
Biochemical Phormocology, Vol. 40, No. 3. pp. 521-528,19W 
Printed in Great Britain. 

cm-2952/w s3.cQ + 0.00 
0 1990. Pergamon Press plc 

THE EFFECT OF BECLOBRIC ACID AND CLOFIBRIC ACID 
ON PEROXISOMAL /3-OXIDATION AND PEROXISOME 

PROLIFERATION IN PRIMARY CULTURES OF RAT, 
MONKEY AND HUMAN HEPATOCYTES 

B. J. BLAAUBOER,*t C. W. M. VAN HOLSTEIJN,* R. BLEUMINK,* W. C. MENNES,* 
F. N. A. M. VAN PELT,* S. H. YAP,* J. F. VAN PELT,$ A. A. J. VAN IERSEL,§ 

A. TIMMERMAN§ and B. P. SCHMID~( 

* Research Institute of Toxicology, University of Utrecht, The Netherlands; $ Division of 
Gastrointesterology Kc Liver Diseases, St Radboud University Hospital, Nijmegen, The Netherlands; 
B National Institute of Public Health & Environmental Protection, Bilthoven, The Netherlands; and 

11 Zyma SA., Toxicology Department, Nyon, Switzerland 

(Received 25 July 1989; accepted 26 February 1990) 

Abstract-The peroxisome-proliferating effects of clofibric acid and beclobric acid were studied in 
primary cultures of hepatocytes derived from rat, monkey (Mucaca fascicuhris) and human liver. 
Determination of peroxisomal fatty acid /3-oxidation and morphometrical analysis of the peroxisomal 
compartment were performed after incubation of l-day-old hepatocyte cultures for 3 days with either 
compound. In rat liver cell cultures both compounds gave a lo-fold increase in peroxisomal poxidation, 
a 3-fold increase in the relative number of peroxisomes and a 1.5-fold increase in the mean size of 
peroxisomes. Beclobric acid gave its maximal effect at a concentration of 10 PM, which is at least one 
order of magnitude lower than the maximum-effect concentration of clofibric acid. At concentrations 
>300 PM beclobric acid was cytotoxic. No stimulation of peroxisomal fatty acid boxidation was found 
in either monkey or human hepatocyte cultures. Morphometrical analysis also showed no increase in 
the peroxisomal compartment in cultures derived from these species, as indicated by the lack of increase 
in both relative number and size of peroxisomes. In all three species tested beclobric acid was equally 
cytotoxic for hepatocytes in uitro. These results are of relevance for the interpretation of the peroxisome- 
proliferating effects of clofibrate and similar compounds in rats. Since peroxisome proliferation may be 
correlated to increased hepatic tumour incidences in the rat, the absence of peroxisome proliferation in 
primates suggests the absence of tumourogenic activity by hypolipidemic compounds in these species. 

A number of hypolipidemic drugs such as clofibrate 
induce hepatic peroxisome proliferation in rodents 
[l, 21 and there is evidence that some of these com- 
pounds increase liver tumour incidences in rats and 
mice [3]. The same features have been observed after 
treating rats and mice with phthalate esters [4] and 
there are indications that in rats peroxisome pro- 
liferation can also be achieved by a high-fat diet [S]. 
These liver changes are accompanied by alterations 
in a number of enzymatic activities such as increases 
in peroxisomal fatty acid Boxidation [6], in cyto- 
chrome P450-dependent fatty acid o- and (w-l)- 
hydroxylation [7] and in mitochondrial2,4-dienolyl- 
CoA reductase [g]. In species other than the rat or 
the mouse, i.e. hamsters [9, lo], guinea-pigs [ll], 
dogs or monkeys [lo, 12,131 the effects of these 
types of compounds are much less pronounced or 
even absent. Although compounds like clofibrate do 
have a distinct hypolipidemic effect in man, it has 
remained unclear whether peroxisome proliferation 
and hepatocarcinogenesis also occur in man [D-16]. 

