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Abstract—Recent investigations demonstrated that administration of 1-aminobenzotriazole (ABT) to
rats caused adrenal gland enlargement. Studies were done to pursue the mechanism(s) involved.
Preliminary experiments revealed that the adrenal enlargement caused by ABT was associated with a
decline in plasma corticosterone concentrations, suggesting inhibition of adrenal steroidogenesis.
Indeed, a single injection of ABT (25 or 50 mg/kg body weight) to rats caused concentration-dependent
declines (60-80%) in adrenal mitochondrial and microsomal cytochrome P450 (P450) concentrations.
The decreases in adrenal P450 levels exceeded those in hepatic microsomes. Accompanying the declines
in adrenal P450 concentrations were decreases in steroid hydroxylase activities. Mitochondrial 115
hydroxylase and cholesterol side-chain cleavage activities and microsomal 21-hydroxylase activity were
diminished markedly (60-90%) by ABT treatment. In contrast, activity of adrenal 38-hydroxysteroid
dehydrogenase-isomerase was not affected by ABT, indicating specificity for P450-dependent reactions.
Incubation of adrenal microsomes or mitochondria in vitro with ABT plus an NADPH-generating
system had no effect on P450 concentrations or on steroid hydroxylase activities. Similar incubations
with hepatic microsomes caused declines in P450 levels and in the rates of P450-mediated xenobiotic
metabolism. The results demonstrate that ABT is a potent inhibitor of adrenal steroid hydroxylases in
vivo, but the in vitro studies indicate that the mechanism of action differs from that on other P450
isozymes. The absence of inhibitor effects in vitro suggests that an extra-adrenal metabolite of ABT is

responsible for the in vivo inactivation of steroidogenic enzymes.
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ABT$§ is a mechanism-based inhibitor (suicide
substrate) of various P450 isozymes [1-7]. In-
activation of P450 isozymes by ABT has been
demonstrated in several organs including liver, lung,
and kidney [1-7]. As a suicide substrate, ABT
undergoes a P450-catalyzed oxidation, resulting in
the formation of benzyne [1-3]. The prosthetic
heme group of P450 is alkylated by the benzyne
causing the production of an abnormal porphyrin
and the irreversible loss of enzyme activity [1-3].
The results of most prior investigations indicated
that ABT is a relatively non-selective inhibitor of
P450 isozymes, effecting substantial P450 losses in
most organs studied [1-7]. In contrast, we recently
reported that the in vitro actions of ABT in guinea
pig adrenal glands are highly selective [8]. Incubation
of adrenal microsomes with ABT plus an NADPH-
generating system causes almost complete loss of
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xenobiotic-metabolizing activity, but has no effect
on P450-catalyzed steroid hydroxylation reactions
[8]. Similarly, ABT in vitro does not affect the
activities of mitochondrial steroidogenic P450
isozymes. These observations led us to conclude that
ABT is not a suicide substrate for those adrenal
P450 isozymes involved in the synthesis of
endogenous steroid hormones [8].

Although the results of our ir vitro studies [8]
suggested that ABT was unlikely to directly affect
adrenal steroidogenesis, Meschter et al. [9] reported
recently that prolonged administration of ABT to
rats causes adrenal gland enlargement, indicating an
increase in the secretion of ACTH, the major adrenal
growth-promoting hormone. This effect could be the
result of direct stimulation by ABT of pituitary
ACTH secretion or, alternately, ABT could affect
ACTH output indirectly by inhibiting adrenal
corticosteroid synthesis [10] with the resulting decline
in steroid negative feedback causing a compensatory
increase in pituitary ACTH secretion. The studies
presented in this paper were done to determine
which of these mechanisms accounts for the actions
of ABT on adrenal size. The results indicate that
ABT is a potent inhibitor of adrenal steroid
hydroxylases in vivo, causing a decline in plasma
corticosteroid concentrations. The data presented
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also suggest that the inhibition of adrenal steroido-
genesis may be mediated by a metabolite of ABT.

