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SUMMARY

The interrelationship between adrenal steroidogenesis and polycyclic aromatic hydrocar-
bon metabolism has been examined in cultured bovine adrenal cortical (BAC) cells.
Adrenocorticotropin (ACTH) selectively induced steroidogenic cytochrome P-450-de-
pendent enzyme activities from BAC cell cultures. In the presence of iO� M ACTH,
steroid production requiring 17a-hydroxylation (cortisol + androgens) was increased 5-
fold over the formation of 17-deoxysteroids (corticosterone). The effect of 10 �M

benz[a]anthracene on steroidogenesis was characterized by suppression of both steroid
17a-hydroxylation (90%) and total steroidogenesis (50%), with a concomitant rise in 17-
deoxysteroid formation. The order of stimulation of steroidogenic enzyme activities by
ACTH (17a-hydroxylase > side chain cleavage > 21-hydroxylase) paralleled the order of
suppression by benz[a]anthracene. BAC cell cultures incubated with Su-10603, a specific
17a-hydroxylase inhibitor, exhibited similar changes in the pattern of steroidogenesis, as
did benz[a]anthracene-treated cells, suggesting that benz[a]anthracene also inhibits
steroidogenesis as an inhibitor of 17a-hydroxylase. In addition, benz[a]anthracene in-
duced benzo[ajpyrene metabolism 4- to 6-fold over control levels in these cells. The
profile of benzo[a]pyrene metabolites revealed predominantly water-soluble products
(nonhydrolyzable > sulfates > glucuronides), 9,10-monooxygenation products, and 3-
phenol. ACTH (10� M) and 0.5 mM cyclic AMP each decreased benzo[a]pyrene metab-
olism by more than 50%. Both benz[a]anthracene-induced and uninduced benzo[a]-
pyrene metabolism were equally reduced in response to ACTH and cyclic AMP. In the
presence of 0.2 mM aminoglutethimide, which completely inhibited steroidogenesis,
ACTH decreased benz[a]anthracene induction of benzo[a]pyrene metabolism to the
same extent as ACTH treatment alone. It is concluded that the suppression of benzo[a}-
pyrene metabolism by ACTH is mediated by cyclic AMP and does not involve steroids
generated in response to ACTH. These studies demonstrate that cytochrome P-450
isozymes involved in steroidogenesis and polycyclic aromatic hydrocarbon metabolism
are regulated, in opposing directions, by ACTH.

INTRODUCTION

Cholesterol is metabolized to various steroid products
in the adrenal cortex by a sequence of mixed-function
oxidase reactions dependent on distinct and selective
forms of cytochrome P-450 (1). In addition to steroid
hydroxylation, the adrenal cortex exhibits substantial
activity for xenobiotic metabolism, which is also cata-
lyzed by cytochrome P-450 (2-5). Cholesterol side chain
cleavage (P�450�c,c) and steroid 11f3-hydroxylase (P-

450��,�) are located in the inner mitochondrial membrane.
Both enzymes require adrenodoxin and adrenodoxin re-
ductase to mediate electron transfer from NADPH (6).
Steroid 21-hydroxylase and 17a-hydroxylase, and also
cytochrome P-450 enzymes which catalyze xenobiotic
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metabolism, are located in the endoplasmic reticulum.
These enzymes require a common NADPH-cytochrome
P-450 reductase to mediate transfer from NADPH (7).
In addition, a third microsomal activity, C-17,20 lyase,
which catalyzes the formation of androgens, also requires
cytochrome P.450 and P-450 reductase (8). The purifi-
cation of unique P-450 cytochromes from porcine testis
and guinea pig adrenal microsomes, which exhibit both
17a-hydroxylase and C-17,20 lyase activities, has been
reported (8, 9).

The total steroid production is determined by the
activity of cholesterol side chain cleavage, which is de-
pendent both on the level of cytochrome P�450�c and on
the availability of cholesterol to this enzyme in the
mitochondria (10, 11). Cholesterol is supplied to the
adrenal, in vivo, by receptor-mediated uptake of esteri-
fled cholesterol and subsequently stored as lipid droplets
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(12). Hydrolysis of cholesterol esters and transfer of
cholesterol to mitochondrial P-450�� are both dependent
on ACTH1 (13). The relative levels of the various steroid
hydroxylases and also 17,20 lyase determine the final
secretory products in the adrenal cortex. The levels of
several of these enzymes have been demonstrated to be
elevated by the action of ACTH on the adrenal cortex,
and all activities fall drastically over several days follow-
ing hypophysectomy (14). In BAC cell cultures, decreases
in specific enzyme activities result in dramatic changes
in steroid distribution. P-450111�, for example, has been
demonstrated to be remarkably sensitive to lipid perox-
idation (15) or to the elevation of androgens (16). Sub-
sequent decline in P-45011� activity results in an accu-
mulation of 11-deoxysteroids which is not reversed by
the addition of ACTH.

The synthesis of steroids and control of steroidogene-
sis have been studied extensively in primary cultured
BAC monolayers (10, 15-18). BAC cell cultures prolif-
erate in the presence of fibroblast growth factor and will
increase production of steroids (primarily cortisol and
corticosterone) when challenged with ACTH (19). Be-
cause of the ability to study hormonal regulation of
cytochrome P.450, both at the enzymatic and genomic
level, these cells offer an ideal model to study mecha-
nisms involved in steroidogenesis in vitro.

The rate of PAH metabolism in rat adrenals is ap-
proximately one-half the activity in uninduced rat liver
(2, 20), whereas in guinea pig the rate of metabolism of
PAH in the two organs is approximately the same (3, 4).
In addition, DMBA metabolism reportedly initiates ne-
crosis of the two inner zones of the rat adrenal cortex
(21). However, the control of xenobiotic metabolism in
the adrenal cortex has received little attention. The
metabolism of BP in guinea pig and rat adrenal micro-
somes has been demonstrated to be regulated independ-
ently from steroid hydroxylases by several physiological
variables and presumably involves different forms of
cytochrome P-450 (2, 4, 5). Adrenal BP metabolism in
hypophysectomized rats reportedly declines and can be
induced to control levels upon administration of ACTH
(2). The action of several pituitary hormones also modi-
fies the induction of hepatic cytochrome P-450 by xeno-
biotics (22) and the metabolism of PAH in the testis
(23). We report here that BAC cultures exhibit signifi-
cant BP metabolism. The interplay between a pituitary
hormone (ACTH) and PAH on steroidogenesis in the
adrenal is examined. We present evidence for differential
regulation of steroidogenesis and hydrocarbon metabo-
lism in these cultured adrenal cells.