Peroxisome proliferation can also be induced in 
primary cultures of rat hepatocytes [17]. In this in 
vitro system the induction of peroxisomal changes 
by compounds like clofibrate requires the presence 

t Correspondence to Dr B. J. Blaauboer, Research Insti- 
tute of Toxicology, University of Utrecht, P.O. Box 
80. 176, 3508 TD Utrecht, The Netherlands. 

of hydrocortisone in the culture medium [18]. The 
use of hepatocyte cultures enables a further clari- 
fication of the mechanisms of action of these com- 
pounds by studying their effects under well defined 
external conditions. Employing liver cell cultures 
derived from various species thus provides the possi- 
bility to study the mechanisms underlying the 
reported species differences in susceptibility. 

Beclobrate (2-[4-[(4-chlorophenyl)methyl]phen- 
oxy]-2-methyl-ethylbutyrate) is a new and potent 
hypolipidemic drug in man [19]. In comparison with 
the clofibrate it has been shown to be up to 40 times 
more potent in normolipidemic rats [20]. 

In the present study we compared the effects of 
the free carbonic acids of beclobrate and clofibrate 
on the activity of peroxisomal poxidation as well as 
their potency to induce peroxisome proliferation in 
primary hepatocyte cultures derived from the rat, 
the monkey (Mucaca fasciculurk) and man. 

MATERIALS AND METHODS 

Chemicuki. Beclobric acid (2-[4-[(4-chloro- 
phenyl)methyl]phenoxy]-2-methylbutaric acid) was 
kindly provided by Siegfried Ltd (Zofingen, Swit- 
zerland). Clofibric acid (ethyl-2-(4-chlorophenoxy)- 
2-methylpropionic acid) was commercially obtained 
from Janssen Chimica (Beerse, Belgium). Media 
used for isolation and culture of hepatocytes were 
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obtained from Gibco Europe (Breda, The Nether- 
lands). Dimethylformamide (DMFB) was supplied 
by British Drug Houses (Poole, U.K.). All other 
chemicals were of analytical grade. 

Isolation and primary culture of hepatocytes. Male 
Wistar rats (18&230 g body weight) were bred in our 
laboratory and had free access to water and food 
(standard laboratory food, Hope Farms, Woerden, 
The Netherlands). Rat hepatocytes were isolated 
using the two-step perfusion technique as originally 
described by Seglen [21] and modified by Paine et 
al. [22]. For the isolation of monkey hepatocytes a 
similar procedure was followed as for rat hepato- 
cytes, with the following modifications. Monkeys 
(Macaca fascicularis ( = cynomolgus)) served as kid- 
ney donors for kidney cell preparation. These kidney 
cells were used in the production of poliomyelitis 
vaccine. Livers of five of these animals (three males 
aged 2.5, one female aged 2.5. one female aged 12) 
were used for our experiments. Anesthetized animals 
were cannulated through the portal vein immediately 
after nephrectomy. After opening the vena cava near 
the diaphragm, the liver was perfused with 500mL 
Ca?+-Mg2+-free Hanks Balanced Salt Solution 
(HBSS), containing 0.25 mM EGTA and 10 mM 
HEPES, pH 7.4, followed by 1 L of the same per- 
fusate without EGTA. The liver was then excised, 
placed on ice and transported to the laboratory (ca. 
15 min). An additional perfusion took place with 1 L 
bicarbonate-buffered (pH 7.4) HBSS, 37”, gassed 
with 95% O:-5% CO?, followed by a 30 min recir- 
culating perfusion with the same buffer containing 
0.05% collagenase and 2.5 mM CaCl,. The liver was 
gently torn apart and cells were dispersed in HBSS 
containing 2.5% bovine serum albumin (BSA). Cen- 
trifugation. resuspension and incubation was the 
same as with hepatocytes derived from the other 
species. Cell yield was ca. 8 x 10” cells/liver, viability 
was between 85 and 95%~ as determined by trypan 
blue exclusion. 

