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Abstract—Studies were done to determine the effects of a P450 suicide inhibitor, 1-aminobenzotriazole
(ABT), on adrenal steroid and xenobiotic metabolism. Incubation of guinea pig adrenal microsomes
with ABT plus an NADPH-generating system caused a time-dependent decline in total P450
concentrations. The maximal decrease in P450 levels was approximately 35% and was accompanied by
an equimolar decrease in heme content. Western blot analyses indicated that ABT had no effect on
P450 apoprotein levels. Benzphetamine (BZ) N-demethylase and benzola]pyrene (BP) hydroxylase
activities were inhibited almost completely by microsomal incubations with ABT. In contrast, neither
steroid 17a~hydroxylase nor 21-hydroxylase activity was affected by ABT. The steroid-induced type 1
spectral change in adrenal microsomes also was not affected by ABT, whereas that induced by BZ was
eliminated. Similar studies with adrenal mitochondria indicated that ABT had no effect on mitochondrial
P450 concentrations or on mitochondrial steroid metabolism. The results demonstrate that the in vitro
actions of ABT on adrenal cytochromes P450 are highly selective for those isozymes that catalyze
xenobiotic metabolism. Therefore, ABT should serve as a useful probe for further characterization of
adrenal xenobiotic-metabolizing P450 isozymes.
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The adrenal cortex is an organ that contains an
abundance of cytochromes P450 [1, 2]. Most adrenal
P450 isozymes are involved in the synthesis of steroid
hormones such as cortisol and aldosterone. However,
foreign compounds are also metabolized by the
adrenal cortex, mostly by P450 isozymes that are
distinct from those involved in steroidogenesis [3, 4].
In addition, some xenobiotic-metabolizing activity
has been attributed to the steroid hydroxylase
P450c17 (5, 6]. The rates of xenobiotic metabolism
are particularly high in the human fetal and guinea
pig adrenal glands [7-9].

Although steroidogenic cytochromes P450 have
been investigated extensively and are well-charac-
terized [1, 2], relatively little is known about the
adrenal isozymes that catalyze the metabolism of
foreign compounds. It has been demonstrated
that adrenal steroid- and xenobiotic-metabolizing
activities are differentially regulated by a variety of
physiological factors [7-9]. In addition, selective
modulation of steroidogenic P450 isozymes by
pharmacological agents has long been possible [10].

§ Corresponding author: Howard D. Colby, Ph.D.,
Department of Pharmacology and Toxicology, Philadelphia
College of Pharmacy and Science, 600 South 43rd St.,
Philadelphia, PA 19104. Tel. (215) 596-8830; FAX (215)
895-1161.

|| Abbreviations: ABT, 1-aminobenzotriazole; BZ, benz-
phetamine; and BP, benzo[a]pyrene.

However, selective inhibitors of foreign compound
metabolism by the adrenal have yet to be identified.
The availability of such compounds would be very
useful for studies on the further characterization of
those adrenal P450 isozymes catalyzing xenobiotic
metabolism.

ABT] is a mechanism-based (suicide) inhibitor of
cytochromes P450 in various organs including liver,
lung, and kidney [11-17]. Accordingly, inhibition by
ABT requires metabolism by affected P450 isozymes
in target organs and is time dependent; in addition,
the effects are irreversible. Enzyme inactivation by
ABT results from the alkylation of P450 heme by
the ABT metabolite benzyne [11-13]. The inhibitory
effects of ABT seem to be limited to cytochromes
P450, but are relatively non-selective with respect
to different P450 isozymes. However, effects on
steroidogenic cytochromes P450 have not been
investigated. A recent report indicating that adrenal
enlargement results from ABT administration to
rats [18] suggests the possibility of effects on
adrenocortical function. The studies presented in
this paper were done to pursue this observation by
comparing the actions of ABT on adrenal P450-
mediated steroid and xenobiotic metabolism.

