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ABSTRACT. We studied the response of male DBA/ZN mouse liver monooxygenases to acute (one-day) and 

subacute (7-day) exposure to clofibrate, gemfibrozil, and corn oil. The day following a single treatment with 

clofibrate (200 mg/kg), coumarin 7-hydroxylase (COH) activity decreased significantly (by 70%) with a con- 

comitant decrease in the CYP2A4/5 protein and mRNA levels. The 7-day treatment schedule also decreased 

COH activity but only by 30%, though the levels of CYP2A4/5 protein and mRNA were still low. Treatment 

1 and 7-day with clofibrate decreased 7-pentoxyresorufin 0-dealkylase (PROD) activity by 40%. No changes 

were seen in testosterone 15a-hydroxylase (T15aOH) activity after 1 day of treatment with clofibrate but, after 

7 days, it was decreased by 50%. Clofibrate treatment had no significant effects on testosterone 7a-hydroxylase 

(T7aOH), 7-ethoxyresorufin 0-deethylase (EROD), or benzphetamine N-demethylase (BZDM) activities. 

Gemfibrozil (200 mg/kg) did not alter COH activity or CYP2A4/5 protein content after a single treatment, but 

a slight decrease was seen in the mRNA level. Treatment for 7 days significantly increased (2.5fold) the activity 

and mRNA content but the amount of protein remained unchanged. Gemfibrozil enhanced (2-2.7-fold) PROD 

and EROD (2-2.5-fold) activities by both treatments, whereas T15aOH, T7aOH, or BZDM activities were not 

significantly affected. Treatment with corn oil for 7 days significantly decreased (65%) COH activity and 

CYP2A4/5 protein and mRNA levels. PROD (55%) and TlSaOH (65%) activities were significantly decreased 

even after a single dose although injection for 7 days had no effect. Neither of the corn oil schedules had any 

marked effect on T7aOH, EROD, or BZDM activities. These results demonstrate: 1. a decrease in the expression 

of CYP2A415 gene by clofibrate and corn oil; 2. substantial differences within the CYPZA subfamily in their 

responses to corn oil, clofibrate, and gemfibrozil; and 3. distinct responses of other xenobiotic metabolizing CYP 

subfamily enzymes to clofibrate and gemfibrozil. BIOCHEM PHARMACOL 51;9:1137-1143, 1996. 
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The multigene superfamily of CYP$ consists of different 
enzymes that metabolize xenobiotics and endogenous com- 
pounds, such as steroids, fatty acids, prostaglandins, and 

vitamins [l]. COH activity is catalyzed by the CYP2A5 
gene product CYP2A5 in mouse liver [2]. CYP2A4 shows 

98.3% homology with CYP2A5 at the amino acid level but 
has virtually no ability to catalyse COH. Instead, it is re- 

sponsible for hydroxylation of testosterone at the 15~~ po- 
sition [2, 31. COH activity in human liver is mediated by 
the CYP2A6 enzyme and shows great interindividual varia- 

$ Corresponding author. Tel. (358)-71-162 419; FAX (358)-71-162 424. 
0 Abb-rewiation.: CYP, cytochrome P450; COH, coumarin 7-hydroxy- 

lase; T15aOH, testosterone 15a-hydroxylase; T7aOH, testosterone 7u- 
hydroxylase; T16BOH, testosterone 16B-hydroxylase; EROD, 7-ethoxy- 
resorufin O-deethylase; PROD, 7-pentoxyresorufin O-dealkylase; BZDM, 
benzphetamine N-demethylase. Nomenclature for the cytochrome P450 
gene superfamily is as described by Nelson et al. (1993) [l]. Mouse Cyp2a-4 
encodes for a P450 form catalyzing testosterone 15cu-hydroxylation and 
the CypZa-5 gene product catalyzes coumarin 7-hydroxylation (the human 
counterpart is CYPZA6). 
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tion [I, 43. The third member of the 2A subfamily in the 
mouse, P4507cq catalyses T7aOH activity [5]. COH activ- 

ity can be induced by a diverse set of chemicals, such as 

phenobarbital [6], pyrazole and its derivatives [7, 81, and 
several hepatotoxins [9]. COH activity can be inhibited in 

viva and in vitro by some furanocoumarins and etomidate 
[lo, 111. 

Peroxisome proliferators are a heterogenous group of 

chemicals that induce several proteins and enzyme activi- 
ties (e.g. peroxisomal fatty acid B-oxidation and the 
CYP4A subfamily) responsible for the o-hydroxylation of 
fatty acids. They also cause cellular proliferation and hepa- 
tomegaly. Peroxisome proliferators are classified as 
nongenotoxic hepatocarcinogens in rats and mice [12, 131. 