MATERIALS AND METHODS

ABT was supplied by Hoffmann-LaRoche, Inc.,
Nutley, NJ. The 3f-hydroxysteroid dehydrogenase
inhibitor, 4,4-dimethyl-2a~cyano-20-spirox-5-en-3-
one, was provided by Merck, Sharp & Dohme
Research Laboratories, Rahway, NJ. The antisera
used in radioimmunoassays for corticosterone and
pregnenolone were obtained from Radioassay
Systems Laboratories, Carson, CA. Except where
indicated, other reagents were obtained from the
Sigma Chemical Co., St. Louis, MO

Female Sprague-Dawley rats weighing approxi-
mately 300-325 g were obtained from Ace Animals,
Boyertown, PA. Animals were maintained under
standardized conditions of light (6:00a.m.—
6:00 p.m.) and temperature (22°) and received food
and water ad lib. All rats were allowed at least 1
week to become acclimated to the housing conditions
prior to use in experiments. For most in vivo
investigations, ABT was administered between 4:00
and 5:00 p.m. as a single i.p. injection at a dose of
25 or 50 mg/kg body weight in 0.9% saline; controls
received the vehicle only. Rats were killed the
following day between 8:00 and 9:00 a.m. by CO,
inhalation. For the time-course studies (see Tables
1 and 2), ABT was given as a single or daily injection
between 8:00 and 9:00 a.m. and rats were killed 1,
2, 4,24, 48, 72 or 96 hr later. At the time of killing,
trunk blood was collected in heparinized beakers for
subsequent determination of plasma corticosterone
concentrations by radioimmunoasay [11], and
adrenal glands and livers were removed quickly and
placed in cold 0.25M sucrose containing 0.05M
Tris-HCl (pH 7.4) on ice. Tissues were then trimmed
free of fat and connective tissue, weighed,
and homogenized in sucrose-Tris buffer. Washed
mitochondrial and microsomal fractions were
prepared by differential centrifugation as described
previously [12, 13].

Incubation conditions for evaluation of the effects
of ABT in vitro were essentially the same as
described previously [13]. Adrenal or hepatic
microsomal suspensions (0.5 mg protein/mL) in
1.15% KC1-0.05 M Tris—HCl containing 3 mM MgCl,
were incubated with ABT (0.1 mM) and/or an
NADPH-generating system (0.4mM NADP*,
10mM sodium isocitrate, 0.3 U/mL isocitrate
dehydrogenase) in a total volume of 2.5 mL. Unless
otherwise indicated, incubations were for 30 min in
25-mL Erlenmeyer flasks at 37° under air in a
Dubnoff Metabolic Incubator. Adrenal mito-
chondrial incubations were done similarly except
that 0.25 M sucrose was used in the medium instead
of 1.15% KCl. 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
microsomesin each flask were washed (recentrifuged)
once prior to use in the assays described below.

Adrenal mitochondrial 118-hydroxylase activity
was assayed as the rate of conversion of 11-
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deoxycorticosterone to corticosterone, as described
previously [12]. Corticosterone was measured
fluorometrically [14]. CSCC activity was determined
as the rate of pregnenolone production by isolated
adrenal mitochondria, with endogenous cholesterol
as the substrate [12]. 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) was included in each flask to prevent the
conversion of pregnenolone to progesterone [15].
Pregnenolone was extracted from the incubation
flasks with methylene dichloride and measured with
a highly specific radioimmunoassay [12].

Adrenal microsomal steroid 21-hydroxylase
activity was determined as the rate of conversion of
progesterone to 11-deoxycorticosterone. Incubation
conditions and HPLC analyses of metabolites
were described previously in detail [16]. 3p-
Hydroxysteroid dehydrogenase-isomerase activity in
adrenal microsomes was measured as the rate of
conversion of pregnenolone to progesterone utilizing
HPLC for metabolite separation and UV absorbance
at 254 nm for quantitation [16]. Hepatic microsomal
benzo[a]pyrene hydroxylation was determined by
the fluorometric method of Nebert and Gelboin [17].
Quinine sulfate was calibrated against authentic 3-
hydroxy-benzo[a]pyrene and used routinely as the
fluorescence standard. For all enzyme assays,
conditions were established to ensure linearity
of product formation with respect to protein
concentrations and incubation times.

P450 was measured as the dithionite-reduced CO
complex as described by Omura and Sato [18].
Microsomal and mitochondrial protein con-
centrations were determined by the method of Lowry
et al. [19]. Statistical analyses of differences between
group means were done with Student’s r-test or
Newman-Keuls multiple-range test, as appropriate.
Data are presented as means + SEM.