MATERIALS AND METHODS

ABT was supplied by Hoffman-LaRoche, Inc.,
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Nutley, NJ. A polyclonal antibody to P4501A1 and
P4501A2 that cross-reacts with a 52K isozyme in
guinea pig adrenal microsomes was obtained from
Human Biologics, Inc., Phoenix, AZ. A 3p-
hydroxysteroid dehydrogenase inhibitor, 4.,4-
dimethyl-2a~cyano-20-spirox-5-en-3-one, was pro-
vided by Merck, Sharp & Dohme Research
Laboratories, Rahway, NJ. Except where indicated,
other reagents were obtained from the Sigma
Chemical Co., St. Louis, MO.

Male English Short-Hair guinea pigs weighing
approximately 800—1000 g were obtained from Camm
Research Institute, Wayne, NJ. Animals were
maintained under standardized conditions of light
(6:00 a.m.—6:00 p.m.) and temperature (22°) and
received food and water ad lib. All guinea pigs were
killed by CO, inhalation between 8:00 and 9:00 a.m.
Adrenal glands were quickly removed and placed in
cold 0.25M sucrose containing 0.05M Tris—-HCI
(pH 7.4) on ice. Adrenals were then trimmed free
of fat and connective tissue, weighed, and
homogenized in sucrose-Tris buffer. Washed mito-
chondrial and microsomal fractions were prepared
by differential centrifugation as described previously
[19, 20].

Incubation conditions for evaluation of the effects
of ABT were essentially the same as described
previously [20]. Microsomal suspensions (0.5mg
protein/mL) in 1.15% KCI-0.05M Tris-HCl con-
taining 3mM MgCl, were incubated with ABT
(0.1 mM) and/or an NADPH-generating system
(0.4 mM NADP*, 10 mM sodium isocitrate, 0.3 U/
mL isocitrate dehydrogenase) in a total volume of
2.5mL. Unless otherwise indicated, incubations
were for 30 min in 25-mL Erlenmeyer flasks at 37°
under air in a Dubnoff Metabolic Incubator.
Mitochondrial incubations were done similarly
except that 0.25 M sucrose was used in the medium
instead of 1.15% KCIl. For each of the incubation
conditions employed, one set of flasks served
as unincubated or O-time controls. After the
incubations, flasks were placed in an ice bath, and
the mitochondria or microsomes in each flask were
washed (recentrifuged) once prior to use in the
assays described below.

Mitochondrial 118-hydroxylase activity was
assayed as the rate of conversion of 11-deoxycortisol
to cortisol as described previously [19]. Cortisol
was measured fluorometrically [21]. Cholesterol
sidechain cleavage activity was determined as the
rate of pregnenolone production by isolated adrenal
mitochondria, with endogenous cholesterol as the
substrate [19]. Cholesterol metabolism was initiated
by the addition of 10 mM sodium isocitrate, and 4,4-
dimethyl-2a~cyano-20-spirox-5-en-3-one (50 uM), a
3p-hydroxysteroid dehydrogenase inhibitor, was
included in each flask to prevent the conversion of
pregnenolone to progesterone [22]. Pregnenolone
was extracted from the incubation flasks with
methylene dichloride and measured with a highly
specific radioimmunoassay [19].

Microsomal steroid 21-hydroxylase activity was
determined from the rate of conversion of 17a-
hydroxyprogesterone to 11-deoxycortisol, and 17a-
hydroxylase activity from the rate of conversion of
progesterone to 17a-hydroxyprogesterone plus 11-
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deoxycortisol. Incubation conditions and HPLC
analyses of metabolites were described previously in
detail [23]. Benzo[a]pyrene hydroxylation was
determined by the fluorometric method of Nebert
and Gelboin [24]. Quinine sulfate was calibrated
against authentic 3-hydroxy-benzo[a]pyrene and
routinely used as the fluorescence standard.
Benzphetamine N-demethylation was assayed as the
amount of formaldehyde formed using the method
of Nash [25], as previously described [26]. For all
enzyme assays, conditions were established to ensure
linearity of product formation with respect to protein
concentrations and incubation times.