Because the expression of the CYP2A4/5 gene complex is 
increased in malignancies [14] and after treatment with 
hepatotoxins in the mouse [9], we have extended our stud- 
ies on peroxisome proliferators, which are known to be 
hepatocarcinogenic compounds in rodents. The effects of 
clofibrate and gemfibrozil were studied on the expression of 
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CYP2A4/5. These drugs are widely used in the treatment of 
lipid disorders in humans. Because clofibrate and gemfibro- 
zil can also affect fatty acid metabolism, we also studied 
whether or not corn oil alone has any effects on CYPZA or 
other monooxygenase activities. 

MATERIALS AND METHODS 
Chemicals 

Chemicals were obtained from the following sources: bicin- 
chonic acid, 5-bromo-4-chloro-3-indolyl phosphate, clofi- 
brate (2-(p-chlorophenoxy)-2-methylpropionic acid ethyl 
ester), coumarin, cytochrome c, gemfibrozil (5-2(2,5-di- 
methylphenoxy)2,2-dimethylpropionic acid), goat antirab- 
bit IgG alkaline phosphatase, NADPH, and testosterone 
from Sigma Chem Co. (St. Louis, MO, U.S.A.); 7-ethoxy 
resorufin and 7-pentoxyresorufin from Pierce (Rockford, 
OR, U.S.A.); resorufin from Aldrich Co. (Milwaukee, WI, 
U.S.A.); and [4-‘4C]-testosterone, ‘*P-1abelled nucleotides, 
Hyperfilm MP autoradiography films, and Hybond N+ ny- 
lon sheets from Amersham (Bucks, U.K.). All other re- 
agents were of the highest grade commercially available. 

Treatment of Animals 

Male DBA/ZN//KUO mice, 7-10 weeks old, were obtained 
from the National Laboratory Animal Center at the Uni- 
versity of Kuopio and were housed in Macrolon cages in 
groups of 4-6 mice under standard laboratory conditions: 12 
hr light/dark cycle, 22 f 1°C temperature and 50-60% 
humidity. Standard rodent feed (Ewos, Sweden) and tap 
water were provided ad lib. Because we have previously 
shown that a single dose of corn oil can interfere with some 
mouse hepatic monooxygenases [9], we attempted to use 
other solvents that would not influence these parameters. 
However, either the solvents tested were too toxic (propyl- 
ene glycol and dimethylsulphoxide) or too hypertonic (cy- 
clodextrin), or the drugs did not dissolve in the solvent or 
the solvent was too basic (0.2 M glycine-NaOH, pH 10.5) 
for i.p. administration. Thus, we were unable to find an- 
other solvent for clofibrate and gemfibrozil and the drugs 
had to be dissolved in corn oil. The mice (4-6/group) were 
given clofibrate or gemfibrozil (200 m&g) dissolved in 
corn oil as a single i.p. injection (0.1 mL/lO g) for 1 or 7 
consecutive days. Control animals for clofibrate and gem- 
fibrozil were dosed with the same volume of corn oil. Be- 
cause we also wished to compare the effects of corn oil to 
the effects of saline, another group received saline only. 
The animals were killed 24 hr after the last injection and 
the livers were divided into two parts. One part was quickly 
frozen in liquid nitrogen and stored at -80°C for the prepa- 
ration of RNA. The other part was used for the preparation 
of microsomes[ 151. 

Determination of Monooxygenase Activities 

Microsomal protein concentrations were determined by the 
bichinchonic acid method [16]. Cytochrome P450 content 

was measured by the method of Omura and Sato [17]. COH 
activity was measured by the method of Aitio [18] as modi- 
fied by Juvonen et al. [19] using 100 PM coumarin as a 
substrate. EROD and PROD activities were determined us- 
ing the end-point method of Burke et al. [20], and BZDM 
activity according to the method described by Honkakoski 
and Lang [21]. Cytochrome c reductase determinations 
were carried out according to Strobe1 and Dignam [22] and 
T15aOH, T7aOH, and T16POH activities according to 
the method of Waxman et al. [23]. 

Preparation of Total RNA and Slot Blot Analysis 

The liver samples from mice representing the same treat- 
ment group were pooled and homogenized in guanidine 
thiocyanate. RNA was prepared by the method of Chom- 
czynski and Sacchi [24]. RNA was denatured and bound to 
nylon filter with a slot blot apparatus. The cDNA probe 
p150!-15, size 1.5-2 kilobase pairs [3], was labelled using a 
Pharmacia oligolabelling kit. The hybridization to the 
probe (specific activity lO’/dpm/p,g DNA) was performed 
in 5 x SSC, 5 x Denhardt’s, 0.1% (w/v) SDS and 0.1 
mg/mL sonicated salmon sperm DNA containing 50% (v/ 
v) formamide at 42°C. The filters were washed with 1 x 
SSC, 0.1% SDS at room temperature (3 x 20 min) and 
then exposed to X-ray films. All signals were normalized to 
18s ribosomal RNA using a 20-mer oligonucleotide [25]. 
The cDNA probe p15c~-15 recognizes both 2A4 and 2A5 
mRNAs because the mRNAs are 98% homologous [3]. The 
intensities of the bands were quantitated with a Shimadzu 
CS-9000 dual wavelength scanner. 