RESULTS AND DISCUSSION

When rats were given ABT daily at a dose of
50 mg/kg body weight, there was a significant decline
in plasma corticosterone concentrations within 24 hr;
the decrease was sustained for at least 96 hr (Table
1). Corticosterone is the major steroid hormone
secreted by the rat adrenal cortex. Within 72 hr after
initiating ABT treatment, adrenal glands were
enlarged significantly compared with controls (Table
1). The ABT-induced increase in adrenal mass was
even greater after 96 hr of treatment. The adrenal
enlargement caused by ABT confirms the obser-
vations of Meschter et al. [9].

Taken together, the increase in adrenal mass
accompanied by a decrease in plasma corticosterone
concentrations suggested that ABT inhibited cortico-
sterone synthesis, and the resulting decline in plasma
corticosterone caused a compensatory increase in
pituitary gland ACTH secretion and stimulation of
adrenal growth. It is well established that ABT is a
potent inhibitor of P450 isozymes in several organs
[1-7], and the steroid hydroxylation reactions
required for adrenal corticosterone synthesis are
catalyzed by P450isozymes [10]. Accordingly, studies
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Table 1. Effects of daily ABT administration to rats on plasma corticosterone concentrations and
adrenal weights*
Plasma corticosterone (ng/mL) Adrenal weights (mg/pair)
Duration of treatment
(hr) Control ABT Control ABT
24 138+ 9 67 + 3% 69.7 4.8 67.6 5.1
48 152 =11 49 + 3} 72.8+3.9 75948
72 144 £ 12 45 + 4¢ 70.1 4.6 843 +52¢
96 157+ 10 52+ 7% 74.8+4.1 98.3 + 6.0t
* ABT was administered at a dose of 50 mg/kg daily for the duration of the treatment indicated.
Values are means + SEM of 4-5 animals per group.
1 P < 0.05 (vs corresponding control value).
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Fig. 1. Effects of ABT administration to rats on adrenal
microsomal P450 concentrations and on 21-hydroxylase (21-
OHase) and 38-hydroxysteroid dehydrogenase-isomerase
(36-HSD) activities. Animals were pretreated for approxi-
mately 16 hr, and enzyme activities were determined as
described in Materials and Methods. Data are expressed
as percent of control values and are the means + SEM
of 5-6 animals in each group; 100% is equivalent
to: 0.8+0.1nmol-(mg protein)™!, P450; 5.5+0.1
nmol-min~'(mg protein)~!, 21-OHase; and 4.2%0.3
nmol-min~*-(mg protein)™!, 3-HSD. Key: (*) P <0.05
(vs controls).

were done to test the hypothesis that ABT was an
inhibitor of adrenal steroidogenic enzymes.

Administration of ABT to rats at doses of 25 or
50 mg/kg body weight caused marked declines in
adrenal P450 concentrations and in P450-catalyzed
steroidogenic enzyme activities (Figs. 1 and 2).
Adrenal steroid hydroxylases are localized in both
microsomal and mitochondrial membranes [10], and
ABT had similar effects on enzymes in both
subcellular fractions. The decreases in microsomal
P450 levels and in 21-hydroxylase activities caused
by ABT were proportionately similar (Fig. 1). The
latter was not surprising since 21-hydroxylase
(P450C21) is the major P450 isozyme in rat adrenal
microsomes. In contrast, ABT treatment had no
effect on microsomal 38-hydroxysteroid dehydro-
genase-isomerase activity, a non-P450 dependent
reaction involved in steroid hormone biosynthesis
[10]. The latter suggests some degree of specificity
for P450-catalyzed reactions by ABT.

Fig. 2. Effects of ABT administration to rats on adrenal
mitochondrial P450 concentrations and on 118-hydroxylase
(118-OHase) and cholesterol side-chain cleavage (CSCC)
activities. Animals were pretreated for approximately 16 hr
and enzyme activities were determined as described in
Materials and Methods. Data are expressed as percent of
control values and are the means + SEM of 5-6 animals in
each group; 100% is equivalent to: 1.1 + 0.2 nmol-(mg
protein)~!, P450; 10.7 * 0.8 nmol-min~!-(mg protein)~!,
118-OHase; and 0.41 * 0.06 nmol-min~!-(mg protein)~!,
CSCC. Key: (*) P <0.05 (vs controls).