Cytochrome P450 was measured as the dithionite-
reduced CO complex as described by Omura and
Sato [27]. Substrate-induced type I difference spectra
were recorded with an Aminco DW-2a recording
spectrophotometer in the split-beam mode. As
noted above, all mitochondrial and microsomal
preparations were reisolated (washed) after incu-
bation with ABT and/or NADPH, and the spectra
were obtained with the washed samples. Thus, most
of the ABT and NADPH present during the
incubations was removed prior to the spectral
analyses. For western blot analyses, the anti-P450c17
and anti-P450c21 were prepared as described
previously [28]. These antisera recognize adrenal
microsomal proteins having molecular weights of
54K and 50K, respectively [3,29]. A polyclonal
antibody to P4501A1 and P4501A2 was used to
monitor the 52K P450 isozyme in adrenal microsomes
[3]- This antibody reacts with the microsomal protein
having a molecular weight of 52K but not with the
54K (P450c17) or 50K (P450c21) protein. Similar
observations have been made by Black er al. [3]
using a different polyclonal antibody raised against
rat P4501A1 and P4501A2. SDS-PAGE was done
by the method of Laemmli [30] and western blots of
microsomal proteins by the method of Towbin et al.
[31]. Immunoreactive proteins were visualized
by peroxidase immunostaining. Microsomal and
mitochondrial protein concentrations were deter-
mined by the method of Lowry er al. [32]. Statistical
analyses of differences between group means were
done with the Newman—Keuls multiple-range test.
Data are presented as means + SEM.

RESULTS

Incubation of guinea pig adrenal microsomes with
ABT plusan NADPH-generating system significantly
decreased cytochrome P450 concentrations (Fig. 1).
Neither ABT nor NADPH alone had any effect on
P450 levels. These results are expected for a P450
suicide inhibitor and are similar to those obtained
with ABT in liver and other organs [11-17]. Time-
course studies revealed that the maximal loss of
spectrally detectable P450 caused by ABT was 30—
35% (Fig. 2). Higher concentrations of ABT did not
increase the degradation of P450 (not shown). Thus,
approximately 65-70% of adrenal microsomal P450
was resistant to the actions of ABT, a far greater
fraction than reported for other organs [14-17].
Microsomal heme content was also decreased by
ABT when NADPH was included in the incubation
medium (Fig. 1). Although the percent decline in
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Fig. 1. Effects of incubating guinea pig adrenal microsomes
with ABT (0.1 mM) and/or NADPH on P450 and heme
concentrations. Incubations were done for 30min as
described in Materials and Methods. Data are expressed
as percent of control values and are the means = SEM of
4 experiments. Control values (100%): 1.9 + 0.2 nmol/mg
protein, P450; 4.1 = 0.6 nmol/mg protein, heme. Key: (*)

P < 0.05 (vs controls).
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Fig. 2. Time-courses for the loss of cytochrome P450 and
inactivation of BP hydroxylase during incubation of adrenal
microsomes with ABT (0.1 mM) plus NADPH for 0, 15,
30 or 60 min. Incubations and assays were done as described
in Materials and Methods. Values are means + SEM of 4
experiments. Control values (100%): 1.8 = 0.2 nmol/mg
protein, P450; 516 = 67 pmol/(min-mg protein), BP
hydroxylase.

total heme was smaller than that in P450, the molar
losses were similar. The results suggest that ABT
did not affect other hemeproteins such as cytochrome
bs, which is abundant in adrenal microsomes. ABT
also had no effect on the concentrations of the
apoproteins for the three major P450 isozymes in
guinea pig adrenal microsomes: the P450c17 (54K),
the P450c21 (50K), and the 52K isozyme that cross-
reacts with antisera to P4501A1/P4501A2 {3].
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Fig. 3. Effects of incubating guinea pig adrenal microsomes
with ABT (0.1mM) and/or NADPH on xenobiotic
metabolism. Data are expressed as percent of control
values and are the means + SEM of 5 experiments. Control
values (100%): 467 * 59 pmol/(min-mg protein), BP-
OHase; 9.7 = 1.4 nmol/(min-mg protein), BZ-demethyl-
ase. Key: (*) P <0.05 (vs controls). Abbreviations: BP-
OHase, benzo[alpyrene hydroxylase; and BZ, benz-