Post-mortem human liver tissues were obtained 
from three kidney donors, two males aged 40 and 
42 and one female aged 43. Isolation of human 
hepatocytes was as previously described by Rijntjes 
et al. [23]. 

Hepatocytes were cultured in Waymouth MB 
572/l medium containing 3% newborn calf serum, 
insulin ( 10mh M), hydrocortisone (lo-’ M) and gen- 
tamycin (50 mg/L). Cells were incubated at a density 
of 85 x 103 viable cells/cm?. The medium was 
changed after 4 hr. The cultures were preincubated 
for 24 hr, after which the medium was replaced by a 
medium containing various concentrations of beclo- 
brie acid or clofibric acid dissolved in dimethyl- 
formamide (DMF) (final cont. 0.25%). The culture 
media were renewed after 48 and 72 hr. Cells were 
cultured in Sterilin plastic dishes (diameter 
ca.60 mm). For electron microscopy the cells were 

1 Abbreviations: BSA, bovine serum albumin; DMF, 
dimethylformamide; EGTA, ethylene glycol-bis(/?-amino- 
ethyl ether)-N,N,N’,N’-tetra acetic acid; HBSS, Hanks 
Balanced Salt Solution; HEPES, N-(2-hydroxyethyl)-pip- 
erazine-N’-(2-ethane sulfonic acid). 

cultured in Lux Permanox plastic dishes (diameter 
ca. 60mm). 

The appearance of monolayers derived from all 
three species was very similar: cells attached and 
spread at a similar rate and responded to the presence 
of beclobric acid at higher concentrations in the 
same way. In parallel experiments it was shown that 
monkey hepatocytes in primary culture did respond 
to known inducers of cytochrome P450 isoenzymes: 
addition of phenobarbital, /3naphthoflavone and clo- 
fibric acid caused enhancements of ethoxyresorufin 
and pentoxyresorufin 0-dealkylation activities 
(Mennes et al., unpublished results) that are very 
similar to those in rat hepatocyte culture [24]. Fur- 
thermore, monkey hepatocyte primary cultures also 
responded to EGF with an increase in replicative 
DNA synthesis (Bieri and Blaauboer. unpublished 
results). For human hepatocytes such data are not 
yet available. 

Analytical methods. Cells were harvested after 
96 hr by removing the medium, washing the mono- 
layers twice with saline and scraping the cells in a 
sucrose-EDTA-Tris buffer (0.25 M sucrose, 5 mM 
EDTA, 20 mM Tris-HCl, pH 7.4,4”). The cells were 
then ultrasonified for 10 set in an MSE 100 Watt 
Ultrasonic Disintegrator equipped with a titanium 
rod with tip diameter 3.5 mm, amplitude 6 pm, fre- 
quency 20 kHz. Cell homogenates were stored at 
-70”. Peroxisomal /?-oxidation activity was deter- 
mined according to Mitchell et al. [18]. 

Electron microscopy. Cell monolayers growing in 
Lux Permanox dishes were rinsed twice at 4” with 
phosphate buffer I (Sorensen, 175 mM, pH 7.4) and 
then fixed at 4” for 2 hr in 3% glutaraldehyde in 
phosphate buffer II (Sorensen, 50mM, pH 7.4). 
After three rinses in phosphate buffer I, peroxisomes 
were cytochemically stained for catalase by incu- 
bating at 37” in 0.05% 3,3’-diaminobenzidine and 
0.01% H207 in glycine-NaOH buffer (0.1 M, 
pH 10.5) for 1 hr [25-271. The cells were then washed 
three times in phosphate buffer I and postfixed at 
room temperature for 45 min in 1% osmiumtetroxide 
in phosphate buffer II, dehydrated in graded etha- 
nols and flat-embedded in the dishes in polarbed 
(Polaron, Watford, U.K.). The cells were thin sec- 
tioned (70-90 nm) parallel with the dish’s surface on 
a Reichert OMU-3 ultramicrotome with a diamond 
knife. Sections were stained with a saturated uranyl 
acetate solution in 70% ethanol and with Reynolds 
lead citrate [28]. Electron micrographs were made 
at a magnification of 1100X and 3800x using a Zeiss 
EM10 electron microscope. Electron micrographs 
taken at 3800x were enlarged photographically 5 x 
The surface area of each peroxisomal profile was 
measured using a digitizer tablet (Minimop, Kontron 
Bildanalyse, Eching, F.R.G.). Statistical analysis of 
frequency histograms of the relative size of perox- 
isomes was performed using the Kolmogorov-Smir- 
nov two-sample test [29]. The number of 
peroxisomes was determined by counting the organ- 
elles on micrographs of grid openings (300 mesh) 
that were completely covered with cells. 

