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Abstract-Male and female Holtzman rats were exposed to ethylbenzene, and the effect on liver 
microsomal activities was studied. Hydr~ar~n- and sex-dependent effects on P450-dependent metab- 
olism of drugs and aromatic hydrocarbons were investigated. Hydrocarbon treatment produced two 
patterns of induction in cytochrome P4>0-dependent activities: (1) induction common to both sexes; 
and (2) induction exclusively in females. Benzphetamine N-demethylation, %ethoxycoumarin O- 
deethylation, p-nitroanisole 0-demethylation and aromatic hydroxylation of toluene were induced in 
both sexes after rats were exposed to ethylbenzene. The rate of benzphetamine N-demethylation 
increased 4-fold in females and nearly doubled in males. The increase in 0-deethylation of 7-ethoxy- 
coumarin was 3-fold in females and doubled in males, while p-nitroanisole 0-demethylation increased 
4-fold in both sexes after exposure to ethylbenzene. Ethyl~nzene had its greatest effect upon the 
formation of aromatic hydroxylated metabolites of toluene. Ethylbenzene exposure increased the rate 
of o-cresol formation by 4- and g-fold in female and male rats, respectively. The formation rate of p- 
cresol was undetectable in either sex prior to hydrocarbon exposure; however, after the rats were given 
ethylbenzene, rates increased to 0.4 nmol/min/mg protein in females and to 0.9 nmol/min/mg protein 
in the males. Ethylbenzene exposure selectively induced aminopyrine demethylation, aniline hydroxy- 
lation, N,N-dimethylnitrosamine N-demethylation (DMNA) and aliphatic hydroxylation of toluene in 
females. Rates for aminopyrine, aniline, and DMNA were increased 50% over controls, while formation 
of benzyl alcohol from toluene was enhanced to 260% of control. Western immunoblotting indicated 
that ethylbenzene treatment induced cytochrome P450 2Bl/2B2 to a greater extent in male rats and 
cytochrome P450 2El only in females. Ethylbenzene exposure did not affect significantly the level of 
cytochrome P450 1Al. 

Aromatic hydrocarbons are major components of a 
number of industrial and consumer products such as 
solvents, varnishes, and gasoline, and the common 
use of these items provides a variety of opportunities 
for exposure to them. Of the aromatic hydrocarbons 
that are found frequently in these products, benzene, 
toluene, and xylenes are found in the highest 
concentrations, while ethylbenzene and larger 
~kyl~~enes are found at lower levels. These 
compounds are encountered frequently in mixtures 
such as gasoline, but in many cases a consumer 
product can be composed of a single compound. 

Occupational exposure to aromatic hydrocarbons 
can produce toxic events in cellular systems. Benzene 
has been determined to be an extremely toxic 
aromatic hydrocar~n capable of promoting blood 
abnormalities, certain types of leukemia, and 
genotoxicity [l]. Toluene, xylenes, and ethylbenzene 
are considered to be safer, less toxic agents than 
benzene; however, a limited amount of information 
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suggests that their exposure can result in behavioral 
disturbances, genotoxicity, and possible changes in 
the central nervous system, liver, and kidneys 
depending on the hydrocarbon in question [Z-6]. 

The initial steps of aromatic hydrocarbon 
metabolism are catalyzed by the hepatic cytochrome 
P450 (P4500)-dependent monooxygenases [l-4]. The 
general reaction catalyzed by the P450 isozymes 
involves hydroxylation of the substrate molecule, 
converting a tipophilic substrate to a more polar 
product. Hydroxylation of the aromatic ring 
converting benzene to phenol is an example of such 
a reaction [7,8]. These reactions, however, are not 
limited to hydroxylation at one location on a 
molecuie. When the substrate is an alkylbenzene, 
such as toiuene, reactions can occur at different 
positions on the molecule. Toluene has been shown 
to be metabolized in vivo by both aliphatic and 
aromatic hydroxylation [3]. Hydroxylation of the 
aliphatic methyl group results in the formation of 
the primary metabolite benzyl alcohol, while ring 
hydroxylation coutd produce o-, m-, or p-cresol. 
Aromatic oxidation to form cresols has been reported 
to occur through the formation of epoxides and 
accounts for less than 1% of an absorbed dose of 
toluene [9]. Additionally, there is evidence for direct 
hydroxylation of the aromatic ring which also 
contributes to the amount of cresol produced [lo]. 

Induction of cytochrome P450 isozymes by various 
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compounds ranging from polycyclic hydrocarbons to 
drugs such as phenobarbital has been the subject of 
continual investigation [ 11-131. Exposure to aromatic 
hydrocarbons has also been implicated in the 
induction of cytochrome P450 [14,1.5]. Certain 
cytochrome P450-dependent activities were increased 
in rats exposed to benzene, toluene, or xylenes. 
Exposure to toluene and xylenes was shown to 
increase cytochrome P450 levels, and the P450- 
dependent activities of aminopy~ne demethylation 
and aniline hydroxylation, while exposure to benzene 
had little effect on these activities [14]. The inductive 
effect of toluene has also been demonstrated to be 
associated with the sex and age of the animal [15]. 

Studies pertaining to alterations in the route of 
hydroxylation for the alkylbenzenes following 
hydrocarbon-mediated induction of cytochrome 
P450 have yet to be addressed. Presently, it is not 
known if changes in the aliphatic and aromatic 
pathways of metabolism of an alkylbenzene can 
selectively be induced follo~ng exposure to aromatic 
hydrocarbons. This study will investigate how 
exposure to an aromatic hydrocarbon can influence 
the induction of cytochrome P450 isozymes that 
hydroxylate toluene, and if this induction is 
influenced by the gender of the animals. Alterations 
in the routes of hydroxylation were monitored using 
toluene as the substrate due to its simplicity as an 
alkylbenzene, possessing one aliphatic and three 
possible aromatic hydroxylation sites. 

Studies in this laboratory using ethylbenzene as 
the inducing agent indicated that this compound was 
one of the more effective alkylbenzenes for the 
induction of hepatic cytochrome P450-dependent 
benzphetamine and ~-nitroanisole demethylase 
activities. Therefore, this hydrocarbon was chosen 
as the inducing agent for the experiments described 
in this manuscript. 

MATERIALS AND METHODS 

Chemicals 

Toluene (HPLC grade) and isooctane (HPLC 
grade) were purchased from Burdick & Jackson 
(Muskegon, MI). Dichloromethane (spectro- 
photometric grade) was purchased from EM Science 
(Gibbstown, NJ). Isopropanol was purchased from 
Mallinckrodt (Milwaukee, WI). Ethylbenzene was 
obtainedfromtheAld~chChemicalCo. (Milwaukee, 
WI). NADP+, glucose-4-phosphate, glucose-& 
phosphate dehydrogenase, aminopyrine, and 7- 
ethoxycoumarin were purchased from the Sigma 
Chemical Co. (St. Louis, MO). Benzphetamine 
hydrochloride was a gift from the Upjohn Co, 
(Kalamazoo, MI). p-Nitroanisole was purchased 
from Kodak (Rochester, NY). 