Western Blotting 

The preparation and validation of anti-CYP2A4/5 antibody 
has been reported earlier [26]. Anti-CYP2A4/5 recognizes 
both CYP2A5 and the structurally similar enzyme, 
CYP2A4 [3]. Electrophoresis was performed on 9% (w/v) 
acrylamide gels with 20 p,g of microsomal protein (pooled 
samples from the same treatment group) and 1 pmol of 
purified CYP2A4/5 as standard. The proteins were trans- 
ferred to nitrocellulose sheets and processed as described 
previously [21]. The intensities of the bands were quanti- 
tated with a Shimadzu CS-9000 dual wavelength scanner. 

Statistical Analysis 

The values of enzyme activities are expressed as means (+ 
SD, n = 4-6). Differences between groups were assessed 
initially with Kruskall-Wallis test and when significant dife 
ferences (I’ < 0.05) were revealed, further analysis between 
treatment and control were determined with Mann-Whit- 
ney U-test. 

RESULTS 

Total cytochrome P450 content was not changed by 1 or 7 
days of treatment with either clofibrate or gemfibrozil (data 
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FIG. 1. Influence of 1 and 7 days’ treatment with clofibrate and gemfibrozil on hepatic microsomal 
monooxygenase activities in male DBAlZN mice. Each bar represents mean * SD of 4-6 animals. 
The values are % of residual activities from control animals receiving corn oil. Control activities 
(corn oil group) are shown in Table 1. Superscripts denote statistically significant differences from 
controls: *P c 0.05. 
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FIG. 2. The responses of CYP2A415 protein and mRNA to 1 
and 7 days of treatment with corn oil (CO), clofibrate 
(CLO), and gemfibrozil (GEM). 18 S denotes a sheet repro- 
bed with 18s probe to control for equal RNA amounts in 
each slot. For detection of CYP2A415 protein, twenty pg of 
microsomal protein from pooled microsomes (n = 4-6) was 
used. In the lower panel, each slot contains 5 pg RNA from 
pooled livers (n = 4-6). Serial dilutions of isolated total RNA 
were probed with CYP2A4/5 cDNA probe. For clarity, re- 
sults from 5 pg RNA loadings are shown. *Relative levels of 
protein and mRNA are expressed as the ratio of the immu- 
noblotting and hybridization signals to that of the corn oil 
t?QUP. 

not shown). One day of treatment with clofibrate decreased 
COH activity by 70% (Fig. l), accompanied by a concomi- 
tant decrease in the amounts of CYP2A4/5 protein and 
mRNA (Fig. 2). Treatment for 7 days had no marked effect 
on COH activity. The amount of CYP2A4/5 protein de- 
creased by 50% but slot blot analysis showed a remarkable 
decrease (90%) in mRNA level (Figs. 1 and 2). A single 
dose of clofibrate did not change T&OH activity but, 
after 7 daily doses, the activity of the enzyme was decreased 
by 50% (Fig. 1). PROD, EROD, T~IxOH, and BZDM ac- 
tivities were not significantly changed after clofibrate treat- 
ment (Fig. 1). Cytochrome c reductase activity was in- 

creased 1.3- and 1.4-fold after 1 and 7 days of treatment 
with clofibrate, respectively (Table 1). 

Gemfibrozil had distinct effects on mouse hepatic mono- 
oxygenases compared to those caused by clofibrate. It did 
not alter COH activity or the amount of CYP2A4/5 pro- 
tein, but a slight decrease was seen in the mRNA level after 
a single dose (Figs. 1 and 2). Treatment for 7 days increased 

TABLE 1. The effect of 1 and 7 days of treatment with corn 
oil, clofibrate, and gemfibrozil on hepatic cytochrome c re- 
ductase activity in male DBA/ZN mice 

Treatment 1 day 7 days 

Control 0.053 k 0.006 0.058 f 0.004 
Corn oil 0.052 f 0.002 0.059 f 0.004 
Clofibrate 0.067 + 0.004 0.085 f 0.009 
Gemfibrozil 0.069 -I 0.001 0.081 f 0.008 

Activities are mean t SD of 3 individuals as nmol/mmnlmg prot. 

