response studies, (BU),cAMP-stimulated
MA-10 cells were treated with econazole or miconazole
(0-100 uM) for 2 h (Fig. 1). These drugs decreased
progesterone production in a dosage-dependent manner
(IC5, in puM econazole =12.6 +1.16, miconazole =
12.5 +1.57). To exclude acute toxicity and a general
disruption in translation as mechanisms of
steroidogenic inhibition, total protein synthesis was also
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Fig. 1. Effects of econazole and miconazole on progesterone produc-
tion and total cellular protein synthesis in MA-10 cells. MA-10 cells
grown in 96 well plates were stimulated with (Bu),cAMP in the
presence or absence of various concentrations of econazole or mi-
conazole for 2 h. At the end of the incubation period, the medium
was removed and assayed for progesterone. In some cases, 5 pCi/ml
Expre®*S33S Protein Labeling Mix was added to the cells. In these
cases, following treatment, the medium was removed, cells were
rinsed, and total cellular protein synthesis was assayed as described in
Section 2. Panel A, effects of econazole on progesterone production
and total protein synthesis. Panel B, effects of miconazole on proges-
terone production and total protein synthesis. For progesterone
production, each data point is the average + SEM of the means from
at least three separate experiments in which treatments were per-
formed in quadruplicate. For protein synthesis, each data point is the
mean + SEM of four replicates in a single experiment which was
performed three times. Statistically significant differences were desig-
nated with an: (a) P <0.05; or (b) P <0.01.

measured. Econazole and miconazole decreased total
protein synthesis only at high concentrations (100 pM).
In fact, at 25 pM, both compounds significantly (P <
0.05) reduced steroidogenesis by 73% without affecting
total protein synthesis.

For time-course studies, (BU),cAMP-stimulated cells
were treated with econazole or miconazole (25 uM) for
2 or 4 h (Table 1). Econzole inhibited steroidogenesis
by 80% (P < 0.001) at both 2 and 4 h while miconazole
inhibited steroidogenesis by 64% (P <0.001) at both
these times inducing a parallel decrease in total protein
synthesis. At 2 h, the morphology of MA-10 cells
treated with these drugs was indistinguishable from
untreated cells. However, by 4 h, cells treated with
econazole and miconazole exhibited numerous mem-
brane blebs (data not shown).

3.2. Effects of econazole and miconazole on P450,,,
and 3f-HSD enzyme activity, expression and
steroidogenesis following a 24 h recovery

To determine if the inhibitory effect of econazole and
miconazole on (Bu),cAMP-stimulated progesterone
production might be due to an inhibition of the activi-
ties of the steroidogenic enzymes, P450,,. and/or 3f-
HSD, 22R-HC was provided as substrate and cells were
treated for 2 h with econazole or miconazole (50 puM;
Fig. 2, Panels A and B). The water soluble cholesterol
analog 22R-HC was used since it can readily diffuse to
the P450,., enzyme located on the inner mitochondrial
membrane, bypassing the need for StAR-mediated
cholesterol transfer. Then, to determine if the effects of
the drugs on steroidogenesis were reversible, cells were
rinsed, allowed to recover for 24 h in serum containing
medium, and treated again for 2 h with (BU),cAMP
and/or 22R-HC (Fig. 2, Panels C and D). Although
both compounds significantly (P <0.001) reduced
(Bu),cAMP-stimulated steroidogenesis in this set of
experiments by 95% at 2 h, (Bu),cAMP-stimulated
progesterone production in these cells returned to con-
trol levels following a 24 h recovery. Moreover, these
compounds did not alter P450,.. or 3-HSD enzyme
activity after a 2 h treatment or following a 24 h
recovery.

To confirm that econazole and miconazole do not
affect the P450,.. and 3B-HSD steroidogenic enzymes,
further studies were performed to determine the effects
of these pesticides on P450,,. and 3B-HSD enzyme and
mRNA levels. (BU),CAMP-stimulated cells were
treated with econazole or miconazole (25 uM) for 4 h.
Both drugs significantly (P < 0.001) blocked steroidoge-
nesis by 95% (Fig. 3). Western blot analysis of mito-
chondrial protein confirmed that these drugs did not
alter P450,,. and 3B-HSD enzyme levels (data not
shown). Moreover, Northern blot analysis of total cel-
lular RNA revealed that these drugs did not affect
P450,.. and 3B-HSD mRNA levels (data not shown).

sce



L.P. Walsh et al. /Journal of Steroid Biochemistry & Molecular Biology 75 (2000) 229-236 233

Table 1
Time-course study on the effects of econazole and miconazole on progesterone production and total cellular protein synthesis in MA-10 cells®

