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Abstract-The influence of ciprofibrate, a potent oxyisobutyrate derivative, on several hepatic enzyme 
parameters was studied in five rat strains following a 14-day treatment period. Ciprofibrate-dependent 
hepatomegaly was observed at two dose levels (2 and 20 mg/kg) in all rat strains examined. A lo- to 
15-fold induction in the 12-hydroxylation of lauric acid with a less marked 1.S to 5-fold induction of 
11-hydroxylation was observed in treated animals. This dose-dependent increase in fatty acid hydroxylase 
activity was associated with a maximal lo-fold increase in the specific content of cytochrome P-450 IVAl 
isoenzyme apoprotein, as assessed immunochemically using an ELISA technique. The activities of the 
cytochrome P-450 I (IA1 and IA2) and II (IIBl and IIB2) families, as measured by ethoxyresorufin-0 
deethylase and benzphetamine-N-demethylase activities respectively, were decreased on treatment. In 
the mitochondria, monoamine oxidase activity was significantly decreased at the higher dose level 
whereas cY-glycerophosphate dehydrogenase activity was elevated. Total camitine acetyltransferase 
activity (mitochondrial and peroxisomal) and peroxisomal poxidation were markedly increased at both 
dose levels in all strains examined. Cytosolic glutathione peroxidase activity, measured using both r- 
butylhydroperoxide and hydrogen peroxide as substrates, was decreased on treatment to approximately 
50% of the control value. In treated animals, a marked increase in mRNA levels coding for cytochrome 
P-450 IVAl and the peroxisomal bifunctional protein of the fatty acid &oxidation spiral was observed. 
However, mRNA levels coding for glutathione peroxidase appeared unchanged following ciprofibrate 
administration, in contrast to the above-noted decrease of glutathione peroxidase enzyme activity. 
Taken collectively, our results have further substantiated a close association between the induction of 
microsomal cytochrome P-450 IVAl, peroxisomal Poxidation and total carnitine acetyltransferase 
activitv in rat liver. and have formed a conceptual basis for the rationalization of the chronic toxicity of 
peroxkome proliferators in this species. . 

Ciprofibrate, 2-(4-(2,2-dichlorocyclopropyl)-2- 
methyl-propanoic acid, is a recently developed and 
clinically effective phenoxyisobutyrate hypolipida- 
emit drug which effectively decreases serum chol- 
esterol and triglyceride levels in normal laboratory 
animals and in animals rendered hyperlipidaemic by 
dietary manipulation [l]. In addition, ciprofibrate is 
a potent peroxisome proliferator in certain rodents 
(particularly the rat and mouse), a biological 
response that is in common with other drugs of this 
therapeutic class [2]. 

The administration of peroxisome proliferators to 
rodents results in a significant proliferation of cellular 
organelles including peroxisomes and smooth endo- 
plasmic reticulum [2,3]. Treatment is also associated 
with significant liver enlargement [4] and chronic 
exposure to these compounds results in the devel- 
opment of liver tumours [5-71. A close association 
has been observed between the induction of micro- 
somal cytochrome P-450 IVAl (and its associated 
fatty acid hydroxylase activity) and peroxisomal, 

$ To whom correspondence should be addressed. 

fatty acid poxidation enzymes [S], and the induction 
of microsomal and peroxisomal fatty acid metab- 
olizing systems may represent an adaptive cellular 
response to acute changes in lipid metabolism result- 
ing from treatment [4]. These early subcellular liver 
changes are sustained throughout acute and chronic 
treatmeht with these xenobiotics and may be associ- 
ated with the development of hepatocellular car- 
cinoma [2,7], although the precise relationship 
between these acute hepatic enzyme changes and 
hepatocarcinogenesis has yet to be firmly estab- 
lished. 

The hepatic effects of several structurally diverse 
peroxisome proliferators, including clofibrate, Wy- 
14,643, aspirin and the phthalate ester plasticisers, 
DEHP and MEHP, on hepatic peroxisomal and 
microsomal parameters has been established in the 
Wistar rat [4]. In addition, it has been reported that 
ciprofibrate administration causes hepatic peroxi- 
some proliferation and induction of peroxisomal 
enzymes in the Fischer rat [9], although the influence 
of ciprofibrate on microsomal cytochrome P-450 
IVAl fatty acid hydroxylase activity has not been 
reported. 
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Accordingly, the present study was designed to 
compare the hepatic responses in peroxisomal, mito- 
chondrial, microsomal and cytosolic sub-cellular 
fractions in Gunn, Fischer, Sprague-Dawley, Wistar 
and Long Evans rat strains following short-term 
ciprofibrate administration to determine whether the 
sub-cellular hepatic enzymne changes are related in 
these strains, and whether we could identify a non- 
susceptible strain that may further shed light on the 
mechanistic aspects of the induced hepatic changes 
and the associated hepatocarcinogenesis. 

MATERIALS AND METHODS 

Chemicals. Ciprofibrate was donated by Sterling- 
Winthrop (Alnwick, Northumberland, U.K.). Lau- 
ric acid and NADPH were purchased from the Sigma 
Chemical Co. (Poole, Dorset, U.K.). l-[‘4C]Lauric 
acid was supplied by the Radiochemical Centre 
(Amersham, Bucks, U.K.). Ethoxyresorufin and 
resorufin were obtained from Molecular Probes Inc. 
(Junction City, OR. U.S.A.) and benzphetamine 
from the Upjohn Company (Kalamazoo, MI, 
U.S.A.). 