COH activity 2.5-fold with a concomitant increase in the 
amount of mRNA, though no changes were seen in the 
amount of CYP2A4/5 protein (Figs. 1 and 2). Gemfibrozil 
enhanced PROD and EROD activities 2.7-fold after a 
single dose. The activities of other enzymes were slightly 
elevated after gemfibrozil treatment: T7aOH activity after 
a single injection and BZDM activity after 7 days of treat- 
ment (Fig. 1). Neither 1 nor 7 days of treatment with gem- 
fibrozil had any marked effects on T15aOH activity (Fig. 
1). Gemfibrozil had effects similar to those of clofibrate on 

cytochrome c reductase activity (Table 1). 
The comparison of the effects of corn oil and saline on 

mouse liver monooxygenase activities are presented in 
Table 2. A single dose of corn oil had no effect on COH 
activity but 7 days’ treatment decreased this activity by 
66%. Corn oil decreased CYP2A4/5 protein content by 
approximately 40% both after 1 and 7 days of treatment 
(Table 2). The mRNA content did not change after a 
single injection but was decreased after 7 days of treatment 
by 60%. There was a clear decrease (64%) in T15aOH 
activity after a single injection of corn oil, but this normal- 
ized during 7 days of treatment (Table 2). PROD activity 
was decreased by 55% after a single injection of corn oil 
but, once again, it returned to control levels in the 7-day 
schedule. No marked changes were seen in T7aOH, 
EROD, or BZDM activities after 1 day of treatment but 
after 7 daily injections of corn oil, T~IxOH and BZDM 
activities were slightly decreased (Table 2). No changes 
were seen in T16POH and cytochrome c reductase activi- 
ties (Tables 1 and 2). 

DISCUSSION 

The present study describes the effects of 1 and 7 days 
of treatment with clofibrate, gemfibrozil, and corn oil on 
the expression of CYPZA subfamily enzymes and other 
monooxygenases representing CYP subfamilies lA, 2B, and 
3A in mouse liver. Clofibrate and gemfibrozil affected 
mouse liver xenobiotic monooxygenases in different ways, 
although both are peroxisome proliferators and induce he- 
patic CYP4A expression and peroxisomal activities in rats 
and mice [12]. 

The expression of CYP2A4/5 is increased by a diverse set 
of chemicals, some of which are hepatotoxic [6-9, 27-291. 
Our previous studies have shown that cocaine decreases the 
expression of CYP2A4/5 after 5 daily injections, accompa- 
nied by inflammatory liver damage [29]. Here, we used the 
same dose and time of administration of clofibrate and gem- 
fibrozil that have been reported to result in increased per- 
oxisome proliferation [12]. Liver damage by peroxisome 
proliferators is seen only after long-term administration 
[ 121. It has also been reported that peroxisome proliferation 
occurs after a single injection of clofibrate [30]. Here, clo- 
fibrate, when administered in uiuo, clearly decreased the 
expression of CYP2A4/5. The mechanism for this suppres- 
sion is unknown, but it is possible that inflammation and/or 
activation of peroxisome proliferator-activated receptors 
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TABLE 2. The effect of 1 and 7 days of treatment with corn oil on hepatic microsomal monooxygenase activities in male 
DBA/ZN mice 

Control 
(1 day) 

Con oil 
(1 day) 90 

Control 
(7 days) 

Corn oil 
(7 days) % 

COH 81.19+ 11.32 55.49 + 21.65 68 51.97 * 7.15 17.84 f 4.30* 34 
2A4/5 protein? 1 0.62 62 1 0.58 58 
2A4/5 mRNAt 1 0.91 91 1 0.40 40 
T15aOH* 0.22 + 0.10 0.08 zk 0.02$ 36 0.12 f 0.02 0.10 f 0.03 83 
T7aOH* 0.38 & 0.13 0.26 f 0.04 68 0.39 f 0.05 0.28 f 0.044 72 
PROD 7.38 + 2.27 3.29 f 0.659 45 3.78 k 1.36 2.56 + 1.23 68 
EROD 74.63 f 27.96 48.72 + 25.98 65 72.84 f 20.05 68.08 f 20.99 93 
BZDM* 6.44 f 1.76 4.37 zk 0.75 68 4.21 f 0.43 3.55 f 0.498 84 
T16POH 0.17 + 0.04 0.17 + 0.03 99 0.14 * 0.01 0.14 f 0.03 98 

*Actwitles are means + SD of 4-6 individuals (T16POH: n = 3) as pmol/mg prot x min or nmol/mg prot x mint Relative levels of protein and mRNA are expressed as the 

ratio of the immunoblotting and hybridization signals to that of control group. For Western blot and slot blot analyst, the liver samples from mice representmg the same treatment 

group were pooled. Percentages are resldual activities compared to the controls. Controls vs corn oil: SP < 0.05, $P < 0.01. 

proliferators is seen only after long-term administration 

[12]. It has also been reported that peroxisome proliferation 

occurs after a single injection of clofibrate [30]. Here, clo- 
fibrate, when administered in uiuo, clearly decreased the 
expression of CYP2A4/5. The mechanism for this suppres- 
sion is unknown, but it is possible that inflammation and/or 
activation of peroxisome proliferator-activated receptors 
[31] are in some way related to the expression of CYP2A4/ 
5. Cytochrome c reductase activity was slightly increased 
after clofibrate treatment; thus, indicating that lack of re- 
ductase is not the rate-limiting factor in the decrease of 
COH activity. 