MATERIALS AND METHODS

Chemicals. BP and BA (Gold Label) were purchased from Aldrich

Chemical Company (Milwaukee, Wisc.) [G-3H] (65 Ci/mmole) and

1 The abbreviations used are: ACTH, adrenocorticotropin; PAH,

polycyclic aromatic hydrocarbon(s); BAC, bovine adrenal cortical;
DMBA, 7,12-dimethylbenz[a]anthracene; BP, benzo[a]pyrene; BA,

benz[a]anthracene; HPLC, high-pressure liquid chromatography; di-
butyryl cyclic AMP, N�,O2-dibutyryl adenosine 3’:5’-cyclic mono-

phosphate.

ACS were purchased from Amersham Radiochemicals (Arlington

Heights, Ill.). [3H]BP was purified by reverse-phase HPLC less than

24 hr prior to use and stored at -20’ in the dark. Aminoglutethimide

(Elipten phosphate) and 7-chloro-3,4-dihydro-2- (3-pyridyl)-naphthal-
ene-1(2H)-one (Su-10603) were gifts from Ciba Pharmaceuticals, Inc.
(Summit, N. J.). Methanol, water, and methylene chloride for HPLC

analyses were purchased from Burdick and Jackson Laboratories, Inc.

(Muskegon, Mich.). All other solvents were of reagent grade or better.
Radioactive peaks eluting from HPLC were quantitated in Biofluor

scintillation cocktail (New England Nuclear Corporation, Boston

Mass.). All other chemicals, unless noted otherwise, were purchased
from Sigma Chemical Company (St. Louis, Mo.).

Preparation of adrenal cell culture. BAC monolayers were prepared

according to the method of Gospodarowicz et a!. (19). Cells were

maintained in 3.5-cm DIA plastic dishes (Costar, Cambridge, Mass.)

or 100-mm DIA dishes (Falcon, Cockeysville, Md.) with 20 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid-buffered Ham’s F-12

medium (Grand Island Biological Company, GIBCO, Grand Island, N.
Y.), supplemented with minimal essential medium amino acids and
vitamins (GIBCO) and 10% fetal bovine serum (KC Biologicals, Inc.,

Lenexa, Kan.). Penicillin (100 �.�g/ml), gentamicin (50 �tg/ml), and

amphotericin B (2.5 �zg/ml) (Fungizone, GIBCO) were added to retard

bacterial and fungal growth in short-term cultures. Where noted, a

mixture of antioxidants was added (1 �M a-tocopherol, 100 �M ascorbic

acid, and 50 nM selenite) to extend culture life-span (24). Bovine brain

fibroblast growth factor was a generous gift from Dr. Denis Gospoda-

rowicz (University of California, San Francisco, Calif.).

Bovine adrenal cell suspensions were aseptically prepared from

strips of cortex (-0.5 mm thick) obtained from demedullated glands,

of which the larger pieces were minced with a scalpel. The tissue
fragments were washed several times and suspended in 20-30 ml of

fresh medium containing collagenase (2.5 mg/mi) (Sigma type IA) plus

DNAse 1 (0.1 mg/mi) (Sigma Type III, bovine pancreas) and incubated

at 37� for 2 hr. Cells were then dispersed with a 10-mlplastic serological

pipette, filtered through sterile cheesecloth, and washed several times

by centrifugation at 200 x g for 20 mm with fresh medium to remove

collagenase. Adrenal cells were plated at a cellular density of 2 to 3 x
i0� cells/cm2 and maintained at 37 in a humidified atmosphere of 95%

air/5% CO2. Medium was replaced every 24 hr with fresh medium

containing 10% fetal bovine serum and fibroblast growth factor (100

ng/ml) until confluency (nondividing monolayers) was reached. Typi-
caily, under these conditions, adrenal cells reached confluency within

4-6 days after plating. All cells received fresh medium + 10% fetal

bovine serum, but without fibroblast growth factor, 24 hr prior to an

experiment. Cell number from individual plates was quantitated from

suspensions prepared by brief trypsinization of cultured cells (3 mm

with 0.1% trypsin at 37’) and then counted using a hemocytometer

(American Optical, Buffalo, N. Y.).

Steroids secreted by BAC cell cultures were quantitated by HPLC.

Steroids in the medium were extracted with methylene chloride at a

ratio of 9:1 methylene chloride to medium. Cortisone, which is not
produced by cultured BAC cells, was included as a standard before

extraction to correct for recovery. The methylene chloride phase was

separated from the aqueous phase, evaporated to dryness under N2,

and resuspended in a minimal volume of 100% methanol.
Subcellularfractionation. BAC cell homogenates were prepared from

monolayers by scraping cells from dishes, incubating cells in hypotonic

buffer (10 mM Tris, 10 mM KC1, and 0.5 mM EDTA) at 4’ and then

homogenized. The mitochondrial (10,000 x g) supernatant was ob-
tamed as described elsewhere (11). Enzyme activities associated with

this fraction were measured by utilizing the NADPH-generating system

previously reported (20), with 75 �M progesterone as substrate. Reac-

tions were quenched after 20 mm by the addition of methylene chloride

and prepared for HPLC as described above. Protein concentrations

were determined from trichloroacetic acid precipitates by the method

of Lowry et al (25), with bovine serum albumin as the standard.

BP metabolism. BP metabolism was measured in BAC cell cultures
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with 5 �iM L3HIBP (approximately 0.5 mCi/mmole) prepared in fresh

medium + 10% fetal bovine serum. BP was added to plates with cells

and control plates without cells (-2.5 �tCi/well) and incubated at 37’.
Total oxidation of BP was measured after 4 hr as previously described
(26), and radioactivity was determined in the aqueous phase by liquid
scintillation counting. To identify and quantitate BP metabolites by

HPLC, aliquots of medium from adrenal cell incubations were extracted
with 3 volumes of ethylacetate/acetone (2:1) containing 0.15 mM di-

thiothreitol, and the organic phase was evaporated under N2. Adrenal

cultures were induced with BA (10 �M) or BA and ACTH (10 �iM and

iO� M, respectively) for 24 hr. After extensive washing to remove BA,

medium containing 5 �zM [3H]BP (�25 �zCi/dish) was added to the cells
and incubated for 4 hr. In order to fractionate conjugated metabolites
from free metabolites, medium from cells incubated with [3H]BP was
treated with $-glucuronidase or aryl sulfatase according to the method

of Burke et al. (27). Medium was mixed with acetate buffer (0.25 M

final concentration, pH 5.0) containing either fl-glucuronidase (2 x i0�
units/mi) (Sigma Type B-b from bovine liver) or aryl sulfatase (10

units/mi) (Sigma Type V from limpets) plus 20 mM D-saccharic acid

1,4-lactone to inhibit contaminating fl-glucuronidase. Medium to be
subjected to enzyme hydrolysis was then incubated at 37’ for 5 hr, and

the reaction was quenched with ethylacetate/acetone as described
above. Ascorbic acid (1.0 mg/ml) was added during each incubation to
reduce oxidation of phenols to quinones. Metaboiite profiles from

enzyme-treated medium were compared with those from control me-

dium, which was medium from [3HJBP-treated cells subjected to incu-
bation for 5 hr in equivalent buffer but without enzyme addition.