All other chemicals were obtained from com- 
mercial sources and were of the highest purity avail- 
able. 

Animals and drug pretreatment. Male Wistar 
albino rats (University of Surrey breeders), male 
Gunn rats (University of Dundee breeders), male 
Sprague-Dawley, Fischer albino rats and Long 
Evans rats (Charles River U.K., Margate, Kent) of 
140-16Og starting weight, were treated with cipro- 
fibrate (2 and 20 mg/kg body weight) by gavage, 
once a day for 14 days. Ciprofibrate was administered 
as a suspension in 0.25% (w/v) gum tragacanth, at 

a volume of 5 mL/kg body weight. Control animals 
were given the vehicle alone, similarly at 5 mL/kg 
by gavage. All animals were killed on the 15th day 
after commencement of the treatment (i.e. 24 hr 
after the last dose). The livers were removed and 
perfused with 0.9% (w/v) saline prior to homo- 
genization in 0.25 M sucrose. Samples of whole liver 
homogenate were taken for the determination of 
peroxisomal and mitochondrial marker enzymes. 
The microsomal and cytosolic fractions were pre- 
pared by ultracentrifugation [4] and the microsomal 
pellet was resuspended in 50 mM phosphate buffer, 
pH 7.25 containing 20% (v/v) glycerol. 

Enzyme assays. Total. carbon monoxide-dis- 
cernible cytochrome P-450 was determined accord- 
ing to Omura and Sato [lo], using a difference 
absorption coefficient (45&490 nm) of 
91 mM-’ cm-’ for the sodium dithionite-reduced car- 
bon monoxide adduct. The specific hypolipidaemic- 
induced cytochrome P-450 IVAl protein was deter- 
mined immunochemically using an ELISA method 
as described by Sharma et al. [4]. A polyclonal anti- 
body raised in sheep to a highly purified, elec- 
trophoretically homogenous preparation of rat 
cytochrome P-450 IVAl was used as the immunogen. 
The antibody was relatively specific for cytochrome 
P-450 IVAl as it recognised the homologous antigen 
in a Western blot as the major reaction product. In 
addition, a minor band (less than 10% of total reac- 
tive protein) was also identified with this antibody, 
this minor cross-reactivity probably corresponding 
to another related member of the cytochrome 
P45OIV sub-family. Electrophoretically homogenous 
cytochrome P-450 IVAl was used to construct a 
calibration curve which was shown to be linear up to 

0.02 pmol cytochrome P-450 IVAl per assay. 

Table 1. The effect of ciprofibrate on liver size and hepatic cytochrome P-45O/P450 IVAl content in different 
rat strains 

Rat 
strain 

Dose 
level 

Specific cyt. P-450 IVAl 
quantitation 

Total 
cytochrome P-450 Specific % of 

Liver/body weight specific content cyt. P-450 IVAl total 
ratio (%) (nmol/mg) (nmol/mg) cyt. P-450 

Gunn Control 

2 mg/kg 
20 mg/kg 

Sprague- Control 

Dawley 2 mg/kg 
20 mg/kg 

Fischer Control 

2 mg/kg 
20 mg/kg 

Wistar Control 

2 mg/kg 
20 mg/kg 

Long Evans Control 

2 mg/kg 
20 mg/kg 

5.16 + 0.38 
6.36 2 0.09t 
8.47 + 0.60t 
5.21 2 0.14 
6.76 2 0.51t 
9.78 ? 0.42$ 
5.23 2 0.30 
7.15 f. 0.35$ 

10.18 2 0.28$ 
5.18 2 0.25 
6.76 4 0.29$ 
9.85 + 0.48$ 
5.93 + 0.47 
7.94 1: 0.28$ 

11.33 2 0.59$ 

0.93 k 0.35 
0.94 * 0.09 
0.75 k 0.16 
0.78 + 0.16 
1.28 5 0.06* 
0.91 ” 0.22’ 
0.56 2 0.12 
1.00 + 0.09$ 
0.72 2 0.11* 
0.66 + 0.11 
0.86 2 0.06* 
0.72 k 0.15 
0.63 + 0.16 
0.86 2 0.06* 
0.95 + 0.11* 

0.04 2 0.01 
0.22 + 0.02$ 
0.20 -t 0.02$ 
0.03 + 0.01 
0.24 t 0.03f 
0.23 k 0.09’r 
0.03 2 0.01 
0.24 + 0.041 
0.26 + 0.03i 
0.02 2 0.01 
0.22 2 0.04$ 
0.21 r 0.04$ 
0.03 2 0.01 
0.30 c 0.038 
0.46 2 O.l2$ 

4.48 5 1.44 
23.71 2 2.15 
27.09 f 4.60 

4.29 _t 0.76 
18.53 c 2.44 
24.67 k 4.32 

5.73 k 1.28 
23.98 +- 1.53 
35.99 2 3.99 

3.31 + 0.68 
25.19 k 2.83 
29.08 + 6.20 

4.71 k 2.46 
34.53 k 2.46 
48.13 + 8.44 

Ciprotibrate was administered by gavage for 14 days at the dose levels indicated. Values are means r SD 
from 3-5 individual animals. P values for results significantly different (Student’s r-test) from control data: 
* P < 0.05. t P < 0.01, $ P < 0.001. 
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LAURIC ACID HYDROXYLASE 
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Fig. 1. Influence of ciprofibrate on the ll- and 12-hydroxylation of lauric acid by rat liver microsomes. 
Animals were administered ciprofibrate by gavage for 14 days at a dose level of either 2 mg/kg/day or 
20 mg/kg/day. P values at: a P < 0.05, b P < 0.01 and ’ P < 0.001. Results are expressed as nmol 
metabolite produced/min/nmol P-450. Key: ll-OH, II-hydroxylaurate; 12-OH, 12-hydroxylaurate; 

CONT., Control; L.D., Low Dose (2mg/kg); H.D., High Dose (20 mg/kg). 