RESULTS 

In rat hepatocyte monolayer preparations studied 
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Fig, 1. Electron micrograph of monkey (A) and human (B) hepatocytes in primary culture after 
incubation for 3 days with 100 PM beclobric acid. The cells are stained for catalase activity. Bar = 2 pm. 

in the electron microscope peroxisomes can be recog 
nized by the presence of a crystalline-like structure 
called the peroxisome nucleoid. However, not all 
organelles that could be peroxisomes showed such a 
sub-organeile structure and in monkey hepatocytes 
the peroxisomai nucleoid is hardly recognizable at 
all. In human hepatocyte peroxisomes the nucleoid 
appears to be absent [27]. Therefore, it was necessary 
to apply a staining method specific for catalase, pro- 
ducing electron-dense structures. All organelles 
staining in this procedure are nominated perox- 
isomes. Figure 1 shows electron micrographs from 

monkey (A) and human (B) hepatocyte cultures 
stained for catalase. 

Light-microscopical examination of the cultures 
showed that 1000 FM clofibric acid did not give obvi- 
ous changes in the appearance of monolayers. With 
beclobric acid the cells were killed within 24 hr after 
addition of 1000 ,uM of the compound, while 300 ,uM 
caused changes in the monolayer’s density and cell 
appearance: the treated cells were less cubical 
than control cells. These effects were observed in 
hepatocyte cultures derived from all three species 
examined. 
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Fig. 2. Electron micrograph of rat hepatocytes in primary culture after incubation for 3 days with 300 FM 
becfobric acid. Concentric membranous bodies are shown. Bar = 1 pm. 

In hepatocyte cultures incubated with 300yM 
beclobric acid changes in the cells could be observed 
electron micrographically. Figure 2 shows an 
example of these multiple organellar changes con- 
sisting of concentric membranous bodies, in many 
cases showing inclusions of mitochondria. Here too, 
no differences were observed between rat, monkey 
and human hepatocyte cultures. 

Determination of cyanide-insensitive (peroxiso- 
mal) @oxidation in hepatocyte cultures derived from 
the rat showed a concentration-related increase in 
this parameter with both clofibric acid and beclobric 
acid (Table 1). This increase occurred at a clofibric 
acid concentration of 30 PM, whereas even 1 PM 
becloric acid gave a significantly elevated activity for 
this reaction. Maximal activities were similar for both 
compounds, but with beclobric acid this maximum 
was reached at lOpM, while with clofibric acid this 
was 2300 ,uM. Table 1 shows that in monkey and 
human hepatocyte primary cultures no increased 
activity of peroxisomal ~oxidation was found after 
incubation with both compounds. 

In rat hepatocyte primary culture addition of both 
clofibric acid and beclobric acid resulted in an 
increased number of peroxisomes (Table 2). For 
both compounds similar minimal-effect concen- 
trations were found as with the biochemical deter- 
mination of @-oxidation activity: a significant 
increase in the number of peroxisomes was observed 
at concentrations of 3 and 300 PM beclobric acid and 
clofibric acid, respectively. Thus, beclobric acid was 
about two orders of magnitude more active than 
clofibric acid. Table 2 also shows the highest con- 
centration not resulting in cytotoxicity did not give 

rise to an increased number of peroxisomes in mon- 
key and human hepatocytes. 

