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SUMMARY

Treatment of male rats for 3 days with the N-substituted imid-
azole, clotrimazole, produced up to a 4-fold induction of hepatic
microsomal cytochrome P-450. The monooxygenase activities
induced varied with the dose administered. At low doses (<25
mg/kg), p-nitroanisole demethylase and aniline hydroxylase ac-
tivities were induced. Only at higher doses were other monoox-
ygenase activities (erythromycin and ethyimorphine demethy-
lases and cytochrome P-450 metabolic-intermediate complex
formation from troleandomycin) induced. Microsomal UDP-glu-
curonosyltransferase activity toward morphine was induced at

low doses in a manner similar to that of p-nitroanisole demeth-
ylase. Sodium dodecy! sulfate-polyacrylamide gel electrophore-
sis of microsomes indicated that low doses of clotrimazole
caused the intensification of a 48,000 molecular weight protein
band, whereas at high doses, there was a marked intensification
of an additional 50,500 molecular weight protein, the same
molecular weight band as was intensified in phenobarbital- and
dexamethasone-induced microsomes. The observations suggest
a phenomenon of “dose-differentiated” isozyme induction for
cytochrome P-450.

For convenience, inducers of hepatic drug-metabolizing en-
zymes were often classed into one of two groups, phenobarbital-
or polycyclic hydrocarbon-like. Some agents, such as polyhal-
ogenated biphenyls, appear to have the inducing properties of
both groups (1-3). The “mixed” induction was originally
thought to be due to different biphenyl isomers each with either
phenobarbital- or polycyclic hydrocarbon-inducing properties
(4, 5). However, subsequent investigations showed that a single
isomer can have both properties (6, 7). Other inducers do not
readily fit either classification and other classes of agents (e.g.,
certain steroids such as dexamethasone and PCN) have since
been identified (8). In addition, isosafrole (9), clofibrate (10),
and isoniazid (11) among others are able to selectively induce
forms of cytochrome P-450 that are not induced, or are only
induced in minor amounts, by phenobarbital- or polycyclic
hydrocarbon-like agents.

The majority of induction investigations are studied with
doses and regimens that maximize induction. Induction so
investigated shows bidirectional degeneracy; many isozymes
are induced by a single agent and a single isozyme may be
induced by many inducers (8, 12). Where many isozymes are
induced by a single agent, a facet that appears to have been
overlooked is that several different induction mechanisms may
exist and that different concentraticns of inducer may be
required to elicit them.

This paper provides evidence of dose-differentiated isozyme

induction; low doses of a single agent (clotrimazole) induce one
set of enzyme activities, higher doses induce an additional set.
With the N-substituted imidazole given at low doses (<25 mg/
kg), an isozyme or isozymes efficient at p-nitroanisole demeth-
ylation and aniline hydroxylation is (are) induced. At higher
doses, an isozyme or isozymes capable of erythromycin and
ethylmorphine demethylation and metabolic-intermediate
complex formation from troleandomycin is (are) induced.

Materials and Methods

Clotrimazole and the biochemicals were obtained from Sigma Chem-
ical Co. (the melting point of the clotrimazole was checked at 142-
144°). Erythromycin was a gift from Abbott Laboratories and trolean-
domycin from Pfizer Inc.

Following treatment with various doses of clotrimazole in 30%
polyethylene glycol intragastrically for 3 days, adult male Sprague-
Dawley rats were killed by decapitation 48 hr after the last dose, and
liver microsomal fractions were prepared using established conditions
(13). Protein concentrations were determined by the method of Lowry
et al. (14).

The microsomal cytochrome P-450 concentration, metyrapone bind-
ing, and extent of metabolic-intermediate complex formation from
troleandomycin in vitro were quantitated using extinction coefficients
of 91 mM™ em™ (15), 68.5 mM™' cm™ (16), and 64 mM™ cm™ (17),
respectively. The maximum extent of metabolic-intermediate complex
formation was determined by dual wavelength spectroscopy (456 versus
490 nm) in intermittently oxygenated NADPH-supplemented micro-

ABBREVIATIONS: SDS-PAGE, sodium dodecy! sulfate-polyacrylamide gel electrophoresis; PCN, pregnenolone 16a-carbonitrile.
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somal incubations containing 0.133 mM troleandomycin. Ethylmor-
phine and erythromycin demethylations were determined from the
formaldehyde produced (18) in incubations where the substrate con-
centrations were 8 mM and 1 mM, respectively. p-Nitroanisole demeth-
ylase was determined from the p-nitrophenol produced (19). Aniline
hydroxylase activity was determined using a modified method of Mieyal
and Blumer (20) and the rate of color development was enhanced by
oxygen gassing of the alkaline phenol solution. Microsomal UDP-
glucuronosyltransferase activities were determined using reverse phase
high performance liquid chromatography to determine the glucuronides
formed (21). PAGE in the presence of 0.1% SDS was performed using
conditions previously described (22).