Table 2. The effect of ciprofibrate on hepatic drug-metabolizing activity in different rat strains 

Rat 
strain 

Dose 
level 

Benzphetamine-N-demethylase 
(nmol HCHO formed/min/nmol P-450) 

Ethoxyresorufin-0deethylase 
(nmol resorufin formed/min/nmol P-450) 

Gunn 

Sprague- 
Dawley 

Fischer 

Wistar 

Long Evans 

Control 
2 mg/kg 

20 mg/kg 
Control 
2 mg/kg 

20 mg/kg 
Control 
2 mg/kg 

20 mg/kg 
Control 
2 mg/kg 

20 mg/kg 
Control 
2 mg/kg 

20 mg/kg 

10.52 2 3.38 (100) 
8.64 -+ 0.66 (82) 
6.63 t 1.02 (63) 

11.83 * 0.76 (100) 
6.75 r 0.84t (57) 
5.69 + 0.77t (48) 

28.17 * 8.69 (100) 
9.31 +- 0.56” (33) 
5.14 % 0.85t (18) 
18.84 ? 3.63 (100 
10.38 * 2.06* (55) 
9.19 * 1.86* (49) 

22.93 2 4.38 (100) 
12.04 + 2.42* (53) 
6.57 f 2.20-t (29) 

0.10 2 0.04 (loo) 
0.05 r 0.01 (50) 
0.04 ? 0.01 (40) 
0.04 * 0.01 (100) 
0.02 * 0.01t (50) 
0.01 + O.Ol* (25) 
0.05 2 0.01 (100) 
0.02 * 0.01t (40) 
0.01 t 0.01t (20) 
0.04 2 0.01 (100) 
0.01 + O.Ol* (25) 
0.01 + O.Ol* (25) 
0.03 * 0.01 (100) 
0.01 + 0.01* (33) 
0.01 + 0.01* (33) 

Ciprofibrate was administered by gavage for 14 days at the dose levels indicated. Values are means ? SD from 3-5 
individual animals. Figures in brackets are values expressed as percentage of corresponding control. P values for results 
significantly different (Student’s t-test) from control data: * P < 0.01, t P < 0.001. 

The ll- and 1Zhydroxy metabolites of lauric acid 
[ll] were separated by reverse-phase HPLC using 
an ultrasphere ODS column (15 x 0.4cm). The 
metabolites were resolved using a linear gradient of 
water (containing 0.1% (v/v) acetic acid): methanol 
(4555) to 100% methanol over a 35-min period at a 
flow rate of 1.5 mL/min. The HPLC eluate con- 
taining the radioactive metabolites, was monitored 
with a Berthold LB 503 Radiodetector flow-cell 
(Lab-Impex, Twickenham, U.K.), interfaced with a 

Commodore PET (series 4000), enabling quanti- 
tative analysis of lauric acid metabolites. The ana- 
lytical variation in this assay was approximately 
5%. 

Benzphetamine-N-demethylase activity was deter- 
mined by the calorimetric procedure of Nash [12] 
and ethoxyresorufin 0-deethylation was measured 
spectrofluorimetrically according to Burke et al. [ 131. 

Whole tissue homogenates were used to determine 
peroxisomal and mitochondrial marker enzyme 
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Table 3. The effect of ciprofibrate on hepatic mitochondrial enzyme activities in different rat strains 

Rat Dose 
strain level 

Monoamine 
oxidase activity 

(nmol product/min/ 
mg protein) 

Succinate 
dehydrogenase 

activity 
(nmol product/min/ 

mg protein) 

cu-Glycerophosphate 
dehydrogenase 

activity 
(change in absorbance/ 

min/mg protein) 

Gunn 

Sprague- 
Dawley 

Fischer 

Wistar 

Long Evans 

Control 
2 mg/kg 

20 mg/kg 
Control 
2 mg/kg 

20 mg/kg 
Control 
2 mg/kg 

20 mg/kg 
Control 
2 mg/kg 

20 mg/kg 
Control 

2 mg/kg 
20 mg/kg 

4.85 t 0.86 
5.26 2 0.64 
3.07 t 0.38* 
4.67 + 0.84 
4.70 + 1.18 
3.43 r 0.62* 
5.45 ? 1.32 
4.64 2 0.31 
3.51 2 0.29* 
5.37 c 0.93 
5.57 2 1.43 
2.91 2 0.58t 
7.27 + 0.88 
6.21 + 0.34 
3.27 t 0.51$ 