phetamine.
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Fig. 4. Effects of incubating guinea pig adrenal microsomes
with ABT (0.1 mM) and/or NADPH onsteroid metabolism.
Data are expressed as percent of control values and are
the means = SEM of 5 experiments. Control values (100%):
8.6 + 1.1 nmol/(min-mg protein), 17a-OHase; 4.2 = 0.6
nmol/(min-mg protein), 21-OHase. Abbreviations: 17a-
OHase, steroid 17a-hydroxylase; and 21-OHase, steroid
21-hydroxylase.

Neither SDS-PAGE nor western blot analyses
indicated any change in apoprotein levels (data not
shown).

ABT had markedly different effects on adrenal
xenobiotic and steroid metabolism. After incubation
of microsomes with ABT plus NADPH, BP
hydroxylase and BZ N-demethylase activities
declined by more than 90% (Fig. 3). In the absence
of NADPH, ABT had no effect on the rate of either
reaction. Maximal loss of enzyme activity required
incubation with ABT + NADPH for approximately
60 min (Fig. 2). In contrast to its effects on
adrenal xenobiotic metabolism, ABT did not affect
microsomal steroid hydroxylase activities (Fig.
4). The rates of 17a-hydroxylation and of 21-
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Fig. 5. Effects of incubating guinea pig adrenal microsomes
with ABT (0.1 mM) and/or NADPH on the benzphetamine
(BZ) and progesterone (Prog.)-induced type I difference
spectra. Data are expressed as percent of control values
and are the means + SEM of 4 experiments. Control values
(100%): 0.09 =0.02 (AA385—420nm), BZ type 1
spectrum; 0.23 = 0.03 (AA385 — 420 nm), prog. type I
spectrum. Key: (*) P < 0.05 (vs controls).

hydroxylation were not altered by microsomal
incubations with ABT in the presence or absence of
NADPH. These findings suggested that the actions
of ABT in vitro were limited to the xenobiotic-
metabolizing P450 isozymes.

Spectral analyses of ABT effects on substrate-
binding to microsomal cytochromes P450 yielded
results that were consistent with the changes in
enzyme activities. Binding of BZ to P450, as
indicated by the magnitude of the type I difference
spectrum, was eliminated almost completely by
incubation of microsomes with ABT plus NADPH
(Fig. 5). In contrast, the binding of progesterone, a
steroid substrate for the 17a- and 21-hydroxylases,
was not affected by ABT. These observations are
consistent with a selective inactivation by ABT of
adrenal microsomal P450 isozymes involved in
xenobiotic metabolism, but not those catalyzing
steroid synthesis.

Since some P450 isozymes that are involved in
steroidogenesis are found in the mitochondrial
fraction of adrenocortical cells, experiments similar
to those described above were also done with
mitochondrial preparations (Fig. 6). ABT had no
effect on mitochondrial P450 concentrations or on
the activities of the mitochondrial enzymes, steroid
115-hydroxylase and cholesterol sidechain cleavage.
Similarly, when whole adrenal homogenates were
incubated with ABT + NADPH and subcellular
fractions subsequently isolated, ABT had no effect
on mitochondrial steroid hydroxylase activities, but
almost completely inhibited microsomal xenobiotic
metabolism (data not shown). Thus, all of the data
indicate that the in vitro effects of ABT on adrenal
P450 isozymes are limited to those involved in
xenobiotic metabolism.

DISCUSSION

The results of prior investigations indicated that

Fig. 6. Effects of incubating guinea pig adrenal mitochondria
with ABT and/or NADPH on cytochrome P450 con-
centrations and on steroid 118-hydroxylase (118-OHase)
and cholesterol sidechain cleavage (CSSC) activities. Data
are expressed as percent of control values and are the
means * SEM of 5 or 6 experiments. Control values
(100%): 0.7 = 0.1 nmol/mg protein, P-450; 1.4 = 0.2 nmol/
(min-mg protein), 118-OHase; 0.12 + 0.02 nmol/(min-mg
protein), CSSC.