Results

Clotrimazole administered at doses up to 90 mg/kg for 3 days
induced cytochrome P-450, but the induction was dispropor-
tionate to the dose (Fig. 1). With doses of 75 or 90 mg/kg, the
cytochrome P-450 concentration was 4 times that of untreated
animals. Metyrapone binding to ferrous cytochrome P-450
increased with the increasing cytochrome concentration, show-
ing that the induced form(s) bind(s) metyrapone. In addition,
at the highest level of induction almost all (95%) of the cyto-
chrome bound metyrapone, whereas in untreated animals, the
extent of binding was 25%. Thus, the forms present in the
uninduced animal that do not bind metyrapone (0.7 nmol/mg)
are gradually lost as the induction progresses, since only 0.2
nmol/mg is unable to bind metyrapone at the highest induction
state.

With only small increases in cytochrome P-450 at lower
doses (<25 mg/kg), there was a large increase in p-nitroanisole
demethylase activity (Fig. 2). There was little or no additional
p-nitroanisole demethylase activity seen with high doses over
that seen at low doses, indicating that the majority of the
cytochrome P-450 present after high doses was not efficient at
catalyzing this reaction. Aniline hydroxylase activity was also
not induced to any greater extent by high doses over that seen
at low doses. For this reaction, the activity decreased toward
that found in untreated animals as the dose was increased from
25 to 90 mg/kg.
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Fig. 1. The effect of clotrimazole dose on hepatic cytochrome P-450
concentration and metyrapone binding. Cytochrome P-450 (®) and me-
tyrapone binding (O) concentrations were determined after CO gassing
and metyrapone (100 um) addition to dithionite-reduced microsomal
fractions. Spectral complexes were determined by difference spectros-
copy. Each point represents a microsomal sample from a single animal.
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Fig. 2. The effect of clotrimazole dose on hepatic microsomal p-nitroan-
isole and aniline oxidations. p-Nitroanisole demethylation (top) and aniline
hydroxylation (bottom) rates were determined in microsomes from rats

treated for 3 days with various doses of clotrimazole. Each point repre-
sents a microsomal sample from a single animal.

Three monooxygenase activities paralleled the total (carbon
monoxide detectable) cytochrome P-450 changes (Fig. 3), eryth-
romycin and ethylmorphine demethylases, and cytochrome P-
450-metabolic intermediate complex formation from trolean-
domycin. All three showed very little increase with clotrimazole
doses of up to 25-35 mg/kg, but slight increases in dose above
this produced dramatic enhancement of these reactions.

In addition to cytochrome P-450, microsomal UDP-glucuron-
osyltransferase enzymes are known to be readily induced by a
variety of drugs and xenobiotics (23, 24). Clotrimazole treat-
ment induced the transferase activity toward morphine but not
toward 1-naphthol (Fig. 4). These reactions are catalysed by
different isozymes. The induction of the morphine conjugation
rate was large at low doses, much like p-nitroanisole demeth-
ylase and aniline hydroxylase activities. At higher doses (>50
mg/kg), there was a decline in the extent of induction, reminis-
cent of the changes seen with aniline hydroxylase activity.

SDS-PAGE of hepatic microsomes from animals treated with
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Fig. 3. The effect of clotrimazole dose on hepatic microsomal ethylmorphine, erythromycin, and troleandomycin metabolism. Ethylmorphine
demethylation (right) erythromycin demethylation (center), and maximum extent of metabolic intermediate complex formation from troleandomycin
(TAO-MI complex, left) were determined as described in Materials and Methods. Each point represents a microsomal sample from a single animal.
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Fig. 4. The effect of clotrimazole dose on hepatic microsomal UDP-
glucuronosylitransferase activity. UDP-glucuronosyitransferase activity
toward morphine (top) and 1-naphthol (bottom) was performed as de-
scribed in Materials and Methods. Each point represents a microsomal
sample from a single animal.

high and low doses of clotrimazole are shown in Fig. 5. The
microsomes from the rats treated with the low dose showed an
intensification of a protein band with a molecular weight of
48,000 compared to microsomes from untreated rats. Micro-
somes from the animals treated with a high dose also showed
this band but, in addition, showed a major intensification in
the 50,500 molecular weight region. Microsomes from animals
treated with dexamethasone and phenobarbital were also co-
chromatographed for comparative purposes and showed induc-
tion of the higher molecular weight protein band, with dexa-
methasone showing more intensification than phenobarbital.
The high molecular weight protein band present after high
doses of clotrimazole approximates the high density band pres-
ent after dexamethasone treatment. The lower molecular
weight protein band was not intensified by phenobarbital or
dexamethasone.