HPLC analysis. HPLC analyses were carried out as described pre-
viously (26). Steroids were resolved on an Altex/Beckman Ultrasphere
Octyl column (0.46 x 25 cm) at 35’ and a flow rate of 0.8 mI/mm, using

a methanol/water gradient. Quantitation of �-4,3-ketosteroids was
performed by comparing UV-absorbing peaks at 254 nm (0.05 AUFS)
from each extraction to known standard injections run concurrently

with each analysis. BP and its primary metabolites were separated on
an Aitex/Beckman Ultrasphere ODS column (0.46 x 25 cm), also using

a methanol/water gradient. BP metabolites were eluted at a flow rate
of 1.0 mi/mm. UV absorbance was monitored at 254 nm, 0.02 AUFS,

and fluorescence was detected with 248-nm excitation and >389 nm
emission wavelengths. In BAC incubations with [3HJBP, UV and

fluorescent peaks were confirmed to be BP metabolites by measuring

radioactivity, eluting with each peak, with an Anspec AN-700 radio-

activity LC detector. In addition, metabolites were identified by com-

paring metabolite retention times with those of authentic standards or

metabolites from control microsomal incubations obtained as described
previously (26).

RESULTS

Characterization of steroidogenesis in BAG cell culture.
When primary monolayers of BAC cells were incubated
with i07 M ACTH for 24 hr, a 4-fold stimulation of total
steroidogenesis over basal levels was observed (Fig. 1A).
The stimulation of steroidogenesis was half-maximal
with 10” M ACTH and maximal with 10_s M ACTH.
HPLC analysis of steroids extracted from the medium
of ACTH-stimulated BAC cell cultures revealed three
major products, cortisol (69% of total steroids), llfl-
hydroxyandrostenedione (20%), and corticosterone
(1 1 %) (Table 1). The immediate precursors to cortisol
corticosterone, and 1 lfl-hydroxyandrostenedione (11-
deoxycortisol, 1 1-deoxycorticosterone, and androstene-
dione, respectively) were also detectable; however, the
contribution of these precursors to total steroid in the
medium was generally small (<5%). In contrast to
ACTH-stimulated BAC cells, nonstimulated cells pro-
duced greater quantities of corticosterone relative to

cortisol, and androgen secretion was only a small per-
centage oftotal steroid produced (Table 1). ACTH, there-
fore, increased the proportion of products derived from
l7ct-hydroxylated precursors (deoxycortisol, cortisol +

androstenedione) by nearly 6-fold (Fig. 1B), whereas 21-
hydroxy-17-deoxysteroid products (deoxycorticosterone
+ corticosterone) increased by only a factor of 1.5 (Fig.
1C). It should be noted that total steroid production by
cultured BAC cells depends upon culture conditions and
time of cells in culture. Although total steroid production
may change (compare total steroids in Table 1 with those
in Fig. 1), the relative proportion of individual steroid
products does not.

Since deoxycorticosterone is a poor substrate for 17a-
hydroxylation, the ratio of 17a-hydroxysteroids to 21-
hydroxy-17-deoxysteroids (17a/21) is determined by rel-
ative rates of 17a- and 21-hydroxylation of progester-
one.2 In BAC cells, the 17a/21 ratio increased 4-fold
after a 24-hr exposure to ACTH (Table 1), implying that
the 17a-hydroxylation of progesterone was increased
approximately 4-fold over the competing 21-hydroxyla-
tion of progesterone.

Subcellukzr steroidogenic activities. The microsomal
metabolism of progesterone was examined in 10,000 x g

supernatants isolated from BAC cell cultures at 0, 8, and
24 hr following ACTH administration (Table 2). In frac-
tions isolated from unstimulated cells, no changes in the
relative enzyme activities were observed. ACTH in-
creased 17a-hydroxylation of progesterone by 10-fold
while increasing the production of 21-hydroxylated prod-
ucts (li-deoxycortisol + il-deoxycorticosterone) by 2-
fold. The production of il-deoxycorticosterone, from
progesterone, did not change during the time course,
suggesting that the increased 21-hydroxylase acitvity is
likely the result of increased levels of 17a-hydroxypro-
gesterone, the preferred substrate for 21-hydroxylase.
These changes in l7ct-hydroxyprogesterone levels also
prevent any conclusions concerning the effect of ACTH
on C-17,20 lyase levels.

PAH effect on steroidogenesis. Because of the well-
documented toxicity of DMBA in the adrenal, we initi-
ated studies to examine the effect of BA, the generally
less toxic parent hydrocarbon, on adrenal steroidogenesis
in BAC cell cultures. BA, when added to the cell culture
medium for 24 hr at a concentration of 5 �tM or less, did
not affect total basal steroidogenic activity. In the pres-
ence of 10 �tM BA, however, total steroidogenesis was
suppressed by 25-40% (Table 1; Fig. 2A). There were no
morphological changes in cell appearence between cul-
tures treated with or without BA, and examination of
cell viability with trypan blue revealed that BA, at a
concentration up to 20 �M, was not cytotoxic to the cells
(data not shown).

The distribution of steroid products was, however,
greatly affected by even 1.5 �M BA (Fig. 2B). The redis-

2 The steady state for progesterone; [PROG]ss (kaC)/(k, + k.�),

assuming leo � k,,C, where C = [cholesterol] and k,,, k�, k, and k,� refer
to rate constants as defined in Fig. 5. A (rate of 17a-hydroxysteroid

formation) = (k,k,,C)/(k, + k,�); B (rate of 21-hydroxy-17-hydroxyste-
roid formation) = (k,�k.,C)/(k, + k.�). Ratio: A/B = k,/k..� (also assumes:

ke*�kcandkg<<kd).
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tribution is the result of a dose-related decrease in the (Table 1). The absolute levels of 21-hydroxy-17-deoxy-
17a/21 ratio (Fig. 2C) by BA. In addition, the formation steroids (corticosterone + deoxycorticosterone), follow-
of androstenedione was completely prevented, whereas ing 10 �tM BA treatment, increased almost 2-fold over
progesterone, which was previously undetected, became control cells, whereas the absolute levels of 17a-hydroxy-
observable in unstimulated (non-ACTH-treated) cells steroids (deoxycortisol, cortisol + androstenedione) de-
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TABLE 1

Comparison of the distribution of steroid products in BAC cell cultures treated with BA or Su-10603

ACTH (10� M), BA (10 SM), and Su-10603 (0.1 �M and 10 �M) were added to BAC cell cultures in the medium as indicated under cell
treatment. The cells were then incubated at 37’ in an atmosphere of 95% air/5% CO2. After 24 hr, an aiiquot of medium was removed and the

steroids were extracted with methylene chloride. Steroid products were resolved by HPLC (see Materials and Methods) and quantitated by

comparison to known standards. Steroid amounts in each group are averages ± standard error of the mean for three experiments. The percentage
of total steroid that each produ ct represents is indic ated in parentheses.