Animals 

Seven-week-old male and female Holtzman 
rats weighing between 230-270 and 170-19Og, 
respectively, were obtained from Harlan Sprague 
Dawley, Inc. (Madison, WI). The rats were housed 
by sex in ore-bottomed stainless steel cages in a 
temperature- and light~ontrolled room (ZS’, 12 hr 
light/dark cycle). Rats were allowed to acclimate 
for 5 days prior to treatment, and were maintained 

on an unrestricted diet of rodent chow (Ralston 
Purina, St. Louis, MO) and water that was deionized 
and passed through an activated charcoal filter to 
remove potential contaminating hydrocarbons. 

Hydrocarbon treatment of animals and preparation 
of liver microsomes 

Rats were injected i.p. with ethylbenzene (2M 
suspension in corn oil) for 3 days at a dose of 
10 mmol,/kg body weight. Control rats received daily 
injections of corn oil. Animals were allowed free 
access to food and water throughout the injection 
period and their body weights were recorded on the 
first day of injection and at the time of death. 
Animals were killed by decapitation 24 hr after the 
last injection. Livers were quickly removed and 
placed in cold 0.25 M sucrose. Microsomes were 
prepared by the method of Remmer et al. [16]. The 
washed microsomes were then suspended in 10 mM 
potassium phosphate buffer, pH 7.25. Microsomal 
protein content was determined by the biuret method 
1171, and cytochrome P450 levels were measured 
according to the method of Omura and Sato [18]. 
Cytochrome bs was determined from the reduced 
spectrum at 426 nm using a difference extinction 
coefficient of 111 mM- 1 cm- ’ [ 181. NADPH-cyto- 
chrome c reductase activity was determined at 37’ 
in 100 mM potassium phosphate buffer, pH 7.25, by 
a modification of Yonetani [ 191. NADH-ferricyanide 
reductase activity was measured at 37” in 100 mM 
phosphate buffer, pH 7.25 [20]. 

Cytochrome P450-dependent reacttons 

Rat liver microsomes at a concentration of 
2 mg protein/mL (0.2 mg protein/mL for the 7- 
ethoxycouma~n assay) were used in each catalytic 
assay. Catalytic activities examined, their substrate 
concentrations, and reaction times were: amino- 
pyrine N-demethylation, 5 mM, for O-4 min [Zl, 221; 
benzphetamine N-demethylation, 1 mM, for O-4 min 
[21,22]; N,N-dimethylnitrosamine N-demethylation 
(DMNA), 2 mM, for O-8 min (21,22];p-nitroanisole 
0-demethylation, 0.4 mM, continuous spectral 
assays [23]; 7-ethoxycoumarin 0-deethylation, 
0.5 mM, for 0-4min [24,25]; and aniline p- 
hydroxylation, 5 mM, for O-11 min [26]. The final 
concentrations of the assay components were: 
substrate (described above), 5 mM glucosed- 
phosphate, 2 U/mL glucose-6-phosphate dehydro- 
genase, and 10 mM magnesium chloride in 100 mM 
potassium phosphate (pH 7.25). Reactions were 
initiated using NADP” or NADPH (p-nitroanisole 
demethylation) and terminated with 15% tri- 
chloroacetic acid. 

Toluene metabolism 

A saturated aqueous solution of toluene was 
prepared by adding excess toluene to deionized 
water, shaking vigorously, and then allowing the 
solution to stand for 2 days prior to use. The aqueous 
solution saturated with toluene was removed using 
a repipet bottle. The concentration of toluene in the 
saturated solution was determined to be 5.6 mM by 
measu~ng the UV absorbance at 262 nm (~2~~~~ = 
0.237 mM-‘cm-‘). Rat liver microsomes at a 
concentration of 2mg protein/mL were incubated 
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in sealed vials containing: 3 mM toluene, an 
NADPH-generating system (0.5 mM NADP+, 5 mM 
glucose-6-phosphate, 2 U/mL glucose-6-phosphate 
dehydrogenase, and 10mM MgClz), and 1OOmM 
potassium phosphate buffer, pH7.25, in a final 
volume of 2.0 mL. Following preincubation for 5 min 
at 37”, the reaction was started by adding NADP+ 
to the mixture in the sealed reaction vials using a 
Hamilton syringe. The reaction was terminated after 
5 min by the addition of 14OpL of 1 M HCl, 
immediately followed by addition of 100 FL of 18% 
NaCI. To each vial 36 nmol p-methylbenzyl alcohol 
was added to serve as an internal standard. The 
organic metabolites were extracted three times by 
addition of 800 pL of dichloromethane to the aqueous 
phase, shaking vigorously, and then centrifuging at 
low speed for 15 min. The organic phase was 
separated from the aqueous phase and dried with 
sodium sulfate. Metabolites in the organic phase 
were separated and quantified by isocratic elution 
using a mobile phase of 0.30% isopropranol in 
isooctane and were detected at 200 nm using a 
Waters HPLC system equipped with a 
4.6 mm x, 2.5 cm DuPont Zorbax SIL normal phase 
column (Mac-Mod Analytical Inc., Chadds Ford, 
PA). Metabolites were quantified using authentic 
standards and integration of the HPLC chro- 
matograms was done using a Baseline 810 system 
(Millipore Corp., Milford, MA). The sample 
injection volume was 100 pL and the flow rate for 
the mobile phase was 1.6 mL/min, The extraction 
efficiencies for each of the products in these studies 
were 86, 70, 77 and 87% for o-cresol, p-cresol, 
benzyf alcohol and p-methylbenzyl alcohol (internal 
standard), respectively. 

Me~~rement of ~yto~hrome P450 protein levek by 
Western blotting 

Rat liver microsomal proteins were separated 
electrophoretically on sodium dodecyl sulfate (SDS)- 
polyacrylamide gels (10% acrylamide). Following 
electrophoresis, the gels were transferred to 
nitrocellulose membranes (Costar, Cambridge, MA) 
by a modification of Towbin et al. [27]. Gels were 
first equilibrated for 15 min in a protein transfer 
buffer consisting of 25 mM Tris, 192 mM glycine, 
and 20% (v/v) methanol. Microsomal proteins were 
next electrophoretically transferred from SDS- 
polyac~lamide gels onto the nitrocellulose sheets 
using an eIec~ophoretic transfer cell (Bio-Rad, 
Melville, NY). After completion of the transfer 
process, non-specific binding sites were blocked by 
incubating the membranes in phosphate-buffered 
saline (PBS) containing 2% bovine serum albumin 
(BSA) for 1 hr at 25”. The blocked membranes were 
then washed in three successive changes of PBS 
containing 0.05% Tween 20 for IOmin each. 
Alterations in the levels of specific cytochrome P450 
isozymes were measured by Western immunoblotting 
techniques using rabbit anti-rat polyclonal antibodies 
for cytochrome P450 lA1, P450 2B1, and P450 2El 
(Oxygene, Dallas, TX). Membranes were incubated 
for 2 hr at 25” with the antibody in the presence of 
PBS containing 5% goat serum, 2% BSA, and 
0.05% Tween 20, followed by washing as described 
above. Detection of bound P450 antibodies to 
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microsomal proteins was performed by incubating 
the membranes with blotting grade goat anti-rabbit 
IgG alkaline phosphatase conjugate (Bio-Rad) for 
1 hr, followed by calorimetric determination with 5- 
bromo-4-chloro-3-indolylphosphate andp-nitro blue 
tetrazohum [28]. Blots were analyzed by densitometry 
using a Microcomputer Imaging Device (Imaging 
Research Inc., Ontario, Canada). 

