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Abstract—The effects of 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) and pyrazole on
mouse hepatic cytochrome P-450 isozyme expression were compared to the P-450 induction pattern
elicited by phenobarbital. TCPOBOP and PB administration caused a similar induction profile by
increasing microsomal protein and cytochrome P-450 content and the catalytic activities of several
monooxygenases in DBA/2N and AKR/J mice. There were, however, several quantitative and some
qualitative differences in the induction profile caused by phenobarbital and TCPOBOP. A few strain-
related differences were also observed. Immunoblot analysis with polyclonal anti-coumarin hydroxylase
(P-450¢,,) antibody and epitope-specific monoclonal antibodies 1-7-1 and 2-66-3 showed that both
phenobarbital and TCPOBOP increase the amount of P450IIB and P-450,,. TCPOBOP caused a more
pronounced increase in the amount of P-450IIB than phenobarbital, and TCPOBOP also caused an
increase in the amount of P-450IA2. These data suggest that in the mouse, TCPOBOP increases mainly
the expression of P-450 isozymes responsive to phenobarbital. The effects of pyrazole differed greatly
from those caused by TCPOBOP and phenobarbital. In the DBA/2N mice, pyrazole increased coumarin
7-hydroxylation 9.4-fold, whereas in the AKR/J mice the activity was induced only to a level equivalent
to the DBA/2N basal level. In immunoblot experiments with anti-P-450c,, antibody, the amount of
P-450c,,, was considerably higher in DBA/2N mice treated with phenobarbital, TCPOBOP, or pyrazole
in comparison with the AKR/J mice, indicating a strain specificity in the inducibility of coumarin 7-
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hydroxylase by pyrazole.

The cytochrome P-450 isozymes catalyze the metab-
olism of numerous exogenous and endogenous com-
pounds [1]. The mammalian P-450 gene and gene
product superfamily comprises at least eight families,
each with one to five subfamilies [2]. Members of
the P-450 families exhibit distinct but broad and
overlapping substrate specificities [3].
3-Methylcholanthrene (MC)|| and other polycyclic
aromatic hydrocarbons induce two P-450 isozymes,
P4501A1 and P4501A2 [2]. Catalytic activities associ-
ated for most part with class IA P-450s include aryl
hydrocarbon hydroxylase (AHH) and 7-ethoxy-
coumarin O-deethylase (ECOD) [3]. Phenobarbital
induces class IIB P-450s [2]. Some catalytic activities
typically increased by the inducers of this class are
benzphetamine or ethylmorphine N-demethylation
[4), coumarin 7-hydroxylation [5], and pentoxy-

+To whom all correspondence and requests for reprints
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|| Abbreviations used: AHH, aryl hydrocarbon
(benzo(a)pyrene) hydroxylase; ECOD, ethoxycoumarin
O-dealkylase; Mab, monoclonal antibody; MC, 3-methyl-
cholanthrene; P-450c,,, purified P-450 isozyme highly
active in the 7-hydroxylation of coumarin; PROD, pen-
toxyresorufin O-dealkylase; TCPOBOP, 1,4-bis[2-(3,5-
dichloropyridyloxy)]benzene.

resorufin O-deethylation (PROD) [6).

Recently, two compounds structurally unrelated
to phenobarbital have been shown to be potent indu-
cers of some P-450IIB-associated activities in the
mouse. First, Poland and associates [7, 8] showed
that 1,4-bis[2-(3,5,-dichloropyridyloxy)]benzene
(TCPOBOP) is 650 times more potent than pheno-
barbital in eliciting a phenobarbital-type pleiotypic
response in mouse liver with well-defined structure—
activity relationship [9]. Second, Juvonen et al. [10]
showed that pyrazole is a potent and selective inducer
of coumarin 7-hydroxylase in the DBA/2N mouse
liver.

This study was undertaken to compare the effects
of phenobarbital, TCPOBOP and pyrazole on P-
4501IB-linked and some unlinked catalytic activities
in DBA/2N and AKR/J mice, which have previously
been shown to differ greatly from each other in
responsiveness to inducers of this class [5, 11, 12].