Cell treatment Stero ids in the medium 17a/21’

Cortisol Corticosterone Androgens Progesterone Total

ng/106 cells/24 hr

Control

-ACTH 1080 ± 190

(62)
610 ± 90

(36)
70 ± 1 ND”

(4) (0)
1760 ± 280 1.9

+ACTH 3330 ± 120

(69)

545 ± 85

(11)

975 ± 200 ND

(20) (0)

4850 ± 490 7.9

BA

-ACTH 80 ± 35

(6)

1010 ± 95

(79)

ND 200 ± 60

(0) (15)

1290 ± 175 0.08

+ACTH 1510 ± 440

(48)
1610 ± 300

(52)

ND ND

(0) (0)

3120 ± 565 0.9

Su-1O603 (0.1 �M)

-ACTH 175 ± 1

(11)
1325 ± 85

(84)
ND 75 ± 1

(0) (5)
1575 ± 100 0.13

+ACTH 2650 ± 360

(57)

1970 ± 125

(43)

ND ND

(0) (0)

4620 ± 485 1.3

Su-10603 (10 �M)

-ACTH ND

(0)
1475 ± 25

(91)
50 ± 9 100 ± 25

(3) (6)
1625 ± 275 0.03

a The ratios of total 17a-hydroxysteroids to 21-hydroxy-17-deoxysteroid products.
b ND, No steroid detected.

TABLE 2

Microsomal activities in 10,000 X g supernatants isolated from BAC

cell cultures

Mitochondrial supernatants (10,000 x g) were isolated from primary
BAC cell cultures with or without prior ACTH treatment at the

indicated times. Products formed from progesterone (75 �M) in 20 mm
were analyzed by HPLC as described under Materials and Methods.
Each activity represents the average of two experiments.

Productsa OHr�’ 8 Hr 24 Hr

-ACTH +ACTH -ACTH +ACTH

pmoles/mg protein/mm

17a-Hydroxysteroids 65 60 220 60 650

21-Hydroxysteroids 75 80 85 70 140

Androstenedione 10 12 25 10 75

a 17a-Hydroxysteroids, 11-deoxycortisol + androstenedione; 21-hy-

droxysteroids, il-deoxycortisol + li-deoxycorticosterone.

b OHr, cells were fractionated without prior incubation.

creased by a factor of 14. In ACTH-stimulated cells, the
absolute increase in corticosterone was even larger (3-
fold) in the presence of 10 �M BA, whereas the absolute
level of 17a-hydroxylated products decreased by only a
factor of 3. Therefore, in both ACTH-stimulated and
unstimulated BAC cells, BA greatly increased the pro-
portion of 17-deoxysteroids (corticosterone) in the me-
dium. These results suggest a selective inhibitory effect
of BA on steroid 17a-hydroxylation and cholesterol side
chain cleavage activities.

Suppression of steroidogenesis by BA at various doses

of ACTH. Fig. 1A and B shows that the sensitivity of

total steroids and 17a-hydroxylated steroids to BA was
dependent on the dosage of ACTH. In maximally stim-
ulated cells (i0� M ACTH), BA did not affect total
steroidogenesis, whereas in unstimulated or slightly
stimulated cells (10” M ACTH), BA suppressed total
steroidogenesis by 30% (see also Fig. 2A and Table 1).
This suggests some capacity of ACTH to compensate for
the suppressive effects of BA. Similarly, the effect of BA
on 17a-hydroxylation was greatest at low doses of
ACTH. BA caused an 80% decrease in 17a-hydroxyste-
roid formation at ACTH concentrations below 10_li M,

whereas in maximally stimulated cells the reduction in
17a-hydroxysteroids was less than 30%. The magnitude
of effect by BA varied between cell preparations, but the
reduction in 17a-hydroxysteroids at low ACTH concen-
trations was always 2- to 3-fold greater than at maximal
ACTH stimulation. This suppression of steroid 17a-
hydroxylation by BA resulted in an increase in 17-deox-
ysteroid levels which was only slightly affected by the
increasing ACTH concentrations (Fig. 1C). The ratio of
17-deoxysteroid production between cells incubated in
the presence and absence of BA, at varying doses of
ACTH, is only elevated from approximately 3 in unstim-
ulated cells to 4.5 in maximally stimulated cells. This
small increase in 17-deoxysteroid production may reflect
a small stimulation in the 21-hydroxylation of progester-
one by ACTH in BAC cells.

ACTH increased the 17a/21 ratio in cells by a factor
of 5, irrespective of the presence of BA. Conversely, BA
lowered the absolute ratio by about a factor of 10 at all
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FIG. 2. Inhibition of total steroidogenesi.s and 17a-hydroxylo.se activ-

ity by various concentrations of BA

The dose-response of BA effects on steroidogenesis was examined
in primary BAC cell cultures. BA was added to cell culture medium at
the indicated concentrations and incubated with cells for 24 hr at 37’.

Steroids were extracted and separated by HPLC.

A. Effect of BA on total steroidogenesis. Results are expressed as

micrograms of steroid/106 cells/24 hr ± standard error of the mean for

two incubations.

B. Effect of BA on steroid 17a-hydroxylation. Results are expressed
as percentage of total steroid production for each concentration of BA

± standard error of the mean for two incubations. 0, 17a-Hydroxyste-
roids; #{149},17-deoxysteroids.

C. Effect of BA on the ratio of 17a-hydroxysteroids/21-hydroxy-17-

deoxysteroids (l7cr/21).

concentrations of ACTH (compare -BA and +BA for all
concentrations of ACTH, Fig. 1D). These data suggest
that ACTH does not effect the suppressive action of BA
but compensates for the decline in 17a-hydroxylated
steroids by stimulating steroid 17a-hydroxylation in
these cells. The absolute 10-fold reduction in the 17a/21
ratio indicates a 90% suppression ofcellular 17a-hydrox-
ylase activity by 10 �M BA in the presence or absence of
ACTH.