Statistical analysis 

The effect of hydrocarbon exposure on cytochrome 
P450 content and cytochrome P450-dependent 
activities was analyzed using a fixed-effect one-way 
analysis of variance (ANOVA) test. Means and 
standard error of the mean are presented and specific 
differences between hydrocarbon-mediated and sex- 
related effects were determined with Tukey’s 
multiple comparison test at the 0.05 significance 
level. All data were analyzed using a rank 
transformation to take account of the non-normality 
of the data. This transformation was performed 
because the standard errors were not normally 
dist~buted but were proportional to the magnitude 
of the rates obtained. 

RESULTS 

Male and female rats either given corn oil or 
ethylbenzene remained healthy in their appearance 
and maintained normal behavior throughout the 
study. Body weights increased to about the same 
extent for male and female rats receiving injections 
of corn oil, increasing by 10 and 7%, respectively, 
over the 3-day treatment period (data not shown). 
Conversely, animals that received ethylbenzene 
treatment showed decreased body weights. Body 
weights of males decreased by 4.5% while the 
weights of the females decreased to a lesser extent, 
0.25% (data not shown). 

Effect of ethylbenzene treatment on cytochrome P450 
content and microsomal activities 

Although liver cytochrome P450 content did not 
change in male rats that received ethylbenzene, the 
cytochrome P450 content in female rats doubled 
following hydrocarbon exposure (Table 1). The 
cytochrome P450 levels in females, however, were 
lower than those in the male rats for both control 
and ethylbenzene treatments. Other mixed-function 
oxidase components were also examined following 
ethyIbenzene treatment. Cytochrome b5 levels in 
females increased 67% over control levels; however, 
in males a smaller but insignificant increase was 
observed. Substantial increases were observed for 
both sexes in the activity of NADPH-cytochrome c 
reductase, increasing by 145% in females and by 
68% in the males. NADH-ferricyanide reductase 
activity was also examined and did not show any 
differences following hydrocarbon exposure in either 
sex (data not shown). 

Effect of ethylbenzene treatment on cytochrome P450- 
dependent activities 

Table 2 summa~zes the effect of ethylbenzene 
administration on different cytochrome P450- 
dependent activities. Two patterns of induction 
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Table 1. Effect of ethylbenzene exposure on cytochrome P450, cytochrome b5, and NADPH- 
cytochrome c reductase 

Treatment 
cyt. P450 Cyt. b5 

N (nmol P450/mg protein) 
Cyt. c reductase 

(nmol/min/mg protein) 

Female rats 
Corn oil 
Ethylbenzene 

Male rats 
Corn oil 
Ethylbenzene 

: 
0.25 It 0.01 0.21 2 0.01 126 2 21 
0.50 Z!Z 0.06* 0.35 2 0.02* 308 k 22% 

0.58 -c 0.12.t 0.29 f 0.02 231 * 25t 
0.69 f 0.09 0.37 rt 0.01 387 + 23* 

Rats were treated with three daily i.p. injections of ethylbenzene at 10 mmol/kg in corn oil 
or an equivalent volume of corn oil as a control. Microsomes were then prepared, and 
cytochrome P450 and cytochrome b5 levels and NADPH-cytochrome c reductase activity were 
determined as described in Materials and Methods. Data are shown as means f SEM. 

* Significant difference (P < 0.05) from corresponding control. 
t Significant difference (P < 0.05) from corresponding female. 

Table 2. Effect of ethylbenzene exposure on cytochrome P450-de~ndent activities 

P450 activity 

Treatment Benzphetamine 7-Ethoxycoumarin p-Nitroanisole Aminopyrine Aniline DMNA 

Female rats 
Corn oil 1.62 2 0.18 0.82 f 0.10 0.58 k 0.054 1.70ro.11 0.39 f 0.04 0.50 + 0.06 

(N = 6) 
Ethylbenzene 7.30 + 0.80’ 2.61 f 0.37* 2.47 k 0.30* 4.43 f 0.23* 0.98 2 0.15* 1.24 r: 0.18’ 

(N = 6) 
Male rats 

Corn oil 6.19 2 1.08t 1.96 2 0.23t 0.88 + 0.06t 5.95 + 0.92t 0.69 -” 0.08t 0.65 2 0.07 
(N = 4) 

Ethylbenzene 10.7 ” Lo*? 3.64 2 0.49’ 3.40 f 0.54’ 6.99 2 0.65 0.94 ? 0.15 1.10 t: 0.23 
fN = 5) 

Details for reaction conditions are given in Materials and Methods. Units for N-demethylation of aminopyrine, 
benzphetamine, and N,N-dimethylnitrosamine are: nmol of HCHO/min/mg protein; 0-demethylation of p-nitroanisole 
is expressed as nmol of p-nitrophenol/min/mg protein; 0-deethylation of 7-ethoxycoumarin is expressed as nmol of 7- 
hydroxycouma~n/minfmg protein; and the units for aniline p-hydroxylation are: nmol of ~-aminophenol/minfmg 
protein. Data are shown as means c SEM. 

* Significant difference (P < 0.05) from corresponding control. 
t Significant difference (P < 0.05) from corresponding female. 

occurred for the activities examined. Benzphetamine 
N-demethylation, 7-ethoxycoumarin 0-deethylation 
andp-nitroanisole 0-demethylation were induced in 
both sexes after treatment with ethylbenzene. 
In females, benzphetamine N-demethylation was 
increased more than 4-fold over control levels, 
whereas a less than 2-fold increase was observed 
in males. A similar effect was seen with 7- 
ethoxycoumarin metabolism increasing by 3-fold and 
2-fold in females and males, respectively. A slightly 
different pattern was observed with p-nitroanisole 
0-demethylation, with ethylbenzene producing 4- 
fold increases for both sexes. The rate for each of 
these activities was greater in male rats than in 
female rats prior to hydrocarbon treatment. 
After hydrocarbon treatment, only the rate of 
benzphetamine N-demethylation was significantly 
different from that of females treated with 
ethylbenzene (Table 2). 

Three of the activities were induced exclusively in 

females after exposure to ethylbenzene. Amino- 
pyrine N-demethylase, aniline p-hydroxylation, and 
dimethylnitrosamine N-demethylation were each 
significantly induced in female rats receiving 
ethylbenzene, with each of the activities increasing 
by about 2.5-fold over their respective controls. 