MATERIALS AND METHODS

P-450 nomenclature. Recently, a new common
nomenclature for the P-450 genes and their products
has been proposed [2]. According to the new
nomenclature, the P-4501 family contains polycyclic
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aromatic hydrocarbon-inducible mouse isozymes P;-
450 and P;-450 which are orthologous to rat isozymes
P-450, and P-4504, respectively. The subfamily P-
450IIB contains the phenobarbital-inducible iso-
zymes P-450, and P-450, and the P-450I1E subfamily
contains the alcohol-inducible P-450;. P-450,; are
designations used by Levin and associates [13]. Since
this report deals with orthologous P-450 isozymes
from the mouse and rat, the trivial names indicating
the source of the isozyme will be used concomitantly
with the new proposed nomenclature.

Chemicals. Pyrazole, aniline, 7-ethoxycoumarin,
and ethylmorphine were purchased from Sigma (St
Louis, MO). 7-Pentoxyresorufin was purchased from
Pierce and coumarin from Aldrich. Phenobarbital
was from Merck. TCPOBOP was a generous gift
from Prof. Urs Meyer (Basel University,
Switzerland).

Treatment of animals. Adult male DBA/2N/Kuo
and AKR/J/Kuo mice were obtained from the
National Laboratory Animal Center, University of
Kuopio, Finland. Maximally inducing doses of the
agents were used: phenobarbital was administered
to the mice i.p. in physiological saline at a dose of
80 mg/kg daily for 4 consecutive days. Pyrazole (in
physiological saline) was injected i.p. at a daily dose
of 200 mg/kg for 3 consecutive days. TCPOBOP was
injected i.p. in olive oil as a single dose of 3 mg/kg.
Reference male Sprague-Dawley rats were treated
with either phenobarbital (0.5 g/1 in drinking water
for one week) or MC (a single 50 mg/kg i.p.
injection). All animals were killed 24 hr after the
last treatment except those treated with TCPOBOP,
which were killed 9 days after the injection.

Enzyme assays. Liver microsomal fractions were
isolated by differential centrifugation [14]. Cyto-
chrome P-450 content was measured according to
Omura and Sato [15]. ECOD (100 uM substrate
concentration) was determined as described by Aitio
[16]. Determination of coumarin 7-hydroxylase
activity was done by the same method using 100 uM
coumarin as the substrate. AHH activity (80 uM
substrate concentration) was measured according to
Nebert and Gelboin [17]. Ethylmorphine N-
demethylase [18], aniline hydroxylase [19], and
PROD [20] with substrate concentrations of 5 mM,
4mM and 2 uM, respectively, were assayed by the
cited methods. Protein determinations were done
according to Lowry et al. [21] or Bradford [22].

Purification of P-450c,, and preparation of anti-
bodies. Pyrazole-inducible P-450 associated with
high coumarin 7-hydroxylase activity was purified to
apparent electrophoretic homogeneity from livers of
DBA/2N mice as described in detail elsewhere [23].
The purified protein was used as the antigen to raise
polyclonal antiserum in rabbits. The specificity of
the anti-P-450¢,;, antibody was validated by immuno-
inhibition and immunoblotting techniques ([24],
Honkakoski et al., unpublished). Monocional anti-
bodies were raised against rat MC-inducible P-450s
(Mab 1-7-1) and PB-inducible P-450s (Mab 2-66-3)
as described earlier [25, 26].

Immunoinhibition studies. The contribution of
individual P-450s to some of the catalytic activities
studied here was analyzed by enzyme immuno-
inhibition. The general inhibition profile of poly-
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clonal anti-P-450¢,;, [24], Mab 1-7-1 and Mab 2-66-3
[25-27] have been reported previously. A saturating
concentration of the antibodies (10ug of IgG
protein/pmol P-450) was used in the immuno-
inhibition assays.

SDS-PAGE and immunoblets. SDS-PAGE was
done in gels containing 7.5% polyacrylamide by the
method of Laemmli [28]. The electrophoresis was
run at 15-20 mA/gel until the dye front reached gel
bottoms. Proteins were transferred from the gels to
nitrocellulose sheets (Schleicher & Schuell) accord-
ing to Towbin et al. [29]. Gels with molecular weight
markers (Pharmacia) were also run and stained with
Coomassie Brilliant Blue. For P-450 isozyme detec-
tion, the nitrocellulose sheets were first blocked with
3% (w/v) gelatin in TBS (50 mM Tris—200 mM NaCl,
pH 7.4) for 1 hr at 37°. The sheets were subsequently
reacted with (a) the antibodies (1:200 to 1:400 dilu-
tions in TBS-1% gelatin—-0.05% Tween 20), (b) bio-
tinylated Protein A or anti-mouse IgG (1:400
dilutions), and (c) streptavidin-biotinylated horse-
radish peroxidase complex in TBS (all from
Amersham). The sheets were developed with
4-chloro-1-naphthol (Bio-Rad) and hydrogen per-
oxide as substrates.