T15aOH activity did not follow the decrease in COH 
activity seen after a single clofibrate treatment. However, a 
50% decrease was seen after 7 daily doses of clofibrate. 
Mouse T7cxOH activity, the third member of the 2A sub- 
family, did not respond to any of our treatments except for 
a slight increase after 1 day of treatment with gemfibrozil. 
This indicates that the expression of the two otherwise 
closely related P450 enzymes CYP2A4 and 2A5, and 
T~cYOH, which has only 75% homology to CYP2A4 and 
2A5 proteins [5], are regulated differently and, therefore, 
exhibit distinct responses to clofibrate. Salonptig et al. [32] 
have shown that more than 90% of the CYP2A4/5 mRNA 
in the livers of control mice was CYP2A5, and that disrup- 
tion of liver function did not alter the expression profiles of 
CYP2A5 and CYP2A4. Thus, we conclude that changes 
seen in the amounts of CYP2A4/5 protein and mRNA 
contents are mainly of CYP2A5 origin. In rat liver, clofi- 
brate treatment has been shown to increase several CYP 
activities (e.g. T16aOH, PROD mediated mainly by 
CYP2B, aniline hydroxylation [CYPZE], EROD [CYPlA], 
and T7aOH [CYPZA]) [33]. However, Sharma et al. [34] 
have reported that clofibrate can cause a decrease in rat 
hepatic CYPlA- and CYPZB-related activities. Our results 
show that, in DBA/ZN mice, COH and TlSolOH activities 
are most sensitive to inhibition by clofibrate. Thus, the 
induction profile of the rat differs clearly from that of the 
mouse. 

Gemfibrozil had different effects on the expression of 

CYP2A4/5 compared to those caused by clofibrate: it did 
not have any marked effect on the expression of CYP2A4/5 
after a single dose. Treatment for 7 days increased both 
COH activity and the amount of mRNA. However, this 
was not seen in the protein level, indicating that the 
mRNA produced may not be translated into functional 
protein or, alternatively, cross-reacting mRNAs and/or pro- 
teins obscure these findings. PROD and EROD activities 
were markedly increased after 1 day of treatment. A slight 
increase was seen in T7aOH activity after a single injection 
and in BZDM activity after 7 daily doses of gemfibrozil. 
Thus, gemfibrozil increased several CYP enzymes in mice, 
the induction profile being similar to that obtained by 
Wortelboer et al. (1991) in rats after treatment with clofi- 
brate [33]. 

Polyunsaturated fatty acids are required for the optimal 
activity of the monooxygenase system [35-391. A corn oil 
diet that is rich in polyunsaturated fatty acids has been 
reported to increase drug-metabolizing enzyme activities 
[35, 361. Corn oil given intraperitoneally for a short period 
does not, however, mimic a corn oil diet. We have previ- 
ously shown that a single dose of corn oil decreased mouse 
hepatic COH and T15aOH activities and had no effect on 
the other monooxygenases tested [9, 401. Here, we also 
wanted to study the subchronic effects of corn oil on the 
expression of CYP2A4/5 as well as its effects on other 
monooxygenases, and to compare the effects to those of 
saline. After 1 day of treatment, only T15aOH and PROD 
activities were significantly decreased and the COH activ- 
ity was only slightly decreased. However, after 7 daily ad- 
ministrations of corn oil, COH activity was decreased by 
66%, with a concomitant decrease in the amount of 
CYP2A4/5 protein and mRNA. Thus, CYP2A4/5 seems to 
be exceptionally sensitive to inhibition by corn oil because 
other activities were either not changed or decreased only 
slightly (T7olOH and BZDM). It is evident that the effects 
seen after clofibrate and gemfibrozil may be partly due to an 
interaction with corn oil. However, other lipophilic sol- 
vents are too toxic to be used in the concentrations nec- 
essary to dissolve these agents and still keep the volume 



1142 A. Kojo et al. 

small enough that it can be delivered intraperitoneally. 
However, it is our opinion that the effects of clofibrate and 
gemfibrozil differ so greatly from those in control mice re- 
ceiving corn oil that the effects of these drugs may be con- 

sidered distinct from those of the oil. 
One explanation for the decreased expression of 