19.72 + 2.01 
18.16 * 1.12 
18.11 2 1.35 
13.69 -r- 1.72 
13.89 ? 1.64 
12.60 2 1.19 
11.79 + 1.00 
11.35 r 1.50 
11.57 t 0.47 
13.16 2 1.11 
13.00 2 1.28 
11.48 + 1.14 
14.86 +- 1.14 
15.57 ? 2.81 
13.45 t 0.65 

0.02 + 0.01 
0.03 -+ 0.01t 
0.03 2 0.01* 
0.01 2 0.01 
0.02 + 0.01t 
0.03 + 0.01t 
0.02 -+ 0.01 
0.02 2 0.01 
0.03 t 0.01* 
0.01 ? 0.01 
0.02 2 0.01* 
0.04 + O.Ol$ 
0.04 -c 0.01 
0.10 2 0.01-i: 
0.18 ? O.Ol$ 

Ciprofibrate was administered by gavage for 14 days at the dose levels indicated. Values are 
means 2 SD from >5 individual animals. P values for results significantly different (Student’s r-test) 
from control data: * P < 0.05, t P < 0.01, $ P < 0.001. 

CARNITINE ACETYLTRANSFERASE 
LEGEND 

GUNN SoDAILEY FISCHER IISTAR .LONG EVANS 

RAT STRAIN 

Fig. 2. Influence of ciprofibrate on hepatic mitochondrial and peroxisomal carnitine acetyltransferase 
activity in different rat strains. Animals were administered ciprofibrate by gavage for 14 days at a dose 
level of either 2 mg/kg/day or 20 mg/kg/day. P values at: a P < 0.05, b P < 0.01 and ’ P < 0.001. Results 

are expressed as nmol CoA formed/min/mg protein. 

activities. Catalase was determined as described by of Prosper0 [17], and cu-glycerophosphate dehydro- 
Bock et al. [ 141. The disappearance of the substrate, genase activity according to Lee and Lardy [18]. 
hydrogen peroxide, was monitored at 240 nm for 3s Carnitine acetyl-CoA transferase activity was 
50sec and the rate constant, K, was derived from measured by the method of Bieber et al. [19] and 
the absorbance change over this period. Cyanide- Bock et al. [14]. Monoamine oxidase activity was 
insensitive palmitoyl-CoA oxidation was measured determined using the modified fluorimetric method 
by the procedure of Bronfman et al. [ 151, and uricase of Krajl[20] using kynuramine as the substrate which 
activity by the method of Beaufay et al. [16]. Suc- undergoes cyclization to 4-hydroxyquinoline, the 
cinate dehydrogenase was determined by the method reaction product. 
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Table 4. The effect of ciprofibrate on hepatic peroxisomal enzyme activities in different rat 
strains 

1087 

Rat 
strain 

Gunn 

Sprague- 
Dawley 

Fischer 

Wistar 

L.ong Evans 

Dose 
level 

Control 
2 mg/kg 

20 mg/kg 
Control 
2 mg/kg 

20 mg/kg 
Control 
2 mg/kg 

20 mg/kg 
Control 
2 mg/kg 

20 mg/kg 
Control 
2 mg/kg 

20 mg/kg 

Catalase activity 
(K/mg protein) 

1.862 0.12 (100) 
2.02 * 0.23 (109) 
2.01 2 0.11 (108) 
1.55 + 0.19 (100) 
1.58 2 0.34 (102) 
2.07 ? 0.23t (133) 
2.00 2 0.50 (100) 
1.77 * 0.19 (88) 
1.83 t 0.09 (91) 
1.95 * 0.04 (loo) 
1.92 + 0.16 (98) 
2.41 2 0.29t (124) 
2.30 + 0.31 (100) 
2.52 + 0.35 (110) 
2.56 2 0.36 (111) 

Uricase activity 
(nmol metabolized/min/ 

mg protein) 

14.23 + 2.62 (100) 
15.50 2 1.77 (109) 
18.17 + 1.77 (128) 
11.55 + 2.32 (100) 
9.87 + 0.57 (85) 

11.16 f 1.90 (97) 
13.16 -r- 2.23 (100) 
10.71 * 1.16 (81) 
11.85 ? 1.58 (90) 
19.75 2 1.94 (100) 
15.39 r 2.49. (78) 
18.51 2 0.62 (94) 
14.32 2 1.82 (100) 
11.33 + 1.59* (79) 
15.60 2 3.08 (109) 

Ciprofibrate was administered by gavage for 14 days at the dose levels indicated. Values 
are means 2 SD from 3-5 individual animals. Figures in brackets are values expressed as 
percentage of corresponding control. P values for results significantly different (Student’s 
t-test) from control data: * P < 0.05, t P < 0.01, $ P < 0.001. 

PEROXISOMAL BETA-OXIDATION 
LEGEND 

RAT STRAIN 

Fig. 3. Influence of ciprofibrate on hepatic cyanide-insensitive peroxisomal /?-oxidation in different rat 
strains. Animals were administered ciprofibrate by gavage for 14 days at a dose level of either 2 mg/kg/ 
day or 20 mg/kg/day. P values at: B P < 0.05, b P < 0.01 and c P < 0.001. Results are expressed as nmol 

NAD+ reduced/min/mg protein. 