Statistical analysis. The enzyme activity data were
evaluated by the computerized non-parametric Kru-
skal-Wallis test [30].

RESULTS

Effects of phenobarbital, TCPOBOP and pyrazole
on monooxygenase activities in DBA /2N mice

As listed in Table 1, the content of liver micro-
somal protein in the DBA /2N mice was increased to
a similar degree by phenobarbital and TCPOBOP,
while pyrazole failed to affect it. Also cytochrome P-
450 content was increased similarly by phenobarbital
and TCPOBOP whereas pyrazole decreased it.

Coumarin 7-hydroxylase was increased to a com-
parable extent by phenobarbital and TCPOBOP
(6.5- and 4.8-fold induction, respectively), whereas
pyrazole caused a 9.4-fold increase in coumarin 7-
hydroxylase activity. In the ethylmorphine N-
demethylase activity, an approximately 2-fold
increase was observed after treatment with both
phenobarbital and TCPOBOP. In contrast, pyrazole
significantly reduced this activity to 20% of the con-
trol value. PROD activity was substantially increased
by both phenobarbital (16-fold) and TCPOBOP (62-
fold), whereas pyrazole decreased PROD activity to
60% of the control value.

Of the catalytic activities partly associated with
the P-4501A family, ECOD was induced to a similar
extent by phenobarbital, TCPOBOP, and pyrazole
in DBA/2N mice (5-6-fold increase compared with
control mice). AHH activity was increased 4.2-fold
by phenobarbital and 2.2-fold by TCPOBOP, but
pyrazole reduced AHH activity to 30% of the control
value.

Aniline hydroxylase, an activity mostly associated
with P-450IIE1, was virtually unaffected by the
compounds. Only TCPOBOP caused a slight, but
significant increase (1.4-fold, P < 0.001) in aniline
hydroxylase activity, while the enzyme activity was
unaffected by phenobarbital and pyrazole.
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P-450 isozyme induction by TCPOBOP, pyrazole and phenobarbital
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Table 3. Immunoinhibition by anti-P-450,, antibody and Mab 2-66-3 of coumarin 7-
hydroxylase and PROD activities in DBA/2N mouse liver microsomes

Anti-P-450,, Mab 2-66-3
Coumarin Coumarin
Treatment 7-hydroxylase PROD 7-hydroxylase PROD
Control 98* <10 <10 40
Pyrazole 98 <10 <10 40
Phenobarbital 98 <10 <10 80
TCPOBOP 98 <10 <10 90

The assays were carried out by adding 10 pg of IgG/pmol P450 to the reaction mixture.
* The numbers denote per cent inhibition in the presence of the antibody.

Effects of phenobarbital, TCPOBOP and pyrazole
on monooxygenase activities in AKR/J mice

In the AKR/J mice, microsomal protein and P-
450 content responded similarly to the treatments as
in the DBA/2N mice (Table 2). In the AKR/J mice
in comparison with the DBA/2N mice, 3.5 times
lower constitutive activities and no inducibility of
coumarin 7-hydroxylase was observed after pheno-
barbital and TCPOBOP treatment. Pyrazole did
cause a 4.5-fold increase in coumarin 7-hydroxylase
activity, but to a level of approximately eight times
lower than the pyrazole-induced level in DBA/2N
mice.

Ethylmorphine N-demethylation was not appre-
ciably affected by phenobarbital or TCPOBOP. As
in the DBA/2N strain, pyrazole decreased this
activity. PROD activity was induced only 2-fold
in response to phenobarbital but 46-fold by
TCPOBOP. ECOD was induced to a variable extent
(2.1- to 4.2-fold) by all three compounds, which is
slightly less than in the DBA/2N strain. AHH
activity responded similarly in the AKR/J mice as in
the DBA/2 mice.

Phenobarbital and pyrazole caused no marked
effect on aniline hydroxylase activity. Opposite to
the DBA /2N mice, aniline hydroxylase activity was
decreased 44% by TCPOBOP in the AKR/J mice.