CYP2A4/5 may b e related to disturbances in the fatty acyl 
homeostasis caused by corn oil and peroxisome proliferators 
such as clofibrate. Changes in fatty acyl composition alter 

membrane fluidity which, in turn, can influence the con- 
formation, mobility, and function of membrane-bound pro- 
teins, including P45Os [35]. However, this alone cannot 

explain the observed decrease in the protein and 

CYP2A4/5 mRNA content. Structurally, clofibrate is clas- 

sified as a phenoxyacetic acid compound and gemfibrozil 
belongs to the alkyl-arylcarboxylic acids [12]. It is well 

known that the degree of peroxisome proliferation varies 
markedly, depending on the substance [ 121. Gemfibrozil has 
been shown to be a more potent inhibitor of rat liver mi- 

crosomal and mitochondrial palmitoyl-CoA hydrolase in 
vitro than clofibric acid [41]. Thus, it is possible that, in our 

mouse model, clofibrate and gemfibrozil affect the fatty acyl 
composition in different ways. Studies examining this are 

currently under way. 
A pronounced species difference in chemically-induced 

peroxisomal proliferation has been reported by numerous 
groups. The higher mammalian species are considerably less 

sensitive to peroxisome proliferation and the carcinogenic 
effects of peroxisome proliferators than are rodents [12, 131. 

Corn oil is a widely used solvent and one should not assume 
that compounds used as solvents are biologically inert. Be- 

cause CYPZA enzymes are involved in the metabolism of 
steroids and several potent chemical carcinogens [32, 42- 
43], the decreased expression of CYP2A4/5 seen after corn 
oil may be of importance when estimating, in duo, phar- 

macological or toxicological responses in mice of a com- 
pound dissolved in this oil. 

We thank Kuarinu Pitkiinen for her skillful technical assistance. This 
work was supported by the Finnish Cultural Foundation and The Re- 
search Foundation of Pharmacal. 

References 

Nelson DR, Kamataki T, Waxman DJ, Guengerich FP, Es- 
tabrook RW, Feyereisen R, Gonzalez FJ, Coon MJ, Gunsalus 
IC, Gotoh 0, Okuda K and Nebert DW, The P450 super- 
family: update on new sequences, gene mapping, accession 
numbers, early trivial names of enzymes, and nomenclature. 
DNA Cell Biol 12: 1-51, 1993. 
Negishi M, Lindberg R, Burkhart B, Ichikawa T, Honkakoski 
P and Lang M, Mouse steroid 15a-hydroxylase gene family: 
identification of Type II P-45015a as coumarin ri-hydroxy- 
lase. Biochemistry 28: 4169-4172, 1989. 
Squires EJ and Negishi M, Reciprocal regulation of sex- 
dependent expression of testosterone 15cw-hydroxylase 
(P-450151~) in liver and kidney of male mice by androgen. 
Evidence for a single gene. J Biol Chem 263: 4166-4171, 
1988. 
Yamano S, Tatsuno J and Gonzalez FJ, The CYP2A3 gene 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