Effecr of ethylbenzene treatment on formation of 
toluene met~bolite~ 

Determination of the rate of toluene metabolism 
was performed in vitro to examine the ability of the 
hydrocarbon-inducible cytochrome P450 isozymes 
to hydroxylate aromatic hydro~rbons. A typical 
HPLC chromatogram showing the metabolites 
formed from the in vitro metabolism of toluene by 
microsomes from ethylbenzene-treated male rats is 
shown in Fig. 1. In the chromatograms from the 
ethylbenzene-treated rat three metabolites of toluene 
were identified. The primary metabolite was the 
result of the aliphatic hydroxylation of toluene to 
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Time (mint 

Fig. 1. HPLC chromato~aph of toluene metabolites. Microsomes were prepared from rats treated with 
ethylbenzene as described in MateriaIs and Methods. The chromatograph shows the results from in 
vitro toluene metabolism using microsomes of a male rat treated with ethylbenzene. Metabolites were 
separated by normal phase chromatography using the conditions described in Materials and Methods, 
and detected at 200 nm. The chromatograph shows the relative amounts of toluene metabolites formed 
from a S-min incubation with 2 mg/mL microsomal protein. p-Methylbenzyl alcohol (7 mM) was used 

as an internal standard. U signifies unknown. 

Table 3. Effect of ethylbenzene exposure on in vitro metabolism of toluene 

Toluene metabolite 
(nmol pr~u~t/min/mg protein) 

Treatment N Benzyl alcohol o-Cresof p-Cresoi 

Female rats 
Corn oil 1.94 ‘- 0.07 0.11 rt 0.02 
Ethylbenzene :: 6.94 + 0.78* 0.48 Ir 0.09* 0.44Yo.o** 

Male rats 
Corn oil 

:: 
9.94 + 1sot 0.09 z?z 0.03 

Ethyl~~ene 12.0 * 0.78t 0.83 2 0.14’t 0.88??0.17? 

Analytical procedures are described in Materials and Methods. Reactions were carried out 
for S min in sealed vials containing 2 mg/mL microsomal protein and 3 mM toluene. Toluene 
metabolites were detected at 200nm. ND = not detectable. Data are shown as means f 
SEM. 

* Significant difference (P < 0.05) from corresponding control. 
t Significant difference (P < 0.05) from corres~nding female. 

form benzyl alcohol. Smaller concentrations of two 
aromatic hydroxyiation products, o- and p-cresol, 
were also observed in ethylben~ene-treated male 
rats. By contrast, corn oil-treated rats revealed only 
two metabolites; benzyl alcohol and a very small 
amount of o-cresol (Table 3). No m-cresol (retention 
time =37.5 min) was detected in any of the groups 
examined. Each of these products co-&ted with 
authentic standards using both normal phase and 

reversed phase separations. Changes in the formation 
of each of these metabolites were quantified and are 
presented in Table 3. 

Benzyi alcohol ~or~ur~o~. The rate of benzyl 
alcohol formation in females given ethylbenzene was 
increased more than 3.5fold over the rate of those 
receiving corn oil; however, ethylbenzene treatment 
did not increase the rate of benzyl alcohol formation 
ir, male rats (Table 3). These results indicate that 
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female rats were more sensitive to hydrocarbon- 
mediated induction of benzyl alcohol production 
than were males. Despite the apparent increased 
hydrocarbon inducibility in female rats, the total 
rates of benzyl alcohol formation in females remained 
lower than those in males. 

Ortho-cresol formation. Untreated rats were 
capable of producing small amounts of a-cresol from 
toluene, which was increased in both sexes following 
exposure to ethylbenzene. Rates of o-cresol 
formation increased to a much greater extent than 
did those of aliphatic hydroxylation following 
ethylbenzene exposure. For females treated with 
ethylbenzene, the rate of o-cresol formation 
increased 4-fold (Table 3). Males treated with 
ethylbenzene produced an even larger effect. In 
contrast to their lack of enhanced aliphatic 
hydroxylation, the formation of o-cresol from toluene 
was increased 9-fold over control levels in males 
(Table 3). This rate was about 2-fold greater than 
that occurring for females receiving ethylbenzene, 
and as with the formation of benzyl alcohol, the 
overall rate of o-cresol formation in females was 
lower than that in males. Control groups, however, 
did not show significant differences in the rate of o- 
cresoi formation from toluene. 

Para-cresol formation. Prior to hydrocarbon 
exposure, aromatic hydroxylation to produce p- 
cresol did not contribute to overall toluene 
metabolism (Table 3). Ethylbenzene exposure 

increased the rate of p-cresol formation over the 
control levels in both males and females. The rate 
increased from undetectable levels to a rate 
of 0.44nmol/min/mg protein for females, and 
0.88 nmol/min/mg protein in males following 
hydrocarbon exposure (Table 3). As with formation 
of o-cresol, after treatment with ethylbenzene the 
rate of p-cresol formation in male rats was almost 
2-fold higher than that found in females. 

Effect of ethylbenzene exposure on expression of 
P450 lA1, P450 2B1, and P450 2El 

The levels of specific isozymes of cytochrome P450 
were examined to determine if the induction of 
catalytic activities by aromatic hydrocarbons was 
attributable to increased levels of particular P4SO 
isozymes. The microsomal proteins were probed 
with polyclonal antibodies to some of the more 
commonly induced forms of cytochrome P450, 
namely, P4.50 2B1, P4.50 2E1, and P450 1Al 
(Figs. 2-4). Western immunoblotting revealed that 
cytochrome P4SO 2Bl was induced substantially in 
both male and female rats after exposure to 
ethylbenzene. The levels of P450 2Bl in the male 
and female control groups were similar; however, 
following treatment with ethylbenzene, males 
showed greater .expression of this isozyme (Fig. 
2 and Table 4). Intense bands for protein 
immunoreacting with anti-P450 2Bl appeared after 
ethylbenzene treatment for both sexes but not with 

Fig. 2. Effect of ethylbenzene treatment on the expression of P450 2Bl. Microsomes from rats given 
corn oil or ethylbenzene were prepared as described in Materials and Methods, and Western 
immunoblotting was performed using rabbit anti-rat P450 2Bl polyclonal antibody. Each lane contained 
5 pg of hepatic microsomal protein from different male or female rats treated with corn oil or 

ethylbenzene. 
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Fig. 3. Effect of ethylbenzene treatment on the expression of P450 2El. Microsomes from rats given 
corn oil or ethylbenzene were prepared as described in Materials and Methods, and Western 
immunoblotting was performed using rabbit anti-rat P450 2El polyclonal antibody. Each lane contained 
5 ng of hepatic microsomal protein from different male or female rats treated with corn oil or 

ethylbenzene. 

Fig. 4. Effect of ethylbenzene treatment on the expression of P450 1Al. Microsomes from rats given 
corn oil or ethylbenzene were prepared as described in Materials and Methods, and Western 
immunoblotting was performed using rabbit anti-rat P450 1Al polyclonal antibody. Each lane contained 
3 ,ug of hepatic microsomal protein from different male or female rats treated with corn oil or 

ethylbenzene. 