Immunoinhibition studies

Immunoinhibition assays were carried out to
determine the contribution of P-450¢,, (neutralized
by anti-P-450¢,, antibody), and P-450IIB (neu-
tralized by Mab 2-66-3) to the activities of coumarin
7-hydroxylase and PROD. As shown in Table 3,
anti-P-450,, very effectively blocks coumarin 7-
hydroxylase without interfering with PROD. Mab 2-
66-3 does not affect coumarin 7-hydroxylase but
effectively inhibits PB and TCPOBOP-induced
PROD activity. In addition, previous studies have
shown that anti-P-450,, does not affect the activities
of aryl hydrocarbon hydroxylase, aniline hydroxy-
lase, ethylmorphine N-demethylase or ethoxy-
resorufin O-deethylase [24].

Immunoblot analysis of P-450 isozymes

To delineate the P-450 isozymes induced by pheno-
barbital, TCPOBOP and pyrazole, hepatic micro-
somes were electrophoresed in polyacrylamide gels,
transferred to nitrocellulose, and probed with poly-

clonal anti-P-450¢,, antibody, Mab 1-7-1 (detects
polycyclic aromatic hydrocarbon-inducible P-450s),
and Mab 2-66-3. The ability of anti-rat P-450 anti-
bodies to detect orthologous P-450 forms in other
species, including the mouse, has also been shown
by Thomas et al. [13].

A Mab 2-66-3-detectable protein which co-
migrated with P-450IIB1 (P-450b) derived from
phenobarbital-treated rat liver (Fig. 1, upper panel)
was increased strongly in TCPOBOP-treated mice
in both strains (panel A, lane 2). This protein band
was increased somewhat less by phenobarbital while
pyrazole failed to affect it. A distinct band (approx.
40 kDa) was also recognized by Mab 2-66-3 in mouse
samples. The nature of this immunodetectable band
is unknown.

Anti-P-450¢,, antibody detected in both strains a
50-kDa protein which co-migrated with purified P-
450¢,y (Fig. 1, middle panel). This protein could not
be detected by Mabs 2-66-3 or 1-7-1 or in pheno-
barbital-treated rat liver microsomes. Staining of this
protein was increased markedly by treatment with
phenobarbital, TCPOBOP, and pyrazole in the
DBA/2N strain. The staining was much weaker in
the AKR/J strain.

In both strains, Mab 1-7-1 detected from control
and treated mice a protein corresponding to P-
450IA2 (P-450,) in MC-treated rat liver microsomes
(Fig. 1, lower panel). Only TCPOBOP increased
markedly the amount of this immunodetectable pro-
tein in both species. No proteins corresponding to
P-450IA1 could be detected in any of the microsomal
preparations.

DISCUSSION

In this study we have compared the effects of
maximally inducing doses of TCPOBOP and
pyrazole, two recently reported inducers of P-
4501IB-associated enzyme activities, to the classic
inducer phenobarbital. TCPOBOP is attracting
interest because of its potency in eliciting a pheno-
barbital-type pleiotypic response in the liver [7],
curious species specificity [8], and tumor promoting
properties [31].

In agreement with previous studies [7, 32], micro-
somal protein and P-450 content were increased to
a comparable extent after treatment with pheno-
barbital and TCPOBOP in both mouse strains. There
was a clear strain difference between DBA/2N and
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Fig. 1. Immunoblots with Mab 2-66-3, polyclonal anti-P-450.,,, and Mab 1-7-1 of hepatic microsomal

preparations from DBA/2N and AKR/J mice treated with phenobarbital, TCPOBOP or pyrazole.

Lanes 1-4 contained 10 ug of microsomal protein from control (lane 1), TCPOBOP-treated (lane 2),

phenobarbital-treated (lane 3) and pyrazole-treated (lane 4) mice. Lane 5 contained 10 ug of microsomal

protein from phenobarbital-treated rats (upper and middle panel) or MC-treated rats (lower panel).

Lane 6 contained 2 pmol of purified P-450,, from pyrazole-treated DBA/2N mice in each panel. The
appropriate minimum M,s are given in kilodaltons (kDa).

AKR/J mice in the effect of the inducers on coumarin
7-hydroxylase activity. In DBA/2N mice pheno-
barbital, pyrazole and TCPOBOP caused a similar
increase in coumarin 7-hydroxylase activity, but only
pyrazole was able to elevate the activity in AKR/J
mice. This is consistent with results obtained by
others in phenobarbital-treated DBA/2 and AKR/J
mice [11] and also with our own results with pheno-
barbital and pyrazole-treated mice [12).