ABT was a relatively non-selective inhibitor of
cytochromes P450 in livers, kidneys, and lungs [11-
17]. In those organs, ABT effected the degradation
of approximately 70-90% of the total P450 content.
The effects of ABT on various isozyme-specific
enzyme activities similarly suggested inactivation of
multiple P450 isozymes. However, in none of the
previous studies was the effect of ABT on
steroidogenic cytochromes P450 evaluated.

The data presented in this report demonstrate that
the actions of ABT in virro on adrenal cytochromes
P450 are highly selective for those isozymes that
catalyze xenobiotic metabolism. Mitochondrial
cytochrome P450-catalyzed steroidogenic reactions
were not affected by ABT and the total concentration
of mitochondrial cytochromes P450, which are
involved in steroid metabolism only, was not
diminished by ABT. In contrast, ABT caused a 30—
35% decline in microsomal P450 concentrations and
approximately 90% losses of BP hydroxylase and
BZ N-demethylase activities. Microsomal 17a~
bydroxylase and 21-hydroxylase activities were
unaffected. Thus, the effects of ABT on adrenal
cytochromes P450 might be characterized as virtually
“all or none” responses. Sensitive isozymes were
almost totally inactivated, whereas those resistant to
ABT were not affected at all. It is possible that the
small amount of xenobiotic-metabolizing activity not
inhibited by ABT is catalyzed by the 17a-
hydroxylase. Prior investigations have demonstrated
that the P450c17 may participate in xenobiotic as
well as in steroid metabolism [5, 6].

The mechanism of action of ABT on adrenal P450
isozymes appears to be the same as that in other
organs. The NADPH requirement and time-
dependence for ABT inactivation of adrenal
xenobijotic metabolism are consistent with a
mechanism-based (suicide) inhibition. In addition,
the loss of microsomal heme, but not of P450
apoproteins, suggests that heme alkylation by an
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ABT metabolite occurs. It is possible that apoprotein
modification also occurred but without loss of
immunoreactivity and, therefore, could not be
detected by western blot analyses. The results of
prior studies suggest that ABT can effect covalent
binding to microsomal protein as well as to heme
[14]. The ABT-induced decline in BZ binding to
adrenal P450 noted in our experiments could be the
result of direct effects at or near the substrate-
binding site of the apoprotein or secondary to heme
alkylation. Further investigation is needed to more
fully define the mechanism of action. Because of the
high selectivity of ABT for some adrenal cytochromes
P450, further adrenal studies might also contribute
information not readily obtained from other organs.
In particular, the adrenal cortex might serve as a
good model toinvestigate the structural requirements
of P450 isozymes for the activation of ABT.

The maximal loss of cytochrome P450 caused by
ABT in adrenal microsomes was approximately one-
third of the total, as determined by the carbon
monoxide difference spectrum, suggesting that this
fraction corresponds to the major isozyme(s)
involved in xenobiotic metabolism. However,
definitive identification of this (these) ABT-sensitive
isozyme(s) is not possible at this time. Adrenal
steroidogenic cytochromes P450, both microsomal
and mitochondrial, have been well characterized
[1,2], but relatively little is known about the
isozyme(s) that catalyzes xenobiotic metabolism.
Black and coworkers have demonstrated that the
presence of a 52K protein is highly correlated with
xenobiotic-metabolizing activity in guinea pig adrenal
microsomes [3, 29], but this isozyme has yet to be
purified or cloned. Band intensities on poly-
acrylamide gels indicate that the 52K isozyme
comprises a substantial = fraction of the total
microsomal P450. The selectivity of ABT for
xenobiotic metabolism in adrenal microsomes
provides a potentially useful probe for further
investigation on the isozyme(s) involved. Use of
ABT should help in the identification of these
isozymes as well as in the detailed characterization
of their catalytic capabilities. Such studies are
currently in progress.
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