Cytosolic glutathione peroxidase activity was 
determined using the method described by Awasthi 
et al. [21] and Lawrence and Burk [22]. Hydrogen 
peroxide, cumene hydroperoxide and t-butylhy- 
droperoxide were used as substrates. Glutathione S- 
transferase activity was determined as the difference 
between the total activity using cumene hydro- 
peroxide and the activity using hydrogen peroxide 
as the substrate as described by Lawrence et al. (231 

and Mohandas et al. [24]. Protein concentrations 
were determined in whole homogenate, microsomal 
and cytosolic fractions by the method of Lowry et al. 
[25], using bovine serum albumin as the standard. 

RNA isolation and dot blot hybridization. Total 
cellular RNA was isolated from whole liver homo- 
genates from control and treated rats using a modi- 
fication of the procedures of Chirgwin et al. [26]. 
RNA dot blots were prepared using nylon filters [27] 



1088 J. M. MAKOWSKA et al. 

Table 5. The effect of ciprotibrate on hepatic cytosolic glutathione peroxidase and glutathione S- 
transferase activities in different rat strains 

Glutathione peroxidase 
activity 

(pm01 metabolized/min/mg protein) 

Rat Dose 
strain level 

t-Butyl 
hydroperoxide 

Substrates 

Hydrogen 
peroxide 

Cumene 
hydroperoxide 

Glutathione 
S-transferase 

activity 
(nmol metabolized/ 

min/mg protein) 

Gunn 

Sprague- 
Dawley 

Fischer 

Wistar 

Long Evans 

Control 0.47 (100) 1.00 (100) 1.28 (100) 0.28 (100) 
2 mg/kg 0.47 (100) 0.95 (95) 1.18 (92) 0.23 (82) 

20 mg/kg 0.29 (62) 0.66 (66) 0.76 (59) 0.10 (36) 
Control 0.60 (100) 1.25 (100) 1.51 (100) 0.26 (100) 

2 mg/kg 0.32 (53) 0.70 (56) 0.85 (56) 0.16 (61) 
20 mg/kg 0.27 (45) 0.59 (47) 0.72 (48) 0.13 (50) 
Control 0.51 (100) 0.92 (100) - -_ 

2 mg/kg 0.34 (67) 0.82 (89) 
20 mg/kg 0.29 (57) 0.58 (63) 
Control 0.65 (100) 1.37 (100) - 

2 mg/kg 0.44 (68) 0.94 (69) 
20 mg/kg 0.25 (38) 0.60 (44) 
Control 0.42 (100) 0.86 (100) 

2 mg/kg 0.34 (81) 0.66 (77) 
20 mg/kg 0.22 (52) 0.45 (52) 

Ciprofibrate was administered by gavage for 14 days at the dose levels indicated. Values are expressed 
as an average of two experimental results as cytosolic fractions from animals of each dose group were 
pooled to give one pool per dose group. Figures in brackets are values expressed as percentage of 
corresponding control. 

and nick translation of the cDNA/genomic probes 
and filter hybridization was accomplished as 
described by Earnshaw et al. [28]. 

RESULTS 

The effect of ciprotibrate on liver/body weight 
ratio, total cytochrome P-450 content and the specific 
cytochrome P-450 IVAl isoenzyme apoprotein levels 
in different rat strains is shown in Table 1. Significant 
hepatomegaly was observed in all test groups, 
approximately 2-fold at the high dose level in all rat 
strains, with the exception of the Gunn rat which 
displayed less extensive liver enlargement. Variable 
changes in the specific content of total cytochrome 
P-450 were observed in treated animals, with a 
significant increase at both dose levels in the Fischer 
and Long Evans rats. Cytochrome P-450 content 
was significantly elevated in the low dose groups in 
Sprague-Dawley and Wistar strains. 

Cytochrome P-450 IVAl isoenzyme levels, as 
determined immunochemically using an ELISA 
technique, were found to constitute between 3% and 
6% of the total cytochrome P-450 population in 
untreated animals. Ciprofibrate was found to sig- 
nificantly increase cytochrome P-450 IVAl content 
(nmol/mg protein) in all test groups, representing a 
lo-fold induction at the high dose level in the Long 
Evans rat and an increase between 5 to 8 in the 
remaining rat strains. 

Laurie acid is considered to be a suitable marker 
substrate for the hypolipidaemic-inducible cyto- 
chrome P-450 IVAl omega(l2)-hydroxylase activity 
[29]. Reverse phase HPLC analysis showed that the 
12-hydroxylation of lauric acid was preferentially 
induced over the 11-hydroxylation in rat liver micro- 
somes of ciprofibrate treated animals (Fig. 1). The 
ratio of 12/11 hydroxy metabolites in untreated ani- 
mals is in the range of 1.3 to 2.3 in the rat strains 
used in these experiments. However, in treated ani- 
mals the 12/11 metabolite ratio was approximately 
5 to 9. In treated Sprague-Dawley , Wistar , Fischer 
and Long Evans rats, the marked increase in 12- 
hydroxylation of lauric acid was associated with a 
marked decrease in the dealkylation of benz- 
phetamine and ethoxyresorufin, marker substrates 
for cytochromes P-450 IIBl/IIB2 and IAl/IAZ 
respectively (Table 2). However it must be noted 
that the latter decreases in the dealkylation specific 
activities are partially offset by the noted inducer- 
dependent increases in liver weight (Table 1). 