Table 4. Densitometry of Western blotting experiments 

Treatment 

PernaTe rats 
Gorn oh 
Ethylbenzene 

Male rats 
Corn oil 
Et~y~benzene 

P4.50 1Al 

LOS 2 0.29 
1st + 0.47 

0.48 + 0.34 
1.09 rtr 0.48 

P450 2B 1 

1 ‘@I ‘- OS5 
25.9 t 4.1.Y 

0.75 t 0.33 
46.8 rt 4.61*9 

P450 2El 

l.00r0.06 
1.42 r 0.13* 

1.112 0.09 
1.38 f 0.11 

Western Mats using microsomes From rats treated with corn oil ar ethyfbenzene were 
prepared as described in Materials and Methods. De&tome&y was performed, and 
resuhs have been notarized to control females. Data are shown as means sz SEM. 

* Significant difference (P -C 0.05) from corresponding control. 
“F Significant difference (P zf 0.05) from corresponding female. 

the untreated groups (Fig. 2), These results 
demonstrate that the Ieve1 of cytochrome P450 2BI 
was substantially indu~d by ~thylb~nz~ne in both 
sexes with males exhibiting a larger response. 

Cytochrome P45Q 2El was also shuwn to be 
induced by ethylbenzene treatment; however, 
s~~~~~~~~t induction was found on@ in females. Blots 
from male livers did not produce sig~i~c~~~ increases 
in the amount of immunoreacting P4SO 2El protein. 
The levels of immunoreacting P450 2El protein were 
examined by densitometry (Table 4). These results 
illustrate that P450 2Fl protein levels in females 
were induced after exposure to ethylbenzene. A 
representative Western blot for P45D 2E1 is shown 
in Fig. 3. 

Cytochrome P450 1Al was not induced by 
ethyl~~ene exposure in either sex. The Western 
blots for P4.50 1Al showed a great deal of va~ab~~ity 
within groups for both sexes, as shown in Fig. 4, 
Both the control and treatment groups varied in 
their expressiun of P450 IAl, and d~~~tornet~ of 
blots from each liver did not reveal any substantial 
induction for either sex (Table 4). 

DISCUSSIQN 

The interaction of aromatic hydro~~~~o~ with 
~~~hrorne P450 has been shown to produce 
different patterns of induction for hepatic microsomat 
electron transport component, P4~0-dependent 
activities, and hydro~rbon metaboIism. Exposure 
of rats to ethylbe~en~ seemed to affect the overall 
content of a number of microsomal efectron transport 
components differently depending upon the sex of 
the animal, Ethylbe~ene ~~a~e~~ had no 
significant effect on cytochrome P4!X or cytochrome 
b5 levels in male rats; however, P450 levels doubled 
and the level of cytochrome bs increased 70% in 
females (Table 1). A limited number of studies have 
investigated the effects of aromatic hydrocarbons on 
~~~~rne F450 isoxymes. Studies with benzene 
have not shown ~nd~~~on of hepatic cytochrome 
P45Olevels fl4,29]. Some investigators have reported 
toluene and xylenes to increase cytochrome P450 
intent ]14,30,31]; however, others have not 
demonstrated this effect [32]. 

Cytochrome c reductase activity following ethyl- 

benzene dearest was increased in both m&e and 
female rats (‘Table 1). Other hydrocarbons (e-g, 
toluene and xylenes) have been shown to produce 
similar effects on cytochrome c reductase activity 
[14,15]. 

In the present study different patterns of induction 
were observed with various cytochrome P450- 
dependent activities following exposure to an 
aromatic hydrocarbon. Depending on the activity 
in question, induction following ethylbenzene 
treatment may be common to both sexes or occur 
in only one sex. Metabolism of the drugs 
benzphetamine, ~-et~o~~ouma~n, and p-nitro- 
anisote, and aromatic b~~dro~ylat~on of tohrene was 
induced after treatment with ethyibenzene in both 
male and female rats. On the other hand, 
aminopyrine ~-demethylation, aniline p-hydroxy 
lation, dimethylni~~amine ~-demethyla~on, and 
aliphatic hydroxyiation of toluene to benxy1 alcohol 
were selectively induced in female rats foilowing 
hydro&arbon exposure. 

Induction of certain cytoehrome P450-dependent 
activities has been associated with gender. Studies 
have been performed on rats examining sex* 
dependent differences in drug metabolism [15,33- 
391. Evidence has also been presented suggesting 
that the magnitude of induction of cytochrome P450- 
dependent activities can be inguenced by gender. 
Kate and Takayanaghi f40] studied the effect of 
~me~ylchoianthr~ne on the activity of liver 
microsomal drug-metabolizing enzymes in male and 
female rats. Their study indicates that induction of 
cytochrome I’450 by thisinducer promotes a different 
effect in male rats than that occurring in females. 
Activities that displayed relativefy smah sex 
differences in the absence of an inducing agent were 
increased by 3-methylcholanthrene in both sexes; 
however, those activities displaying clear sex 
differences were decreased in male rats but not 
affeeted in female rats 140,41]. Pyykkii ]lS] has 
reported sexdependent induction of microsomaf 
dug-rnetabo~~~in~ activities by toluene treatment. 
Aryl hydrocarbon hydroxylase activity was greater 
in male rats but was not induced by toiuene. On the 
other hand, exposure to toluene did promote 
induction of aryl hydrocarbon hydroxylase activity 
in the fernate rats, Thus, the gender of the animal 
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influences induction of this activity. Aminopyrine 
N-demethylase, aniline hydroxylase and 7-ethoxy- 
coumarin 0-deethylation were also examined in this 
study; however, unlike the gender-selective induction 
associated with aryl hydrocar~n hydroxylase, these 
activities were induced equally in both sexes. We 
have demonstrated that treatment of rats with 
ethylbenzene also produced a gender selective 
induction of certain cytochrome P450-dependent 
activities (Table 2). Like toluene, ethylbenzene 
produced an equivalent degree of induction of 7- 
ethoxycoum~in metabolism in both sexes. However, 
in contrast to the effect of toluene on the metabolism 
of aminopyrine, ethylbenzene treatment selectively 
induced this activity in females (Table 2). In addition, 
toluene metabolism via aliphatic hydroxylation was 
induced only in females (Table 3). Aromatic 
hydroxylation was induced in both sexes; however, 
ethylbenzene treatment more highly influenced the 
formation of cresols in the male rats (Table 3). 

Of the activities that were increased in females, 
aniline hydroxylation and DMNA are particularly 
interesting because they are closely associated with 
cytochrome P4.50 2El [42-44]. Since these activities 
were enhanced only in females that received 
ethylbenzene, it is possible that P450 2El may be 
selectively induced. Based upon the results of 
Western immunoblotting this does appear to occur 
following exposure to ethylbenzene (Fig. 3). 
Microsomes from female rats treated with ethyl- 
benzene had higher amounts of immunoreacting 
protein to anti-rat P450 2El than their male 
counterparts. The results suggest that females are 
moresusceptibletoethylbenzene-mediatedinduction 
of cytochrome P450 2El isozyme than are males. 