Comparison of BA inhibition of 17a-hydroxylase with
Su-10603. To characterize further the effect of BA in
suppressing steroid 17a-hydroxylation in BAC cells, ste-
roidogenesis in cells exposed to BA was compared with
that in cells treated with Su-10603 (Table 1), a specific
competitive inhibitor of microsomal 17a-hydroxylase
(28). In unstimulated cells, 0.1 �M Su-10603 decreased

the 17a/21 product ratio by approximately 15-fold when
compared with control levels. The pattern of distribution
of steroids closely resembled that of BA-treated cells.
The relatively smaller accumulation of progesterone and
the higher 17a/21 ratio indicate that 0.1 � Su-10603 is
approximately 2-fold less effective in suppressing steroid
17a-hydroxylation than 10 zM BA. ACTH-stimulated
cells exposed to 10 �M BA or 0.1 �M Su-10603 produced
similar changes in the pattern of steroid synthesis except
that, at concentrations ranging from 0.1 �zM to 50 �tM

(data not shown), Su-10603 did not affect total steroi-
dogenesis in either ACTH-stimulated or unstimulated
cells. Finally, in cells exposed to 10 �tM Su-10603 or
greater, the production of cortisol was no longer detect-
able, indicating a total inhibition of 17a-hydroxylase
activity. These data confirm that Su-10603 is a more
potent and specific inhibitor than BA.

Metabolism of PAH in BAG cell cultures. To establish
whether BAC cells will metabolize PAH and whether
this metabolism is inducible, cells were incubated at 37#{176}
in the presence or absence of BA (10 tiM) for 24 hr.
Control levels of BP metabolism varied from one cell
preparation to another; however, in general it was in the
range of 0.05-0.10 nmole of metabolites/106 cells/hr. The
presence of BA in the 24-hr preincubation induced BP
metabolism by an average of 4-fold over control (Fig. 3,
0 M ACTH). The induction of BP metabolism by BA
occurred at a concentration of BA (0.75 �M; data not
shown) that was well below the concentration of BA (>5
�zM) which suppressed total steroidogenesis and at a
concentration where a decrease in cellular 17a-hydrox-
ylation was not detectable (Fig. 2B). BAC cells, when
exposed to various doses of ACTH for 24 hr and then
incubated with [3H]BP for 4 hr, exhibited a marked
decrease in BP metabolism as compared with metabolism
without ACTH (Fig. 3, -BA ). In addition, when ACTH
and BA were co-incubated for 24 hr prior to [3H]BP, the
induced levels fell by more than 60% at maximal levels
of ACTH stimulation as compared with BA-induced
levels without ACTH (Fig. 3, +BA ). Interestingly, the
dose response of ACTH in decreasing BA-induced, BP
metabolism was parallel to the dose response of ACTH
in stimulating steroidogenesis. This suggests that the
mechanism of action of ACTH in decreasing BP metab-
olism may be similar to that by which ACTH stimulates
steroidogenesis.

Because of the similar effects of Su-10603 and BA on
steroidogenesis, the induction of BP metabolism by Su-
10603 was compared with that by BA. The results of
preexposure of cells to Su-10603 (0.1 �sM-10 �tM) with
and without BA (10 �LM) are shown in Table 3. Su-10603
induced BP metabolism in a dose-dependent manner,
with maximal induction reaching approximately that of
10 �zM BA (‘��0.40 nmole/106 cells/hr). When incubated
in the presence of BA, Su-10603 at the same doses did
not affect BA induction, suggesting that the mechanism
of induction of BP metabolism by both compounds is
similar.

Gharacterization of the suppression of BP metabolism

by AGTH. One explanation of the effect of ACTH on BP
metabolism is that it is mediated by steroids secreted in
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TABLE 3

Comparison of the induction of BP metabolism in BAG cell cultures

with Su-10603 and BA

Primary cultures of bovine adrenal cells were incubated at 37#{176}for

24 hr in the presence of varying concentrations of Su-10603 with or

without 10 �cM BA as indicated. After the 24-hr preincubation, the cells
were extensively washed with fresh medium, and then medium con-

taming 5 �zM [3H]BP was added to each plate. Metabolites of BP

secreted into the medium after a 4-hr incubation were extracted and

quantitated by liquid scintillation counting as described under Mate-
riais and Methods. BP metabolism is represented as average metabolite

concentration ± standard error of the mean for two experiments.

0------0...

+ BA

���0

Cell treatment Su-10603

concentration

BP metabolism

Control -

nmoles/106 cells/hr

0.07 ± 0.002

BA (10 �tM) - 0.40 ± 0.03

Su-10603 10uM

1.0 �M

0.1 �cM

0.35 ±0.08

0.26 ± 0.01

0.15 ± 0.02

Su-10603 + BA 10 �zM

1.0 �tM

0.1 �tM

0.35 ± 0.03

0.36 ± 0.04

0.33 ± 0.04

482 DIBARTOLOMEIS AND JEFCOATE

I I I I

0 10-13 10-Il 0-9 0-7

[ACTH] ,M

FIG. 3. Effect of ACTH and BA on BP metabolism in BAC cell

cultures

Cultured BAC cells were incubated at 37#{176}in the presence of ACTH,

at the indicated concentrations, with (#{149})or without (0) 10 zM BA.
After 24 hr, the cells were washed, and 5 �M [3H] BP in fresh medium

was added to cells at 37’ for 4 hr. Oxidized BP was extracted and

quantitated as described under Materials and Methods. Results are
expressed as the average nanomoles of BP metabolites/106 cells/hr ±

standard error of the mean for two experiments.

response to ACTH. To investigate this possibility, ACTH
and BA were added to the medium in the presence or
absence of an inhibitor of cholesterol side chain cleavage,
aminoglutethimide (11), at a concentration (0.2 mM) that

completely inhibited steroidogenesis in ACTH-stimu-
lated or unstimulated BAC cells. Neither BA induction
of BP metabolism in the absence of ACTH nor the
decrease in BP metabolism in the presence of ACTH was
affected by the simultaneous presence of 0.2 mM ami-
noglutethimide (Fig. 4). In addition, several of the most
prominent steroids secreted by BAC cell cultures (an-
drostenedione, 5 �M; 11�3-hydroxyandrostenedione, 5 �M;

corticosterone, 5 �M; cortisol, 20 tiM) were individually
added back to the culture medium for 24 hr in the
presence of BA and aminoglutethimide. No change in
BA induction of BP metabolism was observed in the
presence of any of these steroids (data not shown). The
results of these experiments indicate that steroids se-
creted by BAC cell cultures do not affect induction of
BP metabolism by BA.