ABT pretreatment caused dose-dependent
decreases in mitochondrial P450 concentrations (Fig.
2) that were of a magnitude similar to those in
microsomes. There were corresponding decreases in
the activities of the P450-dependent mitochondrial
enzymes, 118-hydroxylase and CSCC. The higher
dose of ABT lowered both 118-hydroxylase and
CSCC activities to approximately 10% of control
values. Since the latter represents the rate-limiting
reaction in adrenal corticosteroid synthesis [10],
decreases in CSCC activity would be expected to
decrease the rates of steroid hormone synthesis and
secretion. The extent of inhibition of adrenal P450
isozymes by ABT was as great as or greater than
the decreases in hepatic P450 content and in hepatic
BP-OHase activities (Fig. 3).

The effects of a single administration of ABT on
adrenal steroidogenic enzymes were manifested fully
within 2 hr after administration, indicating a rapid
onset of action, and maximal inhibition was sustained
for at least 24 hr (Table 2). After 24 hr, adrenal P450
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Table 2. Adrenal P450 concentrations and steroid hydroxylase activities at various times after a single administration
of ABT to rats*

ABT-treated
Controls 1hr 2hr 4hr 24 hr 48 hr 72hr
Mitochondria
P450 {nmol-(mg protein) ™! 12202 07+0.1% 03=x0.1% 04=*0.1t 0.3x0.1f 0.6x0.1f 1.0x0.2
115-Hydroxylation
[pmol-min~-(mg protein)™!] 11.4x16 6.7*0.4f 3.8+0.4% 3.0x0.4+ 3.1205f 5.9*0.8f 9.8=1.1
Microsomes
P450 [nmol-(mg protein)~!] 0.5+0.1 02=0.1f 0.1+0.1+ 02+0.1f 0.1+0.1f 03+0.1 0.6+0.1
21-Hydroxylation
[nmol-min~!-(mg protein)~!] 48+0.7 26+03f 1.6+02% 1.6+03Ff 1.5+02f 3.1+04f 46+0.6

* A single dose of ABT (50 mg/kg) was administered at time zero, and assays were done as described in Materials
and Methods. Values are means + SEM of 3-5 animals per group. Because control values were similar at all time points,

they were combined (N = 18).
T P <0.05 (vs control value).
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Fig. 3. Effects of ABT administration to rats on hepatic
microsomal P450 concentrations and on benzo[a]pyrene
hydroxylase (BP-OHase) activity. Animals were pretreated
for approximately 16 hr and assays were done as described
in Materials and Methods. Data are expressed as percent
of control values and are the means = SEM of 5-6 animals
in each group; 100% is equivalent to: 0.7 + 0.1 nmol-(mg
protein)~!, P450; and 374 pmol-min~"-(mg protein)~!, BP-
OHase. Key: (*) P <0.05 (vs controls).

concentrations and enzyme activities gradually
recovered. Restoration to control levels occurred
within 72 hr after ABT administration, indicating
that the effects were ultimately reversible (Table 2).

These observations indicate that ABT in vivo is
a potent inhibitor of adrenal steroidogenic enzymes
and support our explanation for the adrenal
enlargement and decline in circulating corticosterone
concentrations in ABT-treated rats (Table 1). The
inactivation of adrenal steroid hydroxylases by ABT
decreases the capacity for steroid synthesis, which
is probably responsible for the decline in plasma
corticosterone levels. A fall in plasma corticosterone
concentrations would be expected to cause a
compensatory increase in pituitary ACTH secretion,
but because of the magnitude of the ABT-induced
declineinsteroidogenicenzyme activities, restoration
of corticosterone production is unlikely to occur.

RAT LIVER MICROSOMES

175
£ Control (NADPH)
150{ EXN NADPH + AST (0.25mM)
[Z1 NADPH + ABT (1.0mM)
1281
-
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8 75 *
®r *
504 *
25- @ @
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P450 8P-~OHase

Fig. 4. Effects of incubating hepatic microsomes with
ABT and/or NADPH on P450 concentrations and
benzofa]pyrene hydroxylase (BP-OHase) activities. Incu-
bations were for 30 min as described in Materials and
Methods. Data are expressed as percent of control values
and are the means = SEM of 4 experiments;, 100% is
equivalent to: 0.7 + 0.2 nmol-(mg protein)~!, P450; and
310 pmol'-min~!-(mg protein)~!, BP-OHase. Key: (*)
P < 0.05 (vs controls).