product catalyses coumarin 7-hydroxylation in human liver 
microsomes. Biochemistry 29: 1322-1329, 1990. 
Lindberg RLP and Negishi M, Mouse testosterone 7a-hydrox- 
ylase (P450,,): isolation, sequencing and expression of 
P450,, cDNA and regulation by sex and dexamethasone in 
mouse liver. In: Drug Metabolizing Enzymes: Genetics, Regula- 
tion and Toxicology. Proceedings of the Vlllth]utfand Symposium 
on Microsomes ad Drug Oxidations, Stcckholm, Sweden (Eds. 
Ingelman-Sundberg M, Gustafsson J-A and Orrenius S), p. 
135, 1990. 
Wood AW and Conney AH, Genetic variation in coumarin 
hydroxylase activity in the mouse (Mus musculus). Science 
185: 612-613, 1974. 
Juvonen RO, Kaipainen PK and Lang MA, Selective induc- 
tion of coumarin 7-hydroxylase by pyrazole in D2 mice. Eur I 
Biochem 152: 3-8, 1985. 
Kojo A, Heiskanen R, RytkGnen A-L, Honkakoski P, Ju- 
vonen R and Lang M, Inducibility of P450Coh by pyrazole 
and its derivatives. Biochem Pharmacol 42: 1751-1759, 1991. 
Pellinen P, Stenbnck F, Rautio A, Pelkonen 0, Lang M and 
Pasanen M, Response of mouse liver coumarin 7-hydroxylase 
activity to hepatotoxins: dependence on strain and agent and 
comparison to other monooxygenases. Naunyn-Schmiedeberg’s 
Arch Phartnacol348: 435-443, 1993. 
Mgenp% J, Sigusch H, Raunio H, Syngelms T, Vuorela P, 
Vuorela H and Pelkonen 0, Differential inhibition of cou- 
marin 7-hydroxylase activity in mouse and human liver mi- 
crosomes. Biochem Pharmucol 45: 1035-1042, 1993. 
Kojo A, Honkakoski P, Jsrvinen P, Pelkonen 0 and Lang M, 
Preferential inhibition of mouse hepatic coumarin 7-hydrox- 
ylase by inhibitors of steroid metabolizing monooxygenases. 
Pharmacol Toxicol 65: 104-109, 1989. 
Bentley P, Calder I, Elcombe C, Grass0 P, Stringer D and 
Wiegand H-J, Hepatic peroxisome proliferation in rodents 
and its significance for humans. Fd Chem Toxicol 31: 857- 
907, 1993. 
Gibson GG, Peroxisome proliferators: paradigms and pros- 
pects. Toxicol Letters 68: 193-201, 1993. 
Lange R, P&in F, Larroque C and Zajdela F, Isolation and 
partial characterization of a cytochrome P-450 isoenzyme (cy- 
tochrome P-450,“) from mouse liver tumors. Biochim Biophys 
Acta 1038: 130-135, 1990. 
Lang MA and Nebert DW, Structural gene products of the Ah 
locus. Evidence for many unique P-450-mediated monooxy- 
genase activities reconstituted from 3_methylcholantrene- 
treated C57BL/6N mouse liver microsomes. .I Biol Chem 256: 
12058-12067, 1981. 
Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner 
FH, Provenzano MD, Fujimoto EK, Goeke NM, Olson BJ and 
Klenk DC, Measurement of protein using bicinchoninic acid. 
Anal Biochem 150: 76-85, 1985. 
Omura T and Sato R, The carbon monoxide-binding pigment 
of liver microsomes. II. Solubilization, purification, and prop- 
erties. .J Biol Chem 239: 2379-2385, 1964. 
Aitio A, A simple and sensitive assay of 7-ethoxycoumarin 
deethylation. Anal Biochem 85: 488-491, 1978. 
Juvonen RO, Shkumatov VM and Lang MA, Purification and 
characterization of a liver microsomal cytochrome P-450 iso- 
enzyme with a high affinity and metabolic capacity for cou- 
marin from pyrazole-treated D2 mice. Eur _I Biochem 171: 
205-211, 1988. 
Burke MD, Thompson S, Elcombe CR, Halpert J, Haaparanta 
T and Mayer RT, Ethoxy-, pentoxy- and benzyloxyphenoxa- 
zones and homologues: a series of substrates to distinguish 
between different induced cytochromes P-450. Biochem Phur- 
1~~0134: 3337-3345, 1985. 
Honkakoski P and Lang MA, Mouse liver phenobarbital-in- 
ducible P450 system: purification, characterization, and dif- 



Peroxisome Proliferators and Hepatic Cytochrome P450 

ferential inducibility of four cytochrome P450 isozymes from 
the D2 mouse. Arch Biochem Biophys 273: 42-57, 1989. 

22. Strobe1 HW and Dignam JD, Purification and properties of 
NADPH-cytochrome P-450 reductase. Methods Enzymol 52: 
89-96, 1978. 

23. Waxman DJ, Ko D and Walsh C, Regioselectivity and ste- 
reoselectivity of androgen hydroxylations catalyzed by cyto- 
chrome P-450 isozymes purified from phenobarbital-induced 
rat liver. J Biol Chem 258: 11937-11947, 1983. 

24. Chomczynski P and Sacchi N, Single-step method of RNA 
isolation by acid guanidinium thiocyanate-phenol-chloroform 
extraction. Anal Biochem 162: 156-159, 1987. 

25. Chan YL, Cute11 R, Noller HF and Wool IG, The nucleotide 
sequence of a rat 18s ribosomal ribonucleic acid gene and a 
proposal for the secundary structure of 18s ribosomal ribo- 
nucleic acid. J Biol Chem 259: 224-229, 1981. 

26. Lang MA, Juvonen RO, Jarvinen P, Honkakoski P and 
Raunio H, Mouse liver P450Coh: genetic regulation of the 
pyrazole-inducible enzyme and comparison with other P450 
isoenzymes. Arch Biochem Biophys 271: 139-148, 1989. 

27. Raunio H, Kojo A, Juvonen R, Honkakoski P, Jarvinen P, 
Lang MA, Vahakangas K, Gelboin HV, Park S-S and Pel- 
konen 0, Mouse hepatic cytochrome P-450 isozyme 
induction by 1,4-his-[2-(3,5-dichloropyridyloxy)l_benzene, 
pyrazole, and phenobarbital. Biochem Pharmacol 37: 4141- 
4147, 1988. 