Finally, in order to investigate whether the effect of
ACTH in decreasing BP metabolism was mediated by
cyclic AMP, dibutyryl cyclic AMP was added to cells in

the presence or absence of BA (Table 4). At 0.5 mM
cyclic AMP, the concentration which exhibited stimula-
tion of steroidogenesis equivalent to -�65% of a maximal
dose of ACTH, the induction of BP metabolism by BA
was reduced by �50%. This is in good agreement with
the decrease in BP metabolism by a maximal dose of
ACTH. When cyclic AMP was administered at a concen-
tration of 1.0 mM, there was a slight increase in steroi-
dogenesis in the presence of BA but no difference with
respect to the decrease in BA induction of BP metabo-
lism from what was observed at 0.5 mM cyclic AMP.
Interestingly, a similar decrease in basal levels of BP
metabolism was observed with cyclic AMP as was ob-
served with ACTH. These results suggest that the effect
of ACTH on BP metabolism is mediated by cyclic AMP.

Profile of BP metabolites secreted by BAG cell cultures.
HPLC analysis of BP metabolites, formed by BAC cul-
tures, is shown in Tables 5 and 6. When the medium is
extracted directly before hydrolysis, the majority of 3H-
associated metabolites (���-90%) elute in the polar region
of the gradient. BA increases and ACTH decreases me-
tabolism predominantly through changes in these polar
metabolites (Table 5). If the medium is first hydrolyzed
non-enzymatically at pH 5.0, 20-30% of the highly polar
region is released into the less polar regions of the
gradient. Although most metabolites were increased by
the acid treatment, the largest increases occurred with
three unidentified peaks arising presumably from the
acetate treatment (Table 6, UAM). Addition of aryl
sulfatase resulted in a further release of a small portion
of metabolites (�-20% over acetate treatment alone),
whereas f3-glucuronidase resulted in an even smaller
release of metabolites over background (10%). The larg-
est proportion of polar products, however, remained re-
sistant to hydrolysis.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


.36

.30

.24

.18

.12

.06

a:
I

(I)
-I
-J
Lu
U

0

U,
LU
1-
-I
0
cc

I-
Lu

0�
cc

(I)
Lu
.J
0

C

INTERACTION OF ACTH WITH PAH IN CULTURED ADRENAL CELLS 483

A B C D

FIG. 4. Suppression of BA induction of AHH activity by ACTH in

the presence of aminoglutethimide

Cultured BAC cells were incubated for 24 hr at 37#{176}in medium
containing: A, control; B, 10 �M BA; C, 10 �iM BA + 0.1 �M ACTH +

0.2 mM aminoglutethimide; D, 10 �LM BA + 0.2 mM aminoglutethimide.

Cells were washed extensively, followed by a 4-hr incubation with 5 �M

[3H]BP. Oxidized BP was extracted and quantitated as described under
Materials and Methods. Results are expressed as nanomoles of BP

metabolites/106 cells/hr ± standard error of the mean for two experi-

ments.

The phenols and quinones were among the most prom-
inent identifiable BP metabolites formed in BAC cell
cultures. Among the other metabolites identified by
HPLC were small quantities of 9,10- and 7,8-diols. Al-
though BA induced total metabolism by 4-fold, this
induction was only observed as an increase in polar
metabolites. Presumably, conjugation and secondary
monooxygenation reactions have been induced to the
same extent as primary monooxygenation. The levels of
primary BP metabolites reflect a steady state in cells in
which primary metabolism of BP is balanced by conju-
gation and further monooxygenation. Interestingly, the
BP tetrols, derived from the carcinogenic BP 7,8-dihy-
drodiol-9,10-oxides which are usually not subjected to
further metabolism, were not detectable in these cells.

DISCUSSION

Recent work has shown that bovine adrenal cortical
cells in culture exhibit all of the steroidogenic activities
found in vivo (10, 15, 17, 18). Figure 5 outlines the major
pathways of steroidogenesis in cultured BAC cells. Con-
fluent, primary cultures are highly responsive to ACTH,

TABLE 4

Effect of cyclic AMP on BA induction of BP metabolism in primary

BAC cell cultures

ACTH (10� M) and dibutyryl cyclic AMP (0.5 and 1.0 mM) were

added to the culture medium at the indicated concentrations in the
presence or absence of 10 gzM BA. Medium was then added to cultured
BAC cells and incubated at 37#{176}.At the end of 24 hr, the medium was

extracted for total steroids and the cells were then incubated with fresh

medium containing 5 �M [3H]BP for an additional 4 hr. BP metabolites
were extracted and quantitated by liquid scintillation counting. Steroids
were quantitated by HPLC. Rate of BP metabolism and steroid pro-

duction are averages ± standard error of the mean for two experiments.

Preincubation BP metabolism Total steroid

(24 hr)

nmoles/106 cells/hr p.g/106 cells/24 hr

Control 0.12 ± 0.006 2.41 ± 0.08

BA 0.45 ± 0.04 1.67 ± 0.07

ACTH
-BA 0.08 ± 0.003 12.0 ± 0.75

+BA 0.20 ± 1 10.5 ± 0.81

Cyclic AMP (0.5 mM)

-BA 0.08 ± 0.01 7.90 ± 0.45

+BA 0.23 ± 0.007 6.62 ± 0.04

Cyclic AMP (1.0 mM)

-BA 0.09 ± 0.001 9.00 ± 0.63

+BA 0.21 ± 0.008 7.43 ± 0.19

producing cortisol (Pathway I) as the predominant ste-
roid product and lesser amounts of androstenedione
(Pathway III) and corticosterone (Pathway II). The rate
of steroidogenesis in these cultured cells is comparable
to that found in freshly isolated tissue (10). In this paper,
we confirm the recent findings (17, 18) that the stimu-

TABLE 5

Changes in distribution ofpokzr BP metabolites formed in BAC cell
cultures

Primary BAC cell cultures were induced with BA (10 �tM) or BA (10

�zM) + ACTH (0.24 SM), or not induced (control), for 24 hr at 37#{176}in

medium containing antioxidants. The cells were then washed exten-

sively and incubated for an additional 4 hr with 5 �M [3HJBP (�-25

�zCi/dish) in fresh medium. BP metabolites from five plates were pooled

and subjected to acetate hydrolysis at 37� in the presence of aryl

sulfatase or �3-glucuronidase, or no enzyme addition. BP metabolites

were identified by HPLC and quantitated by liquid scintillation count-

ing as described under Materials and Methods.