Discussion

Induction of hepatic enzymes by polycyclic hydrocarbons is
believed to be mediated by a cytosolic receptor that translocates
to the nucleus. For phenobarbital and other inducers, there is
no convincing evidence for a similar high affinity receptor that
could support such a mechanism, and several concepts, often
involving endogenous inducer or regulator molecules for which
steroids or steroid metabolites are prime candidates, have been
suggested. Treatment of animals with the inducers, isosafrole,
SKF 525-A, or troleandomycin also results in cytochrome P-
450 inhibition by heme sequestration as a metabolic-interme-
diate complex, which could result in the accumulation of an
endogenous inducer normally removed by oxidative metabo-
lism. However, dexamethasone and PCN induce the same iso-
zyme as troleandomycin but without forming a metabolic-
intermediate complex, indicating that complex formation is not
an essential component. It may be that any sustained inhibition
can cause induction. Agents that inhibit cytochrome P-450 by
destruction, such as allylisopropylacetamide, can also act as
inducing agents (25). N-Substituted imidazoles are among the
most potent cytochrome P-450 inhibitors known (26, 27) and
a few reports of their inducing properties, generally reported as
phenobarbital-like, have emerged (28-30). Induction of mor-
phine but not naphthol UDP-glucuronosyltransferase activity
in the present study would also support this classification.
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Rarely does induction of cytochrome P-450 result in induc-
tion of only one isozyme, although one may predominate. If
more than one isozyme is induced, the possibility exists that
more than one mechanism may be operating and there is no a
priori reason why the different mechanisms that might be
responsible for the induction of each isozyme should operate
at, or be triggered by, the same inducer concentration. Dose-
differentiated responses are not unknown in pharmacology.
The results presented above demonstrate that different effects
are observed at low and high doses of clotrimazole. Whether
these are both direct effects or mediated through physiological
changes caused by the drug is unknown. The cytochrome P-
450-dependent enzyme activities induced at high doses of clo-
trimazole are similar to those seen with troleandomycin and
the synthetic steroids, dexamethasone and PCN. Since neither
clotrimazole nor troleandomycin has a steroid structure, they
may be exerting their inductive effect via a common physiolog-
ical change. The changes in UDP-glucuronosyltransferase ac-
tivities seen with clotrimazole (increase in morphine but not
naphthol conjugation rates) are similar to those seen with PCN
(31) and troleandomycin (21), suggesting again that induction
may be dependent on a common physiological effect. It should
be noted, however, that the dose at which the UDP-glucuron-
osyltransferase is maximally induced (40-50 mg/kg) is lower
than that at which the troleandomycin-like cytochrome P-450-
dependent activities are maximally induced, suggesting that the
induction of the two microsomal enzymes is independent of
one another. The similarity in the extent of induction of
morphine conjugation, by clotrimazole doses of 30 and 75 mg/
kg, eliminates changes in this enzyme from being responsible
for the selective intensification of the higher molecular weight

DEX Std

Fig. 5. SDS-PAGE of hepatic micro-
somes from rats treated with inducing
agents. Microsomes from untreated
(CON) rats and rats treated with
phenobarbital (PB) (80 mg/kg, intra-
peritoneally for 3 days), dexametha-
sone (DEX) (100 mg/kg in Tween 80
intraperitoneally for 3 days), or clotri-
mazole (CloTZ) at doses of 30 or 75
mg/kg for 3 days were electropho-
resed (25 ug of microsomal protein/
track) together with protein standards
(Std) of 45,000, 66,200, 116,300, and
200,000 MW (/eft) and 31,000,
45,000, 66,200, and 92,500 MW
(right).

31K

protein band at high clotrimazole doses. This is further sup-
ported by the difference in molecular weight of the band that
is intensified and the reported subunit molecular weight
(56,000) of this enzyme (32).

The enzyme activities selectively induced at high clotrima-
zole doses coupled with intensification of a similar molecular
weight protein band in the SDS-polyacrylamide gel strongly
suggest that this is the same isozyme that is induced by PCN,
dexamethasone, and troleandomycin. In a recent study (33),
induction of this isozyme by phenobarbital and phenobarbital-
like inducers was found to involve both decreased degradation
and increased synthesis. Whether both of these mechanisms
also contribute to high dose clotrimazole induction of this
isozyme remains for elucidation. In addition, either or both
mechanisms could also be responsible for the low dose response.

The enzyme activities maximally induced by low doses of
clotrimazole, p-nitroanisole demethylation, and aniline hydrox-
ylation are known to be catalyzed by many cytochrome P-450
isozymes (12, 34, 35). High turnover rates for aniline hydrox-
ylation have been associated with a 51,000 molecular weight
isozyme induced by isoniazid and ethanol, isozyme “j” (36).
However, induction of this isozyme by ethanol is also associated
with a high oxidase activity toward dimethylnitrosamine (37)
and clotrimazole induction shows no increase in the microsomal
dimethylnitrosamine demethylation rate (unpublished results).
Thus, although it is helpful to interpret activity changes in the
light of known isozyme specificities, it is possible that clotri-
mazole is also inducing an isozyme or isozymes that is (are)
currently unknown or has (have) yet to be characterized.

Overall, the findings for differential induction of enzyme
activities by different doses of a single agent, clotrimazole,
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serve as a caution to the whole field of induction of drug-
metabolizing enzymes. Induction studies are often undertaken
at the highest tolerated doses. It may be that the use of several
doses may unravel some of the complexity of induction, partic-
ularly with respect to the apparent lack of selectivity (degen-
eracy) of isozyme induction (i.e., more than one isozyme in-
duced) that is seen with most non-polycyclic hydrocarbon-
inducing agents.
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