28. Kocer 2, Raunio H, Pasanen M, Arvela P, Raiskila T, Honka- 
koski P, Lang MA, Negishi M and Pelkonen 0, Comparison 
between cobalt and pyrazole in the increased expression of 
coumarin 7-hydroxylase in mouse liver. Biochem Pharmacol 
41: 462-465, 1991. 

29. Pellinen P, Stenback F, Raunio H, Pelkonen 0 and Pasanen 
M, Modification of hepatic cytochrome P450 profile by co- 
caine-induced hepatotoxicity in DBA/ZN mouse. Eur J Phar- 
macol 292: 57-65, 1994. 

31 

30. Milton MN. Elcombe CR and Gibson GG. On the mecha- 
nism of induction of microsomal cytochrdme P45OIV and 
peroxisome proliferation in rat liver by clofibrate. Biochem 
Phurmrcol40: 2727-2732, 1990. 
Dreyer C, Keller H, Mahfoudi A, Laudet V, Krey G and 
Wahli W, Positive regulation of the peroxisomal p-oxidation 
pathway by fatty acids through activation of peroxisome pro- 
liferator-activated receptors (PPAR). Biol Cell 77: 67-76, 
1993. 
Salonpaa P, Iscan M, Pasanen M, Arvela P, Pelkonen 0 and 
Raunio H, Cerium-induced strain-dependent increase in 
Cyp2a-4/5 (Cytochrome P4502a-4/5) expression in the liver 
and kidneys of inbred mice. Biochem Pharmacol 44: 1269- 
1274, 1992. 

32 _. 

1143 

33. Wortelboer HM, de Kruif CA, van Iersel AAJ, Falke HE, 
Noordhoek J and Blaauboer BJ, Comparison of cytochrome 
P450 isoenzyme profiles in rat liver and hepatocyte cultures. 
The effects of model inducers on apoproteins and biotrans- 
formation activities. Biochem Pharmacol 42: 381-390, 1991. 

34. Sharma R, Lake BG, Foster J and Gibson GG, Microsomal 
cytochrome P-452 induction and peroxisome proliferation by 
hypolipidaemic agents in rat liver. A mechanistic inter-rela- 
tionship. Biochem Pharmacol 37: 1193-1201, 1988. 

35. Yang CS and Yoo J-SH, Dietary effects on drug metabolism by 
the mixed-function oxidase system. Phannacol Ther 38: 53- 
72, 1988. 

36. Wade AE, White RA, Walton LC and Bellows JT, Dietary 
fat-a requirement for induction of mixed-function oxidase 
activities in starved-refed rats. Biochem Pharmacol 34: 3747- 
3754, 1985. 

37. Kim HJ, Choi ES and Wade AE, Effect of dietary fat on the 
induction of hepatic microsomal cytochrome P450 isozymes 
by phenobarbital. Biochem Pharmacol 39: 1423-1430, 1990. 

38. Yoo J-SH, Smith TJ, Ning SM, Lee M-J, Thomas PE and 
Yang CS, Modulation of the levels of cytochromes P450 in rat 
liver and lung by dietary lipid. Biochem Phannacol 43: 2535- 
2542, 1992. 

39. McDanell RE, Beales D, Henderson L and Sethi JK, Effect of 
dietary fat on the in pritro hepatotoxicity of paracetamol. Bio- 
them Pharmacol44: 1303-1306, 1992. 

49. Honkakoski P, Auriola S and Lang MA, Distinct induction 
profiles of three phenobarbital-responsive mouse liver cyto- 
chrome P450 isozymes. Biochem Phannacol 43: 2121-2128, 
1992. 

41. Sanchez RM, Alegret M, Adzet T, Merlos M and Laguna JC, 
Differential inhibition of long-chain acyl-CoA hydrolases by 
hypolipidemic drugs in vitro. Biochem Phurmucol43: 639-644, 
1992. 

42. Camus A-M, Geneste 0, Honkakoski P, Bereziat J-C, Hen- 
derson CJ, Wolf CR, Bartsch H and Lang MA, High vari- 
ability of nitrosamine metabolism among individuals: role of 
cytochromes P4502A6 and 2El in the dealkylation of N- 
nitrosodimethylamine and N-nitrosodiethylamine in mice 
and humans. Mel Carcinogen 7: 268-275, 1993. 

43. Pelkonen P, Honkakoski P, Geneste 0, Bartsch H and Lang 
MA, Comparison of hamster and mouse reveals interspecies 
differences in the regulation of hepatic CYPZA isozymes. Bio- 
them Phamol46: 1681-1687, 1993. 

44. Raunio H, Syngelma T, Pasanen M, Juvonen R, Honkakoski 
P, Kairaluoma MA, Sotaniemi E, Lang MA and Pelkonen 0, 
Immunochemical and catalytical studies on hepatic coumarin 
7-hydroxylase in man, rat, and mouse. Biochem Pharmacol37: 
3889-3895, 1988. 