Of the two other P-450IIB-linked activities
studied, ethylmorphine N-demethylase activity was
increased by both phenobarbital and TCPOBOP in
the DBA/2N strain, but not in the AKR/J strain.
PROD was strongly induced by TCPOBOP and
phenobarbital in both mouse strains.

Immunoinhibition experiments revealed a clear
distinction between coumarin 7-hydroxylase and
PROD activities. The inability of anti-P-450¢,;, anti-
body to inhibit PROD and Mab 2-66-3 to inhibit
coumarin 7-hydroxylase strongly suggests that these
two catalytic activities are supported by distinct P-450
isozymes. It appears that in the mouse, phenobarbital
and pyrazole induce distinct P-450s both capable of
coumarin 7-hydroxylation. Interestingly, pyrazole-
inducible P-450 in the DBA/2N mouse seems to be
also distinct from the pyrazole and ethanol-inducible
P-450j (P-450IIE) in the rat (Honkakoski et al.,
unpublished).

8P 37:21-8

In agreement with the catalytic activity data,
immunoblot experiments with anti-P-450¢, showed
that all three inducers caused a marked increase inthe
amount of immunodetectable P-450¢,;, in the DBA/
2N mice, whereas in the AKR/J mice a much more
subdued increase was observed in response to the
inducers.

We have previously shown that microsomal cou-
marin 7-hydroxylase inducibility by pyrazole in the
DBA/2N strainisinherited additively as a single auto-
somal trait like the inducibility by phenobarbital [24].
Experiments with cDNA containing rat P-4501IB1
sequence have shown that the genes for P-45011B fam-
ily in the mouse are linked with the Cok (coumarin
hydroxylase) locus in chromosome 7 [33, 34]. Based
on the present immunoinhibition and immunoblot
data pyrazole-inducible mouse coumarin 7-hydroxy-
lase does not seem to be immunologically related to
P-450IIB. To date, mouse P-450s orthologous to rat
P-4501I1B have not been characterized {2].

Of the three P-45011B-associated activities studied
here, the dealkylation of pentoxyresorufin (PROD)
is clearly the most specific for phenobarbital-induced
forms [6, 20]. Two findings in the present study sup-
port this notion. First, phenobarbital and especially
TCPOBOP elicit a substantial increase in PROD
activity. Second, immunoblot analysis with Mab 2-
66-3 showed that phenobarbital and TCPOBOP
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induce the expression of a P-450 homologous to P-
4501IB1 (P-450,) in both DBA/2N and AKR/J mice.
Consistent with the greater increase in PROD
activity, the amount of immunodetectable P450[IB1
protein was elevated more in mice treated with
TCPOBOP compared with mice treated with
phenobarbital.

Of ECOD and AHH, two catalytic activities
associated with (but not entirely specific for) P-
4501A, ECOD was uniformly induced by all three
compounds in both strains, which is consistent with
the ability of reconstituted P-450c,, to catalyze also
the deethylation of 7-ethoxycoumarin [24]. In
immunoblot experiments with Mab 1-7-1 recognizing
epitopes common to rat and mouse P-450IA1 and P-
4501A2, P-450IA2 was detected in control micro-
somes and microsomes treated with the inducers. P-
450IA1 could not be seen in any microsomes. This
is in agreement with Thomas et al. [13], who showed
that P-450IA1 is immunologically undetectable in
DBA/?2 mice regardless of treatment. Furthermore,
both DBA/2 and AKR strains lack responsiveness in
the Ah-locus governing the inducibility by polycyclic
aromatic hydrocarbons [35}, implying that the mouse
P;-450 is the homolog of the rat P-450, [2, 35].

Aniline hydroxylase, a P-450IIE-linked activity,
was marginally activated by TCPOBOP in DBA/2N
(but not AKR/J) mice. Phenobarbital and pyrazole
had no effect on aniline hydroxylase activity, further
suggesting that the inducing effects of TCPOBOP
and pyrazole are largely restricted to the pheno-
barbital-inducible class of P-450 linked mono-
oxygenase activities.

In summary, the present data show that pheno-
barbital and TCPOBOP elicit a similar P-450 isozyme
induction profile in the mouse liver with some quanti-
tative and strain-related differences. The induction
occurs mainly in class IIB P-450s with some overlap
in class IA P-450s. Pyrazole appears to selectively
induce a P-450 capable of coumarin 7-hydroxylation
which is different from the phenobarbital (and
TCPOBOP) induced P-45011B.
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