Cell treatment Total polara Total metabolism1’

-Ac �Ac �S �G

pmoles/1O6 cells/hr pmoles/106 cells/hr

Control 140 -50 -65 -55 150 ± 22

BA 530 -120 -145 -135 570 ± 55

BA + ACTH 340 -65 -90 -70 350 ± 38

a Total polar metabolites that elute within the first 10 mm of the

gradient; z�Ac, Difference between acetate-treated medium and no

treatment (-Ac); �S, difference between aryl sulfatase treatment and

acetate treatment alone; �G, difference between $-glucuronidase treat-
ment and acetate treatment alone. Data represent the average from

two similar experiments.

b Total metabolism as quantitated by dimethyl sulfoxide/hexane

extraction. Values are averages ± standard error of the mean (n = 6).
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a Metabolite abbreviations: 2’, metabolite eluting in the region of secondary

metabolites; 9,10-diol, tran.s-9,10-dihydroxy.9,10-dihydrobenzo[alpyrene; 7,8-

diol, trans-7,8-dihydroxy-7,8-dihydrobenzo[ajpyrene; 4,5-diol, trans-4,5-dihy-

droxy-4,5-dihydrobenzolalpyrene; 9-phenol, 9-hydroxybenzo[a]pyrene; 3-phenol,

3-hydroxybenzo[a]pyrene; UAM, summation of three nonpolar metabolites aris-
ing from acetate hydrolysis.

1’ -Ac, Metabolite profile in medium without further treatment; 3.Ac; changes
in metabolite profile in medium subjected to acetate hydrolysis versus no treat-
ment; �1S + �G, summation of the differences in aryl sulfatase and f3-glucuroni-
dase treatment versus acetate treatment alone.

� ND, None detected.

BA

CHOLESTEROL---*-� PREGNENOLONE

a bi d DEOXY- e

g #{149}#{149}... .�PR0GESTER0NE �

�. . . . . I BA

�N7� � DEOXY-(II1)ANDROSTENEDIONE -OH PROGESTERONE -� -�CORTlSOL(1)
d CORTISOL e

BA

Ci N

Su-10603
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TABLE 6

Profile of BP metabolites#{176} formed in primary BAC cell cultures

Conditions are identical with that described in Table 5.

Cell

treatment

2’

9,10

Diols

4,5

Quinones

-

7,8 1,6 3,6

Phe

9

nols

3

UAM

pmoles/1O#{176} cells/hr

Control
-Ac#{176} ND’ <1 1.0 3.0 <1 1.0 1.5 4.0 ND
.�Ac 2.0 - - - 5.5 4.5 1.5 2.0 36
.IS + .IG - 2.0 - 0.5 - 2.0 4.0 9.5 1.0

BA
-Ac ND 1.0 1.0 2.0 1.0 2.0 1.5 6.0 ND
�Ac 4.0 - - - 6.5 5.0 5.5 6.0 36
�s + �1G 5.0 4.0 1.0 3.0 2.0 1.0 6.0 5.0 20

+BA +ACTH
-Ac ND <1 <1 1.5 1.0 1.5 1.0 5.5 ND
.�Ac 4.5 1.0 - - 4.0 3.0 3.0 13 25
�1S + �1G - 2.0 1.0 2.0 5.0 4.5 8.0 - 9.0

lation of steroidogenic cytochrome P-450-dependent en-
zyme activities by ACTH is very selective. We also
demonstrate that these enzyme activities are selectively
suppressed by PAH, as represented by BA. In addition,
we have established an interrelationship between ACTH
and PAH in regulating cytochrome P-450 activities in
these cells.

The result of selective increases and decreases in in-
dividual enzyme activities, in relation to cellular steroi-

a) P-450 �

b) 3p-OHDH

c) l7c��-0Hase

d) 21-OHase

e) P-45011p

f) C-17,2OLYASE

g) 17c’-OHase-C-17,20 LYASE

dogenesis, can be clarified by considering the competition
for progesterone by 17a- and 21-hydroxylases (enzymes
c and d, respectively; see Fig. 5). A simple evaluation of
the steady state of progesterone that exists for choles-
terol metabolism in either fully ACTH-stimulated or
unstimulated cells indicates that the ratio of 17a-hy-
droxysteroids to 21-hydroxy-17-deoxysteroids (17a/21)
is equivalent to the ratio of kc/kd, with progesterone as
substrate.2 During a 24-hr incubation in the presence of
ACTH (Fig. 1; Table 1), this steady state continuously
changes as the ratio of the two hydroxylases changes.
Nevertheless, the 17a/21 ratio represents an average of
the ratio of 17a-hydroxylation/21-hydroxylation of pro-
gesterone (c/d), weighted to the end of the 24-hr incu-
bation where the over-all rate of steroidogenesis is high-
est. The 4-fold increase in the 17a/21 product ratio,
produced by ACTH, is fully consistent with the ratio of
enzyme activities in the postmitochondrial supernatant
from ACTH-stimulated cells (Table 2). In comparison,
mitochondrial cholesterol side chain cleavage activity is
increased 2.5-fold in these cells after 24-hr exposure to
ACTH.3 The selective responses to ACTH described here
are generally in agreement with those found for BAC
cells cultured under different culture conditions. A some-
what higher induction of 17a-hydroxylase by ACTH and
a lack of sensitivity of 21-hydroxylase to ACTH have
been reported (17, 18). However, in the latter case, a 15-
fold induction of the specific cytochrome P-45021 (21-
hydroxylase) was evident.

The effects of low levels of BA on steroidogenesis is
characterized by a suppression of cortisol and andros-
tenedione production and concomitant rises in corticos-
terone and progesterone. A specific 17a-hydroxylase in-

3 M. J. DiBartolomeis and C. R. Jefcoate, submitted for publication.

FIG. 5. Proposed pathways for steroidogenesis in BAC cell cultures and points of inhibition by BA and Su-10603
The primary pathways involved in conversion of cholesterol to C-21 and C-19 steroids in BAC cell cultures are presented. Enzymes are

designated by small letters and defined above. Enzyme g denotes a proposed pathway by which androstenedione is synthesized from progesterone

by one enzyme containing both 17a-hydroxylase and C-17,20 lyase activities. Points of inhibition in the sequence by BA and Su-10603 are

denoted by an X in the arrow from substrate to product. The point of inhibition by BA at Step a is represented by a dashed line designating

inhibition by BA at only high concentrations. The structure of the competitive 17a-hydroxylase inhibitor, Su-10603, is also shown. Enzyme

abbreviations: P-450,�, cholesterol side chain cleavage; 3/3-OH DH, 3fl-hydroxysteroid dehydrogenase; 17a-OHase, 17a-hydroxylase; 21-OHase,