The activity of monoamine oxidase, an outer mito- 
chondrial membrane enzyme, was significantly 
decreased at the high dose level in all rat strains 
(Table 3). The activity of the inner mitochondrial 
membrane enzyme, succinate dehydrogenase, was 
not significantly altered with ciprofibrate adminis- 
tration (Table 3). Mitochondrial a+glycerophosphate 
dehydrogenase activity was elevated at both dose 
levels in the Gunn, Sprague-Dawley, Wistar and 
Long Evans rats (Table 3). Enzyme activity in the 
Fischer rat was induced only in the high dose group. 
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Total carnitine acetyl-CoA transferase activity 
(localized in the mitochondrial and peroxisomal frac- 
tions) was significantly induced in all test groups 
(Fig. 2). The extent of induction was approximately 
16-fold in the Gunn rat and between 36- and 70- 
fold in the other rat strains. Catalase activity was 
significantly increased at the high dose level in 
Sprague-Dawley and Wistar rat strains (Table 4), 
whereas activity in the Fischer rat was decreased on 
treatment, although this was not significant. The 
activity of uricase, a peroxisomal enzyme, was not 
altered by ciprofibrate treatment in Gunn, Fischer 
and Sprague-Dawley rats yet was significantly 
decreased at the 2 mg/kg dose level in the Wistar and 
Long Evans rats (Table 4). Ciprofibrate treatment 
resulted in a significant dose-dependent increase in 
peroxisomal fatty acid P-oxidation (Fig. 3). Induction 
was 9- to 15fold in the Gunn, Sprague-Dawley, 
Wistar and Fischer strains. In the Long Evans rat, a 
34-fold increase was observed. 

The activity of glutathione peroxidase was 
measured using hydrogen peroxide and t-butyl 
hydroperoxide as substrates. A dose-dependent 
decrease in enzyme activity was observed with both 
substrates (Table 5). It should be noted that the 
enzyme activity expressed as a percentage of control, 
was similar with both substrates. At the high dose 
level, activity was 40-65% of the control value. 
Glutathione S-transferase activity was determined in 
the Sprague-Dawley and Gunn rats and was attri- 
buted to the difference in activity between cumene 
hydroperoxide and hydrogen peroxide as substrates. 
Glutathione S-transferase activity was decreased in 
a dose-dependent manner. Glutathione peroxidase 
activity, expressed as percentage of control, was not 
significantly different between the three substrates. 

A positive hybridization of all liver RNA samples 
with the cytochrome P-450 IVAl and peroxisomal 
bifunctional protein cDNA probes was observed and 
both mRNA levels were clearly increased in all 
treated animals as compared to their corresponding 
controls (Figs 4 and 5). Duplicate filters probed 
with an actin cDNA probe demonstrated low signal 
intensities of equal magnitude from hepatic RNA 
derived from all control and pretreated rat strains 
(data not shown), confirming that similar amounts 
of RNA were indeed applied to the filters and that 
the above ciprofibrate-dependent elevation of cyto- 
chrome P-450 IVAl and peroxisomal bifunctional 
protein mRNA levels did not arise as a result of a 
general gene activation phenomenon. 

The influence of ciprofibrate on glutathione per- 
oxidase mRNA levels in the rat strains was also 
examined, and unlike the elevation of cytochrome 
P-450 IVAl and peroxisomal bifunctional protein 
mRNAs, ciprofibrate has no effect on the mRNA 
coding for this cytosolic enzyme in all rat strains 
examined (Fig. 6). 

DISCUSSION 

The data presented on this paper demonstrates 
that the short-term effects of ciprofibrate on rat liver 
are qualitatively similar in each strain and addition- 
ally dose dependent. A 1.5- to 2-fold increase in 

Fig. 4. Influence of ciprofibrate on hepatic cytochrome P- 
450 IVAl mRNA in several rat strains. RNA was applied 
to the nylon filters in the amounts indicated, and the filter 
probed with a ‘*P-labelled cDNA for cytochrome P-450 
IVAl as described in Materials and Methods. RNA was 
derived from: 1. tRNA (negative control); 2. Gunn rat, 
control; 3. Gunn rat, ciprofibrate-pretreated, 20 mg/kg; 
4. Sprague-Dawley rat, control; 5. Sprague-Dawley rat, 
ciprofibrate-pretreated, 20 mg/kg; 6. Duplicate of 5, 
demonstrating reproducibility; 7. Fischer rat, control; 8. 
Fischer rat, ctprofibrate-pretreated, 20 mg/kg; 9. Wistar 
rat, control; 10. Wistar rat, ciprofibrate-pretreated, 20 mg/ 
kg; 11. Long Evans rat, control; 12. Long Evans rat, 

ciprofibrate-pretreated 20 mg/kg. 