2h 4 h
Progesterone Protein synthesis (CPM/mg x 10*)  Progesterone (ng/ml) Protein synthesis (CPM/mg x 10%)
(ng/ml)
Control 1.80 +0.04 29+1.5 2.1540.05 425431
BU,cAMP 143 +13 21 +4.8 278 + 19 84.1 +6.7
(1 mM)
Econazole 246 + 1.1 18+ 1.6 542+ 10 61.5+3.9
(25 uM)
Miconazole 524 +84 16+7.5 99.6 +13 582+6.1
(25 uM)

2 (Bu),cAMP-stimulated MA-10 cells grown in 96 well plates were treated with 25 pM econazole or miconazole for 2 or 4 h. At the end of the
incubation period, the medium was removed and assayed for progesterone. The effects of econazole or miconazole on total protein synthesis was
also determined as described in Fig. 1. For progesterone production and protein synthesis, each data point is the mean + SEM of four replicates
in a single experiment which was performed three times. For progesterone production at 2 and 4 h, the difference between (Bu),cAMP and
econazole or miconazole+ (Bu),cAMP was statistically significant (P <0.001).
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Fig. 2. Effects of econazole and miconazole on P450,.. and 3-HSD enzyme activity and steroidogenesis following a 24 h recovery in MA-10 Cells.
MA-10 cells grown in 96 well plates were treated for 2 h with 22R-HC in the presence or absence of econazole or miconazole (50 uM). Then, the
medium was assayed for progesterone by RIA. To determine reversibility, cells were rinsed with PBS’, incubated in serum-containing medium for
24 h, and stimulated again for 2 h with 22R-HC and/or Bu,cAMP. Then, medium was removed and assayed for progesterone. Panels A and B,
effects of 2 h treatment with econazole or miconazole. The difference between (Bu),cAMP and econazole or miconazole + (Bu),cAMP was
statistically significant (P < 0.001). Panels C and D, effects of 2 h treatment with econazole or miconazole on progesterone production following
a 24 h recovery. Each data point represents the average + SEM of the means from at least three separate experiments in which treatments were
performed in quadruplicate.
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3.3. Effects of econazole and miconazole on StAR
expression in MA-10 cells

Since StAR protein mediates the transfer of choles-
terol to the inner mitochondrial membrane, an action
which constitutes the rate-limiting step in steroidogene-
sis, the effects of econazole and miconazole on the
levels of StAR protein were also determined.
(Bu),cAMP-stimulated cells were treated with econa-
zole and miconazole (25 uM) for 4 h as described
above. Western blot analysis revealed that econazole
and miconazole significantly (P < 0.01) reduced StAR
protein levels by 79 and 94%, respectively (Fig. 4, Part
A).

To determine the effects of econazole and miconazole
on StAR mRNA levels, cells were treated for 4 h with
25 uM of each compound as described above. StAR
mRNA consists of the 1.6, 2.7, and 3.4 kb transcripts
which comprise 22, 6 and 72%, respectively of total
StAR mRNA (Fig. 4(B)). Northern blot analysis re-
vealed that econazole significantly (P < 0.05) increased
levels of StAR mRNA 2.4-fold. In contrast, miconazole
did not alter StAR mRNA levels. Although the impor-
tance of the three different StAR transcripts is un-
known at this time, econazole significantly (P < 0.01)
increased levels of the 1.6 and 2.7 StAR transcripts by
three-and 4.8-fold, respectively (Fig. 4, Part B, Lower
panel). In contrast, miconazole did not affect the levels
of any StAR transcript. Econazole was significantly
(P < 0.05) different from miconazole with respect to its
ability to increase the 1.6 and 2.7 kb transcripts.

D

o

o
T

w

o

o
T

¢

100 | * §

*

0 s

Control Bu,cAMP Econazole Miconazole
+Bu,cAMP

Fig. 3. Effects of econazole and miconazole on progesterone produc-
tion in MA-10 cells. MA-10 cells grown in 100 mm plates were
stimulated with (Bu),cAMP in the presence or absence of econazole
or miconazole (25 pM) for 4 h. Then, medium was removed and
assayed for progesterone. Each data point represents the average +
SEM of the means from six separate experiments in which treatments
were performed in triplicate. Statistically significant differences (P <
0.001) were designated with an asterisk (*).

4. Discussion

The present study demonstrates that econazole and
miconazole reduced Bu,cAMP stimulated progesterone
production in MA-10 cells by blocking StAR protein
expression post-transcriptionally. This finding agrees
with previous observations that these compounds in-
hibit steroidogenesis by blocking the availability of
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cholesterol to the P450,. enzyme, not by affecting
P450,.. or 3B-HSD steroidogenic enzyme activity [3,5].