21-hydroxylase; P-45011�, llfl-hydroxylase.
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hibitor, Su-10603 (28), exhibited changes in the pattern
of steroidogenesis very similar to those exhibited by BA.
The data presented in Figs. 1 and 2 indicate that steroid
17a-hydroxylation in BAC cells is about 10 times more
sensitive to BA (half-maximal effect at 1-3 �tM) than
cholesterol side chain cleavage (half-maximal effect at
>20 MM). The decrease in total steroid production by
BAC cells may also be the result of BA’s acting by a
mechanism which decreases the availability of choles-
terol to P45Oscc, rather than as an inhibitor of cholesterol
SCC. Although BA exerts its effects on steroidogenesis
at low concentrations (1.5 �zM), the suppressive action of
BA is less selective on steroidogenesis than is the action
of Su-10603. The changes in the 17a/21 ratio (Table 1)
indicate that 0.1 �zM Su-10603 inhibits 17a-hydroxylase
activity by about 90% (assuming no effect on 21-hydrox-
ylase), whereas a 10 zM concentration of this inhibitor
has no effect on P-450�� as represented by total steroi-
dogenesis. The total reduction of androstenedione syn-
thesis by both compounds may partially be the result of
a direct effect on C-17,20 lyase (see Fig. 5). Interestingly,
at a large dose of Su-10603 (10 �tM), which resulted in no
detectable cortisol production, low levels (equivalent to
basal levels) of androstenedione were present in the
medium (Table 1). This suggests that an alternate path-
way leading to androstenedione synthesis can be utilized
which is catalyzed by a single enzyme with both 17a-
hydroxylase and C-17,20 lyase activities. Cytochrome P-
450 enzymes from testicular and adrenal microsomes (8,
9) have been isolated which exhibit both activities. The
importance of such an enzyme in adrenal steroidogenesis
remains to be determined.

There have been few reports which demonstrate the
induction of xenobiotic metabolism in the adrenal gland.
Berry et al. (29) demonstrated a 5-fold induction in BP
metabolism by 2,3,7,8-tetrachlorodibenzo-p-dioxin in
pregnant rats. ACTH has also been reported to increase
this activity in hypophysectomized rats (2). However, in
the latter study, ACTH probably increases PAH metab-
olism by raising microsomal cytochrome P-450 from
reduced levels (‘-.-SO% of control) to normal basal levels.
BAC cells in culture have substantially greater levels of
BP-monooxygenase activity than does fresh BAC tissue.
This may reflect a selection of a minor population of
BAC cells by the culturing procedure or a change in the
cytochrome P-450 form responsible for this activity due
to the culture conditions. The 3- to 5-fold induction of
BP metabolism by BA is typical of fibroblasts (30).
However, both ACTH and dibutyryl cyclic AMP, at
levels which maximally stimulate steroidogenesis, de-
crease BA-induced and uninduced metabolism of BP in
these cells. Steroids secreted by ACTH-stimulated BAC
cells could possibly be inhibiting the induction of BP
metabolism by BA. However, a similar decrease in this
induction of BP metabolism is observed when steroid
synthesis is fully inhibited by aminoglutethimide (see
Fig. 4). This implies that BP metabolism occurs in cells
which are responsive to ACTH treatment, i.e., an adrenal
cell and not a fibroblast.

ACTH is apparently acting through cyclic AMP in
decreasing PAH metabolism, since essentially identical

results are obtained by both agents. In addition, it seems
likely that a maximal 2-fold reduction of BP metabolism
is attained with ACTH and dibutyryl cyclic AMP at 108

M and 0.5 mM concentrations, respectively. Interestingly,

the doses at which ACTH stimulated steroidogenesis and
decreased BA induction of BP metabolism were similar,
indicating further the possibility of a common mecha-
nism by which ACTH regulates these two distinct met-
abolic activities. Although dibutyryl cyclic AMP and
ACTH exert effects of similar magnitude on BP metab-
olism in BAC cell cultures, the degree of stimulation of
steroidogenesis by dibutyryl cyclic AMP at 1.0 mM is
substantially less than that observed with 10_8 M ACTH.
This may reflect a more direct mode of action by cyclic
AMP on the induction of BP metabolism in comparison
to that of ACTH.

Analysis of the products of BP metabolism indicates
only low levels of dihydrodiols, quinones, and phenols.
The production of these metabolites appears to be rela-
tively insensitive to induction by BA, even though total
metabolism is induced by 4-fold. The majority of prod-
ucts (>90%) are polar, suggesting that the primary prod-
uct distribution reflects steady states that are insensitive
to BA as a result of similar increases in both primary
and secondary reaction rates. Positions 9,10 and 3 of BP
appear to be favored for monooxygenation in both BA-
induced and uninduced cells, whereas low epoxide hydro-
lase limits the formation of 9,10-dihydrodiol (hence the
accumulation of 9-phenol). The nature of the extremely
high levels of polar products remains to be determined.
However, Burke et al. (27) reported a similar highly polar,
nonhydrolyzable peak of BP metabolites formed in iso-
lated hepatocytes.

Our results demonstrate that the cytochrome P-450
isozymes involved in steroidogenesis and PAH metabo-
lism are separately controlled in BAC cells. In addition,
our data provide evidence that these cytochrome P-450-
dependent enzymes may be distinct, confirming previous
studies in other laboratories (2-5). The order of sensitiv-
ity to stimulation of steroidogenic activity by ACTH
(17a-hydroxylase > P-450�� > 21-hydroxylase) parallels
the order of suppression by BA. BA does not seem to
affect mitochondrial 11/3-hydroxylase activity, as evi-
dence by the lack of accumulation of il-deoxysteroid
products in the presence of BA. There exist several
explanations for the action of BA in suppressing these
steroidogenic-associated cytochrome P-450-dependent
activities. Although we cannot exclude an effect of BA
upon the stimulation of steroidogenic activity by ACTH,
the data are fully consistent with a direct selective inhi-
bition by BA (or a metabolite of BA) similar to that
demonstrated by Su-10603. This is further supported by
the evidence that Su-10603 induced BP metabolism in
these cells, presumably by binding to the same BA recep-
tor, since the effects of the two inducers were not addi-
tive.

It has been reported that the metabolism of carbon
tetrachloride reduces the cytochrome P-450 content by
initiating lipid peroxidation in the adrenal gland (31).
However, this is unlikely in the case of BA for the
following reasons: antioxidants added to the culture me-
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dium do not prevent the suppression of 17a-hydroxyla-
tion by BA (see Fig. 1); 17a-hydroxylase is reportedly
insensitive to lipid peroxidation (32); and two enzymes,
P-4501113 and 21-hydroxylase, both of which are highly
sensitive to lipid peroxidation, are relatively insensitive
to BA. The significance of PAH metabolism in the ad-
renal is not known; however, the demonstration that
PAH suppress specific cytochrome P.450-dependent ac-
tivities in BAC cells suggests that the toxicity of these
compounds is related to interaction with specific targets
and not cytotoxicity.
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