Cytochrome P450 2El was not the only isozyme 
induced by ethylbenzene. Cytochrome P450 2Bl was 
also induced following ethylbenzene treatment. 
Furthermore, this induction occurred for both sexes. 
Proteins that immunoreacted with antibody to 
cytochrome P450 2Bl were increased in both male 
and female rats following exposure to ethylbenzene 
(Fig. 2). Cytochrome P450 1Al was also examined 
and did not appear to exhibit a sex difference; 
ethylbenzene treatment did not increase significantly 
P450 1Al expression in either male or female rats 
even though a small increase was observed (Fig. 4). 

The most dramatic effects of ethylbenzene 
exposure occurred for hydrocarbon metabolism. 
Male and female rats showed induction of 
hydrocarbon metabolism following exposure to 
another aromatic hydrocarbon. Pronounced for- 
mation of aromatic hydroxylated metabolites of 
toluene occurred in both sexes following ethyl- 
benzene exposure. Prior to hydrocarbon exposure, 
cresol formation accounted for less than 1% of 
toluene metabolites in either sex. However, after 
exposure to ethylbenzene, formation of cresols 
increased to approximately 15% of total toluene 
metabolites in both sexes. Formation of o-cresol was 
enhanced by g-fold in male rats and by 4-fold in 
females that received ethylbenzene (Table 3). Even 
larger effects of hydrocarbon treatment were seen 
in the formation of p-cresol (Table 3). 

We can begin to identify the isozymes involved in 
hydrocarbon-mediated induction of P450-dependent 

drug and hydrocarbon metabolism based on our data 
as well as recent literature reports [32,45]. According 
to the study of Nakajima et al. [45], cytochrome 
P450 isozymes were found to metabolize toluene by 
different routes of hydroxylation. Using monoclonal 
antibodies to inhibit the metabolism of toluene, 
the found that cytochrome P450 2C11/2C6 was 
responsible for benzyl alcohol formation and, to a 
smaller degree, p-cresol. Cytochrome P450 2El was 
also found to metabolize toluene to benzyl alcohol; 
however, this was only at low concentrations of 
toluene. Cytochrome P450 2B1/2B2 metabolized 
toluene to benzyl alcohol, and to both o- and p- 
cresol. In this regard, the larger increase of 2Bl 
protein in males treated with ethylbenzene would 
explain their greater rates of cresol formation (Fig. 
2, Table 3). The sex difference that occurred for the 
formation of benzyl alcohol could be related, at least 
in part, to suppression of P450 2Cll in males exposed 
to ethylbenzene. This is possible considering that 
cytochrome P450 2Cll is a male-specific isozyme 
[46]. This means that untreated male rats would 
presumably have a least two isozymes contributing 
to benzyl alcohol formation: P4.50 2Cll and the low 
constitutive levels of P450 2Bl/2B2 as the major 
forms cont~buting to this metabolite. On the other 
hand, untreated femafe rats do not have P450 2Cll 
accounting for lower levels of benzyl alcohol. If 2Bl/ 
2B2 was induced by ethylbenzene, then the change 
in benzyl alcohol formation would be increased in 
both males and females. However, if ethylbenzene 
suppressed Xl1 and induced 2Bl/2B2, then in male 
rats only a small change in benzyl alcohol might be 
expected. This is what appears to occur following 
treatment with ethylbenzene (Table 3). 

Recently, additional evidence has shown that male 
rats treated with ethylbenzene have decreased levels 
of cytochrome P450 2Cll (321. Consistent with this 
study, ethylbenzene also increased P450 2Bl while 
having no significant effect on P450 1Al. However, 
an ethylbenzene-mediated increase in the level of 
cytochrome P450 2El expression was reported [32], 
which is not consistent with the lack of effect shown 
herein for male rats (Fig. 3, Table 4). Presently, it 
is not known why such a difference would occur but 
it may be due to dietary or strain differences in the 
expression of this isozyme. In any event, the 
levels of isozymes as determined by Western 
immunoblotting and densitometry indicate that in 
males treated with ethylbenzene no significant 
increase in cytochrome P450 2El was observed. 

Ethylbenzene treatment appeared to produce 
multiple effects on hepatic drug and hydrocarbon 
metabolism. Some activities were selectively induced 
in female rats, including cytochrome P450 2El 
metabolism of aniline and DMNA, with the observed 
increase in P450 2El comparable to the change in 
catalytic activity. A number of studies have 
investigated the expression of P450 2El in the rat. 
The level of P450 2El in female rats has been 
reported to be twice that of males [47]. However, 
other investigators have indicated that there is not 
a significant sex difference in the expression of P450 
2E1[48]. In Fig. 3 we demonstrate that ethylbenzene 
treatment increased P450 2E1 in female rats but did 
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not increase significantly the level of this isozyme in 
male rats. 

Induction of P450 2El is thought to involve a 
number of mechanisms. Studies using ethanol as the 
inducer indicate that P450 2El protein is increased 
without an increase in P450 2El mRNA [49-511, an 
effect proposed to be due to increased translation 
rate. Other studies have shown that induction of 
P450 2El in diabetic rats is due to mRNA stabilization 
[52]. Moreover, inducers such as acetone and 
pyrazole are proposed to induce P450 2El by 
stabilization of protein [53]. The mechanism of 
ethylbenzene-mediated induction of P450 2El 
remains to be determined. 

In summary, of the isozymes examined in this 
study, P450 2B1/2B2 was induced to the greatest 
extent by ethylbenzene treatment. This isozyme also 
appears to be induced to a greater extent in male 
rats as evidenced by the differential changes in 
immunoreactive protein levels (Table 4). Changes 
in aromatic hydroxylation of toluene are also 
consistent with the greater induction of P450 2B1, 
where larger increases were observed in male rats 
for the production of both o- and p-cresol (Table 
3). Literature reports [45] are consistent with P450 
2B1/2B2 as isozymes responsible for the aromatic 
hydroxylation of toluene. However, the effects of 
ethylbenzene cannot be explained simply by the 
greater induction of 2B1/2B2 in male rats. Other 
activities normally attributed to these isozymes were 
not induced to a greater extent in male rats. 
Benzphetamine demethylation was increased to a 
greater extent in female rats (Table 2), whereas 
aliphatic hydroxylation of toluene was selectively 
increased in females (Table 3). Since both of these 
activities have been reported to be catalyzed by P450 
2B1/2B2 [45,46], the changes in these activities are 
inconsistent with the greater induction of P450 2Bl/ 
2B2 (Table 4), unless ethylbenzene also mediates 
the suppression or inactivation of other forms 
responsible for the metabolism of these substrates. 
The results are consistent with the suppression of 
the male-specific isozyme P450 2Cl1, in that this 
isozyme has also been shown to metabolize both 
benzphetamine and toluene (to benzyl alcohol) and 
can adequately explain the apparent discrepancy 
between the greater induction of some 2B1/2B2- 
dependent activities in males and other 2B1/2B2- 
dependent activities in females. The induction of 
P450 2Bl could also be responsible for the increase 
in 7-ethoxycoumarin deethylation [54], which is 
generally regarded as a P450 1Al activity [46]. 