However, the elevated levels of ACTH should
stimulate adrenal growth, resulting in enlarged
glands. A similar sequence of events has been found
to occur with long-term administration of other
inhibitors of adrenal steroidogenesis [20].

To determine if the mechanism of action of ABT
on adrenal steroid hydroxylases is similar to that on
other P450 isozymes, a series of in vitro investigations
was initiated. As demonstrated previously by other
investigators [2, 4, 7], incubation of liver microsomes
with ABT plus an NADPH-generating system caused
rapid concentration-dependent declines in P450
concentrations and in BP-OHase activities (Fig. 4).
Neither ABT nor NADPH alone had any effect on
P450 content or on BP-OHase activity (data not
shown). These results are expected for a mechanism-
based P450 inhibitor {21] and are similar to those
obtained by others [1-7]. However, when adrenal
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175 RAT ADRENAL MICROSOMES
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Fig. 5. Effects of incubating adrenal microsomes with ABT
and/or NADPH on P450 concentrations and 21-hydroxylase
(21-OHase) activities. Incubations were for 30 min as
described in Materials and Methods. Data are expressed
as percent of control values and are the means = SEM of
5 experiments; 100% is equivalent to: 0.5 = 0.1 nmol-(mg
protein)~!, P450; and 7.2 * 0.4 nmol-min~!-(mg protein)~?,
21-OHase.
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Fig. 6. Effects of incubating adrenal mitochondria with
ABT and/or NADPH on P450 concentrations and on
steroid 118-hydroxylase (118-OHase) and cholesterol side-
chain cleavage (CSCC) activities. Data are expressed as
percent of control values and are the means = SEM of 5
or 6 experiments; 100% is equivalent to: 1.3 *+ 0.2 nmol-(mg
protein)~!, P450; 10.7 + 0.8 nmol-min~'-(mg protein)~!,
118-OHase; and 0.26 = 0.04 nmol-min!-(mg protein)™’,
CSCC.

microsomal preparations from the same animals
were incubated under identical conditions with ABT
plus NADPH, neither P450 concentrations nor 21-
hydroxylase activities were affected (Fig. 5).
Incubation of adrenal microsomes with ABT plus
NADPH for as long as 90 min was similarly without
effect (data not shown). In addition, incubation of
ABT with adrenal mitochondria did not influence
P450 levels or the activities of the P450-dependent
enzymes, 118-hydroxylase and CSSC (Fig. 6). Even
when whole adrenal homogenates were incubated
with ABT (1.0mM) plus NADPH, followed by
isolation of mitochondria and microsomes, there was
no effect on P450 levels or on steroid hydroxylase
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activity in either subcellular fraction (data not
shown).

The absence of ABT effects in vitro on adrenal
steroid hydroxylases contrasts with its potent
inhibitory actions in vivo. However, the results are
consistent with our prior studies on guinea pig
adrenal glands [8]. The adrenal cortices in guinea
pigs are somewhat unusual in that they contain
P450 isozymes having high xenobiotic-metabolizing
activities in addition to having a full complement of
steroid hydroxylases [22-25]. We found that
incubation of guinea pig adrenal microsomal
preparations with ABT plus NADPH selectively
inactivated xenobiotic metabolism without affecting
steroid hydroxylase activities [8]. Thus, in both rat
and guinea pig adrenals, steroidogenic P450 isozymes
are resistant to the actions of ABT in vitro, indicating
that ABT is not a suicide substrate for these
isozymes.

In conclusion, the data presented in this paper
demonstrate that ABT is a potent in vivo inhibitor
of adrenal steroidogenic P450 isozymes. However,
the mechanism of action appears to be different
from that reported for other isozymes in various
organs [1-8]. ABT may be directly responsible for
the inactivation of steroid hydroxylases in vivo, but
via a mechanism other than as a suicide substrate.
It is also possible that an extra-adrenal metabolite
of ABT mediates the actions of the parent compound
on steroidogenic P450 isozymes in vivo. Additional
investigations are now in progress to consider these
as well as other possible mechanisms of action of
ABT on adrenal P450 isozymes.
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