liver/body weight ratio was observed and the 
response in the Fischer rat was consistent with pub- 
lished data [9,30]. Cytochrome P-450 IVAl, a 
constitutive isoenzyme, was found to constitute 
between 3-6% of the total CO-discernible cyto- 
chrome P-450 population in uninduced rat liver 
microsomes. Immunodetectable cytochrome P-450 
IVAl protein was increased 6- to lo-fold with treat- 
ment with a minimal increase in 11-hydroxylation 
but with a marked induction in the formation of 12- 
hydroxylaurate (lo- to 16-fold). Similar changes have 
been demonstrated in the Wistar rat following treat- 
ment with a variety of peroxisome proliferators [4]. 
This increase in catalytic activity is consistent with 
the marked increase in both the apoprotein and 
mRNA coding for cytochrome P-450 IVAl in treated 
animals observed in this study. However, induction 
with ciprofibrate was more marked in the current 
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Fig. 5. Influence of ciprofibrate on hepatic bifunctional 
protein mRNA in several rat strains. RNA was applied to 
the nylon filters in the amounts indicated and the filter 
probed with a 3ZP-labelled cDNA probe to the peroxisomal 
bifunctional protein, as described in Materials and 
Methods. RNA was derived from: 1. tRNA (negative 
control); 2. Gunn rat, control; 3. Gunn rat, ciprofibrate- 
pretreated, 20mg/kg; 4. Sprague-Dawley rat, control; 5. 
Sprague-Dawley rat, ciprofibrate-pretreated, 20 mg/kg; 6. 
Duplicate df 5, demonstrating reproducibility; 7. Fischer 
rat, contr 3;; 8. Fischer rat, ciprofibrate-pretreated, 20 mg/ 
kg; 9. Wistar rat, control; 10. Wistar rat, ciprofibrate- 
pretreated, 20 mg/kg; 11. Long Evans rat, control; 12. 

Long Evans rat, ciprofibrate-pretreated. 20 mg/kg. 

study (as compared to several other peroxisomal 
proliferators investigated previously 141) reflecting 
its greater potency as a peroxisome proliferator. The 
induction of lauric acid 1Zhydroxylase in cipro- 
fibrate-treated animals was associated with a marked 
decrease in the metabolism of model drug substrates 
(benzphetamine and ethoxyresorufin, Table 2), indi- 
cating that ciprofibrate is not a general inducer of all 
cytochrome P45Os. 

Peroxisomal fatty acid /I%oxidation was increased 
9- to 34-fold in the rat with a concomitant increase 
in mRNA levels coding for the peroxisomal bifunc- 
tional protein, an enzyme involved in the @-oxidation 
spiral, in agreement with previously published data 
[9,31]. Unlike the similar responses in rat strains 
noted herein, the induction of peroxisomal acyl-CoA 
oxidase has been shown to be strain dependent in 
the mouse [32] in that the C57 and C3H inbred 
strains differ significantly from one another and from 
their Fr hybrid in both their basal and nafenopin- 
induced acyl-CoA oxidase activity. The hepatic 

Fig. 6. Influence of ciprotibrate on hepatic glutathione 
peroxidase mRMA in several rat strains. RNA was applied 
to the nylon filters in the amounts indicated and the filter 
probed with a 3’-P-labelled genomic probe to glutathione 
peroxidase, as described in Materials and Methods. RNA 
was derived from: 1. tRNA (negative control); 2. Gunn 
rat, control; 3. Gunn rat, ciprofibrate-pretreated, 20 mg/ 
kg; 4. Sprague-Dawley rat, control; 5. Sprague-Dawley 
rat, ciprofibrate-pretreated, 20 mg/kg; 6. Duplicate of 5. 
demonstrating reproducibility; 7. Fischer rat, control; 8. 
Fischer rat, ciprofibrate-pretreated. 20 mg/kg; 9. Wistar 
rat, control; 10. Wistar rat. ciprofibrate-pretreated, 20 mg/ 
kg; 11. Long Evans rat, control; 12. Long Evans rat, 

ciprofibrate-pretreated 20 mg/kg. 

inducing effect of ciprofibrate has also been inves- 
tigated in nine mouse strains to ascertain whether all 
strains show similar peroxisome proliferation or if 
any strains are refractory to the induction of peroxi- 
some proliferation [33]. The least responsive mouse 
strain was CBA/Ca and BK3Fl was the most 
responsive, however these latter results indicate no 
significant interstrain differences in ciprofibrate- 
induced hepatic pleiotropic responses [33], and the 
reason for this inducer-dependent differences in 
mouse strains is at present unclear. 

The specific activity of catalase, the peroxisomal 
marker enzyme, was only minimally increased at the 
high dose level in the Sprague-Dawley and Wistar 
rats, in contrast to the more extensive, clobuzarit- 
dependent 2-fold increase in catalase activity [34], 
and a similar increase with ciprofibrate in the Fischer 
rat [9,30]. Although the specific activity of catalase 
was largely unchanged in this study the total liver 
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Fig. 7. Scheme relating ciprofibrate-dependent liver enzyme changes to hepatocarcinogenesis. (+), 
induction of enzyme activity; (-), inhibition of enzyme activity. 

catalase activity was increased (approximately 2- 
fold) as a result of the observed hepatomegaly. Simi- 
larly, the specific activity of the peroxisomal enzyme 
uricase remained unchanged with ciprofibrate treat- 
ment indicating that uricase synthesis is increased in 
line with the cellular proliferation of peroxisomes. 
However, other studies have demonstrated uricase 
specific activity was decreased in male rats treated 
with di-(2-ethylhexyl)phthalate for 28 days and this 
was attributed to proliferation of hepatic perox- 
isomes lacking the uricase rich core [35]. 