Although the mechanism by which these drugs dis-
rupted the post-transcriptional expression of StAR re-
mains to be elucidated, they have been shown to block
a number of cytochrome P450-dependent enzymes and
non-cytochrome P450 dependent enzymes that are
known to regulate StAR protein expression and/or
steroidogenesis. Numerous studies have shown that
Ca?*, K*, calmodulin, and arachidonic acid and its
metabolites can modulate StAR expression and/or
steroidogenesis [17—19]. Given that several studies have
shown that econazole and miconazole inhibit
leukotriene biosynthesis, two distinct Ca* entry path-
ways, a Ca?™*, pump, a K* channel, and calmodulin, it
is not possible to specify which, if any, of these diverse
activities accounts for the inhibition of StAR protein
expression [20-22]. In fact, inhibition of arachidonic
acid release and conversion to its lipoxygenase metabo-
lites has been shown to reduce StAR protein levels by
reducing StAR gene expression [18,19]. Since econazole
significantly increased StAR mRNA levels, these drugs
probably did not reduce StAR protein expression by
affecting arachidonic acid release and metabolism
alone. While econazole may have increased StAR
mRNA levels by increasing StAR transcript stability or
by upregulating the synthesis of StAR mRNA, clearly,
more work would be required to determine how econa-
zole increased StAR mRNA levels and the mechanism
by which both compounds reduced StAR protein
production.

Although numerous membrane blebs were observed
in MA-10 cells treated for 4 h with econazole and
miconazole (25 uM), P450,../3B-HSD enzyme activity
and total protein synthesis were not affected, indicating
that these drugs were not acutely toxic to cells or to
mitochondria. Further, steroidogenesis was completely
restored following a 24 h recovery in cells treated
initially for 2 h with either drug. Preliminary evidence
obtained in our laboratory suggests that both drugs are

Fig. 4. Effects of econazole and miconazole on StAR protein and
mRNA levels. Cells were treated as described in Fig. 3. (A) Western
blot analysis of mitochondrial protein was performed as described in
Section 2. Upper panel, a representative Western blot is shown.
Lower panel, immunospecific bands for the StAR protein were quan-
titated by computer assisted image analysis. (B) Northern blot analy-
sis of total cellular RNA was performed as described in Section 2.
Upper panel, representative Northern blots for StAR mRNA and 18S
rRNA are shown. Middle and Lower panels, bands corresponding to
the 3.4, 2.7, and 1.6 kb transcripts of StAR mRNA and 18S rRNA
were quantitated and data expressed as (Middle panel) the sum of
StAR transcripts’ IODs/18S rRNA IOD or (Lower panel) individual
StAR transcript IOD/18S rRNA I0D. Each data point represents the
average + SEM of the means from three separate experiments in
which treatments were performed in triplicate. Statistically significant
differences were designated with: (a) P <0.05; (b) P <0.01; or (c)
P <0.001.

toxic to MA-10 cells following chronic treatment, and
that miconazole (> 8 h, 25 uM) can induce apoptosis
in these cells [23], an observation which is consistent
with these findings.

Unlike econazole and miconazole, which have no
effect on P450,,. enzyme activity in MA-10 cells (this
study) or in Y-1 cells, ketoconazole, a related imidazole
compound, has been shown to inhibit P450,.. enzyme
activity in MA-10 cells [24]. Previous studies have
shown that many forms of P450 display broad sub-
strate specificities, but individual isoforms exhibit strict
regio- and stereospecificity to a particular compound,
which could account for the differences in the abilities
of these compounds to inhibit P450,, activity [25].

Not only do imidazole compounds block the conver-
sion of lanosterol to ergosterol in yeast by inhibiting
sterol 14a-demethylase, but they also reduce the con-
version of lanosterol to cholesterol in mammalian cells
by inhibiting this same enzyme [26]. Since cholesterol is
the precursor of all steroid hormones, econazole and
miconazole might block steroidogenesis upstream of
StAR action by reducing cholesterol biosynthesis. How-
ever, this probably does not account for the decrease in
steroidogenesis observed in the present study since de
novo cholesterol biosynthesis only contributes to the
production of a small percentage of steroids during
acute (0—4 h) steroidogenesis [6]. In fact, during the
first 4 h of stimulation in MA-10 cells, the majority
(60—-70%) of steroids produced are obtained from intra-
cellular stores of free and esterified cholesterol with the
remaining steroid derived from either de novo choles-
terol biosynthesis or from lipoproteins [6]. However,
this might contribute to the steroidogenic inhibition
during more prolonged treatments (>4 h) when cells
preferentially use both newly synthesized and lipo-
protein derived cholesterol [6].

The rate-limiting step in steroidogenesis has often
been overlooked as a site of steroidogenic inhibition by
xenobiotics. This work demonstrates that StAR protein
is susceptible to inhibition by at least some imidazole
compounds that inhibit steroidogenesis.
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