In addition to the greater induction of P450 2Bl/ 
2B2 in male rats, there appears to be a selective 
induction of P450 2El in female rats. Although the 
effect appears to be small by comparison to the 
effects on 2B1/2B2 levels, significant differences 
were observed in female rats both in protein levels 
(Table 4), as well as some P450 2El-dependent 
activities (Table 2). 

From a toxicological standpoint, induction of 
overall toluene metabolism might be expected to 
increase the rate of elimination of this compound. 
However, the dramatic increase in the production 
of o-cresol and p-cresol after ethylbenzene exposure 
may point to an increased risk for individuals exposed 

to aromatic hydrocarbons, particularly if the aromatic 
hydroxylations are catalyzed via formation of 
reactive epoxide intermediates. Thus, differences in 
cytochrome P450 isozyme profiles resulting from 
aromatic hydrocarbon exposure may have a 
significant influence on drug and hydrocarbon 
turnover as well as bioactivation reactions for 
numerous xenobiotics. 

Acknowledgemenrs-This work was supported in part by 
a U.S. Public Health Service research grant from the 
National Institute of Environmental Health Sciences, 
ES04344. 

REFERENCES 

1. Dean BJ, Genetic toxicity of benzene, toluene, xylenes 
and phenol. Murat Res 41: 75-97, 1978. 

2. Fishbein L, An overview of environmental and 
toxicological aspects of aromatic hydrocarbons. I. 
Benzene. Sci Total Environ 40: 18%218, 1984. 

3. Fishbein L, An overview of environmental and 
toxicological aspects of aromatic hydrocarbons. II. 
Toluene. Sci Total Environ 42: 267-288, 1984. 

4. Fishbein L, An overview of environmental and 
toxicological aspects of aromatic hydrocarbons. III. 
Xylene. Sci Total Environ 43: 165-183, 1984. 

5. Engstrijm K, Riihimlki V and HInninen 0, Ethyl- 
benzene. In: Ethyl Brewing’s Toxicity and Metabolism 
of Industrial Solvents (Ed. Snyder R), 2nd Edn, pp. 
85-95. Elsevier, New York, 1987. 

6. Cragg ST, Clarke EA, Daly IW, Miller RR, Terrill JB 
and Ouellette RE, Subchronic inhalation toxicity of 
ethylbenzene in mice, rats, and rabbits. Fundam Appl 
Toxic01 13: 399-408, 1989. 

7. Snyder R, Fumiko U, Gonasun L, Bromfeld E and 
Wells A, The metabolism of benzene in uitro. Toxic01 
Appl Pharmacol 11: 346360, 1967. 

8. Snyder CA, Benzene. In: Ethyl Browning’s Toxicity 
and Metabolism of Industrial Solvents (Ed. Snyder R), 
2nd Edn, pp. 3-$7. Elsevier, New Yolk, 1987. 

9. Jerina DM and Dalv JW. Arene oxides: A new asoect 
of drug metabolis& Science 185: 57F582, 1974. L 

10. Hanzlik RP, Hogberg K and Judson CM, Microsomal 
hydroxylation of specifically deuterated mono- 
substituted benzenes. Evidence for direct aromatic 
hydroxylation. Biochemistry 23: 3048-3055, 1984. 

11. Conney AH, Pharmacological implications of micro- 
somal enzyme induction. Pharmacol Reu 19: 317-366, 
1967. 

12. Nebert DW, Eisen HJ, Negishi M, Lang MA, 
Hjelmeland LM and Okey AB, Genetic mechanisms 
controlling the induction of polysubstrate mono- 
oxygenase (P-450) activities. Annu Rev Pharmacol 
Toxic01 21: 431-462, 1981. 

13. Gonzalez FJ, The molecular biology of cytochrome P- 
450s. Pharmacol Rev 40: 244-276. 1989. 

14. Pathiratne A, Puyear RL and Brammer JD, A 
comparative study of the effects of benzene, toluene, 
and xylenes on their in uitro metabolism and drug- 
metabolizing enzymes in rat liver. Toxic01 Appl 
Pharmacol82: 272-280, 1986. 

15. Pyykk6 K, Age- and sex-related differences in rat liver 
microsomal enzymes and their inducibility by toluene. 
Acta Pharmacol Toxic01 53: 401-409, 1983. 

16. Remmer H, Schenkman J, Estabrook RW, Sasame H, 
Gillette J. Narasimhulu S. Coooer DY and Rosenthal 0. 
Drug interaction with hepatic microsomal cytochrome. 
Mol Pharmacol2: 187-190, 1966. 

17. Layne E, Spectrophotometric and turbidimetric 
methods for measuring proteins. Methods Enzymol3: 
447-454, 1957. 



Ethylbenzene-mediated cytochrome P450 induction 1181 

18. Omura T and Sato R, The carbon monoxide-binding 
pigment of liver microsomes. II. Solubilization, 
purification, and properties. .I Biol Chem 239: 2379- 
2385, 1964. 

19. Yonetani T, Studies on cytochrome c peroxidase. 
II. Stoichiometry between enzyme, HzOZ, and 
ferrocytochrome c and enzymic determination of 
extinction coefficients of cytochrome c. J Biol Chem 
240: 4509-4514, 1965. 

20. Schellenberg KA and Hellerman L, Oxidation of 
reduced dinhosohoorvdine nucleotide. J Biol Chem 
231: 547~&, 1957: . 

21. Cochin J and Axelrod J, Biochemical and phar- 
macological changes in the rat following chronic 
administration of morphine, nalorphine and normor- 
phine. J Pharmacol Exp Ther 125: 105-110, 1959. 

22. Nash T, The calorimetric estimation of formaldehyde 
by means of the Hantzsch reaction. Biochem J 55: 416- 
421, 1953. 

23. Netter KJ and Seidel G, An adaptively stimulated O- 
demethylating system in rat liver microsomes and its 
kinetic properties. J Phurmucof Exp Ther 146: 61-65, 
1964. 

24. Greenlee WF and Poland A, An improved assay of 7- 
ethoxycoumarin 0-deethylase activity: Induction of 
heoatic enzvme activitv in CS?BL/6J and DBA/2J 
mice by phenobarbital, 3-methylcholanthrene and 
2,3,7,%-tetrachlorodibe~o-p-dioxin. J P~armaco~ Exp 
Ther 205: 596-605, 1978. 

25. Ullrich V and Weber P, The 0-dealkylation of 7- 
ethoxycoumarin by liver microsomes. A direct 
fluorometric test. Hovue Sealers Z Phvsiol Chem 353: 
1171-1177, 1972. ** . . 

26. Imai Y, Ito A and Sato R, Evidence for two forms of 
P450 hemoprotein in microsomai membranes. J 
B~ochem (Tokyo} 60: 417-428, 1966. 

27. Towbin H, Staehelin T and Gordon J, Electrophoretic 
transfer of proteins from polyacrylamide gels to 
nitrocellulose sheets: Procedure and some applications. 
Proc Nat1 Acad Sci USA 76: 4350-4354, 1979. 