Total carnitine acetyltransferase activity (mito- 
chondrial and peroxisomal) was consistently induced 
16- to ‘IO-fold on ciprofibrate administration in all 
strains tested and at both dose levels examined in 
our study. Similarly, in the Fischer rat, a 58-fold 
increase in enzyme activity has been reported fol- 
lowing the dietary administration of ciprofibrate at 
a concentration of 0.1% (w/w) [9], in agreement 
with the 70-fold, ciprofibrate-dependent noted 
herein. Carnitine is not involved in the entry of fatty 
acids into peroxisomes but may play a role in the 
removal of end products which could be shuttled to 
the mitochondria for further oxidation or conversion 

to ketone bodies [36]. It has been reported that 
clofibrate administration elevates carnitine ace- 
tyltransferase in both subcellular fractions [37], and 
a similar response is likely in this study with cipro- 
fibrate. 

Monoamine oxidase activity was decreased in all 
strains which is comparable to enzyme changes 
observed with clofibrate administration [38]. The 
activity of succinate dehydrogenase, a mitochondrial 
marker enzyme, was unchanged on ciprofibrate 
treatment. Mitochondrial cY-glycerophosphate 
dehydrogenase acts as a specific marker for the meta- 
bolic activity of thyroxine in the liver [39], and the 
elevation of enzyme activity observed in all rat strains 
is probably due to the synthesis of new protein [39]. 

The ciprofibrate-dependent decrease in gluta- 
thione peroxidase activity and the lack of effect on 
the corresponding mRNA levels is worthy of 
comment. Quite clearly, ciprofibrate does not influ- 
ence the transcription of the glutathione peroxidase 
gene and the decrease in enzyme activity using three 
different substrates in all rat strains examined may 
be explained by a ciprofibrate-dependent inhibition 
of glutathione peroxidase mRNA translation, 
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enhanced enzyme degradation or a direct inhibition 
of enzyme activity, possibilities that require further 
experimentation. 

Gunn rats are unable to glucuronidate bilirubin as 
this rat strain lacks hepatic bilirubin UDP-glu- 
curonyltransferase activity [40]. These animals were 
used in the current study to examine whether the 
absence of this phase II enzyme would influence the 
hepatic responses to ciprofibrate. Clofibrate and its 
structural analogues, are hydrolysed to the free acid 
(i.e. the pharmacologically active compound) prior 
to conjugation giving rise to the acylglucuronide 
which is rapidly eliminated in the urine [41]. Impair- 
ment of this metabolic conjugation pathway could 
result in an in viuo enhanced response to ciprofibrate 
as this compound would be present only as the phar- 
macologically active parent acid. However, the Gunn 
rat was the least responsive rat strain to peroxisome 
proliferators although the variation in the enzyme 
parameters tested was minimal and the differences 
were not significant using analysis of variation. This 
would indicate that the enzymic capacity for hepatic 
glucuronidation of phenoxyisobutyrates is 
unchanged in the Gunn rat. This has been substanti- 
ated by recent studies demonstrating that Gunn rats 
conjugate clofibric acid [40] and that clofibrate 
specifically induced bilirubin glucuronidation [42] 
but not the conjugation of the drug itself [43]. 

Taken collectively, the results presented here indi- 
cate a close relationship between induction of micro- 
somal and peroxisomal fatty acid metabolising 
systems following ciprofibrate challenge in all rat 
strains studied, and are consistent with recently pub- 
lished data with other peroxisome proliferators ill 
the Wistar rat (4,8]. It was therefore suggested that 
induction in these two subcellular fractions is sep- 
arated temporally, with the early biological response 
to treatment being the induction of cytochrome P- 
450 IVAl and the corresponding increase in the 
production of omega-hydroxy fatty acids (Fig. 7). 
Subsequent oxidation to dicarboxylic acids occurs 
[44], thereby providing the postulated proximal 
stimulus for peroxisome proliferation. These enzyme 
changes and others described in this study are not 
associated with liver toxicity per se and may be used 
as an index of toxicity to predict the probability of 
chronic liver damage, ultimately hepatocarcino- 
genesis, as outlined in Fig. 7. Peroxisome pro- 
liferators are uniformly negative in a wide range of 
mutagenicity tests and have therefore been classified 
as non-genotoxic (epigenetic) carcinogens [2,7]. It 
has been suggested that the marked increase in 
peroxisomal fatty acid P-oxidation leads to an excess- 
ive production of hydrogen peroxide by the induced 
peroxisomal fatty acyl-CoA oxidase. The total 
activity of catalase is only minimally increased in 
parallel with hepatomegaly and may be insufficient 
to remove the excessive hydrogen peroxide produced 
in stimulated peroxisomes. These proliferated perox- 
isomes may be ‘leaky’ [2] resulting in the diffusion 
of hydrogen peroxide into the cytoplasm. The 
decrease in hepatic glutathione peroxidase activity 
(to approximately 50% of the control value) 
observed with ciprofibrate administration in this 
study, may potentiate HzOZ-dependent oxidative 
stress by the inadequate removal of cytosolic hydro- 

gen peroxide (Fig. 7) and all these factors, in com- 
bination with sustained hepatomegaly of a 
hyperplastic nature. may predispose the animal to 
hepatocarcinogenesis. Although the precise relation- 
ship between the acute liver enzyme changes noted 
herein and hepatocarcinogenesis has not been fully 
elucidated, these early liver changes appear to be a 
prerequisite for the development of hepatocellular 
carcinomas by this class of compound. 
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