28. Blake MS, Johnston KH, Russell-Jones GJ and 
Gotschlich EC, A ranid, sensitive method for detection 
of alkaline phosph~~se-conjugated anti-antibody on 
Western blots. Anal Biochem 136: 175-179, 1984. 

29. Saito FU. Kocsis JJ and Snvder R, Effect of benzene 
on hepatic drug metabolism and ultrastructure. Toxicof 
ADDS Pharmacol26: 209-217. 1973. -r 1 

30. Pyykko K, Effects of methylbenzenes on microsomal 
enzymes in rat liver, kidney, and lung. Biochim Biophys 
Actu 633: l-9, 1980. 

31. ToftgHrd R and Nilsen OG, Effects of xylene and 
xylene isomers on cytochrome P-450 and in vitro 
enzymatic activities in rat liver, kidney, and lung. 
Toxicology 23: 197-212, 1982, 

32. Imaoka S and Funae Y, Induction of cytochrome P450 
isozymes in rat liver by methyl n-alkyl ketones and n- 
alkylbenzenes. Effects of hydrophobicity of inducers 
on inducibifity of cytochrome P450. Biochem Pharmacol 
42 (Supplf: S143-S150, 1991. 

33, El Defrawy El Masry S, Cohen GM and Mannering 
GJ, Sex-dependent differences in drug metabolism in 
the rat. I. Temporal changes in the microsomal drug- 
metabolizing system of the liver during sexual 
maturation. Drug Metab Dispos 2: 267-278, 1974. 

34. El Defrawy El Masry S and Mannering GJ, Sex- 
dependent differences in drug metabolism in the rat. 
II. Qualitative changes produced by castration and the 
administration of steroid hormones and phenobarbital. 
Drug Metab Dispos 2: 279-284, 1974. 

35. Kamataki T, Maeda K, Yamazoe Y, Nagai T and Kato 
R, Sex Difference of cytochrome P-450 in the rat: 
Purification, characterization, and quantitation of 
constitutive forms of cytochrome P-450 from liver 

microsomes of male and female rats. Arch Biochem 
Biophys 225: 758-770, 1983. 

36. Morgan ET, MacGeoch C and Gustafsson J-A, Sexual 
differentiation of cytochrome P-450 in rat liver. 
Evidence for a constitutive isozyme as the male-specific 
lftcu-hydroxylase. idol Pha~aco~ 27: 471-479, 1985. 

37. Gustafsson J-A, Mode A, Norstedt G and Skett P, Sex 
steroid induced changes in hepatic enzymes. Annu Rev 
Physiol45: 51-60, 1983. 

38. Gustafsson J-8, and Ingelman-Sundberg M, Regulation 
and substrate specificity of a steroid sulfate-specific 
hydroxylase system in female rat liver microsomes. J 
Bioi Chem 250: 3451-3458, 1975. 

39. Nau H and Liddiard C, Postnatal development of sex- 
dependent differences in the metabolism of diazepam 
by-rat liver. Biochem Pharmacol29: 447-449, 1980. 

40. Kato R and Takayanaghi M, Differences among the 
action of phenobarbital, methylcholanthrene and male 
sex hormone on microsomal drug-metabolizing enzyme 
systems of rat liver. Jpn J Pha~coI 16: 380-390, 
1966. 

41. Kato R, Sex-related differences in drug metabolism. 
Drua Metab Rev 3: l-32. 1974. 

42. Lev& W, Thomas PE, dldfield N and Ryan DE, N- 
Demethylation of N-nitrosodimethylamine catalyzed 
by purified rat hepatic microsomal cytochrome P450: 
Isozyme specificity and role of cytochrome bS. Arch 
Biochem ~iophys 248: 158-165, 1986. 

43. Park SS, Ko I-Y, Patten C, Yang CS and Gelboin HV, 
Monoclonal antibodies to ethanol induced cytochrome 
P-450 that inhibit aniline and nitrosamine metabolism. 
Biochem Pharmacol35: 285.5-2858, 1986. 

44. Ueng T-H, Friedman FK, Miller H, Park SS, Gelboin 
HV and Alvares AP, Studies on ethanol-inducible 
cytochrome P-450 in rabbit liver, lungs and kidneys. 
Biochem PharmacoI 36: 2689-2691. 1987. 

45. Nakajima T, Wang R-S, Elovaara E, Park SS, Gelboin 
HV, Hietanen E and Vainio H, Monoclonal antibody- 
directed characterization of cytochrome P450 isozymes 
responsible for toluene metabolism in rat liver. Biochem 
Pharmacol41: 395-404, 1991. 

46. Ry~DEandLevinW,Purificationandcharacte~zation 
of hepatic microsomal cytochrome P450. Phar~col 
Ther 45: 153-239, 1990. 

47. Waxman DJ, Morrissey JJ and LeBlanc GA, Female- 
predominant rat hepatic P-450 forms j @El) and 3 
(IIAl) are under hormonal regulatory controls 
distinct from those of the sex-specific P-450 forms. 
Endocrinology 124: 2954-2966, 1989. 

48. Thummel KE and Schenkman JB, Effects of 
testosterone and growth hormone treatment on hepatic 
microsomal P450 expression in the diabetic rat. Mel 
Pharmacol37: 119-129, 1990. 

49. Song BJ, Gelboin I-IV, Park SS, Yang CS and Gonzalez 
FJ, Complementary DNA sequences of ethanol- 
inducible rat and human cytochrome P45Os: Tran- 
scriptional and post-transcriptional regulation of the 
rat enzyme. J Biol Chem 261: X68%16697, 1986. 

50. Ito Y, Tsutsumi M, Lieber CS and Lasker JM, Induction 
of rat liver P450IIEl by ethanol involves increased 
enzyme synthesis. FASEB J 4: A1972, 1990. 

51. Koop DR and Tierney DJ, Multiple mechanisms in the 
regulation of ethanol-inducible cytochrome P450 IIEL 
Bioessays 12: 429-435, 1990. 

52. Song GJ, Matsunaga T, Hardwick JP, Park SS, Veech 
RL, Yang CS, Gelboin HV and Gonzalez FJ, 
Stabilization of cytochrome P45Oj messenger ribo- 
nucleic acid in the diabetic rat. Mel Endocrinoi 1: .542- 
547, 1987. 

53. Khani SC, Zaphiropoulos PG, Fujita VS, Porter TD, 
Koop DR and Coon MJ, cDNA and derived amino 
acid sequence of the ethanol-inducible rabbit liver 



1182 D. J. SEQUEIRA er al. 

cytochrome P-450 isozyme 30 (P-450&. Proc Nat1 and DiIorio EE, Isoelectric focusing of cytochrome 
Acad Sci USA 84: 638-642, 1987. P450: Isolation of six phenobarbital-inducible rat liver 

54. Oertle M, Filipovic D, Richter C, Winterhalter KH microsomal isoenzymes. Arch &o&m Biophys 291: 
24-30, 1990. 