Morphometric analysis of electron micrographs of 
rat hepatocyte cultures demonstrated an effect of 
both compounds on the distribution of peroxisomes 
over size classes. Figure 3 shows this shift in peroxi- 
some size for 300 PM clofibric acid and 100 PM beclo- 
brie acid. Chi-square tests showed a non-normal 
distribution of data in the treated rate hepatocyte 
cultures, which is apparently caused not only by an 
increase in the mean size of peroxisomes but also by 
the appearance of small peroxisomes. The Kol- 
mogorov-Smirnov two-sample test showed that even 
at 3 pM beclobric acid and at 10 PM clofibric acid a 
significant increase in the size of peroxisomes was 
found. In contrast, in monkey and human hepatocyte 
cultures no changes in the size of peroxisomes could 
be observed. Table 3 summarizes the results of this 
test. 

DISCUSSION 

In rat hepatocyte cultures peroxisomal Poxidation 
of fatty acids is stimulated in the presence of beclo- 
brie acid at concentrations one order of magnitude 
lower than with clofibric acid. This is in agreement 
with the in viva data [ZO] in which beclobrate was 
shown to be a very effective hypolipidemic agent. 
Data presented by Kocarek and Feller 1301 also 
showed that beclobric acid is a more potent peroxi- 
some proliferator in rat hepatocyte cultures than 
clofibric acid. However, our results with hepatocyte 
primary cultures derived from Macaca monkey and 
man show that in this in vitro system with these 
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Table 1. Effect of clofibric acid and beclobric acid on peroxisomal Poxidation activity in hepatocyte 
cultures derived from rat, monkey and human liver 
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Cont. (PM) Rat 

Clofibric acid 

Monkey Human Rat 

Beclobric acid 

Monkey Human 

0 0.34 ” 0.13 
1 ND 
3 ND 

10 0.66 -I- 0.18 
30 0.77 ? 0.06t 

100 1.58 * 0.35t 
300 3.12 2 0.67t 

1000 ND 

0.71 -c 0.07 
ND 
ND 

0.73 + 0.11 
0.82 2 0.03 
0.69 % 0.02 
0.82 2 0.06 
0.76 + 0.16 

0.43 * 0.15 
ND 
ND 

0.46 ? 0.05 
0.34 + 0.05 
0.37 -t 0.09 
0.49 2 0.06 
0.41 -c 0.12 

0.34 f 0.13 
0.71 ” 0.14* 
2.12 + 0.11s 
3.95 f 0.69t 
3.48 ? 1.17* 
3.01 2 0.24$. 
2.80 ? 2.05 
Cytotoxicity 

0.71 2 0.07 
ND 
ND 

0.85 * 0.07 
0.74 2 0.01 
0.86 r 0.17 
0.78 f 0.07 
Cytotoxicity 

0.43 r 0.15 
ND 
ND 

0.41 2 0.08 
0.37 +- 0.11 
0.50 2 0.26 
0.62 * 0.08 
Cytotoxicity 

Hepatocytes were preincubated for 24 hr, followed by 72 hr treatment. 
Peroxisomal P-oxidation is expressed as nmol NAD+/min/mg protein. 
ND, not determined. 
Statistics: Student’s r-test vs control. * P < 0.05; t P < 0.01; $ P < 0.001. Data are means + SD, N = 3 

incubations, derived from one individual. Experiments were repeated, three times for rat and human 
hepatocytes and five times for monkey hepatocytes; two-way analysis of variance showed that although 
differences existed in the absolute Poxidation activity in hepatocyte cultures derived from different 
individuals, there was a significant concentration-dependent effect of clotibric acid and beclobric acid in 
rat hepatocytes but not in monkey and human hepatocytes. 

Table 2. Relative number of peroxisomes in primary cultures of hepatocytes derived from rat, monkey 
and human liver after in oitro treatment with clofibric acid and beclobric acid 

Clofibric acid Beclobric acid 

Cont. (PM) Rat Monkey Human Rat Monkey Human 

0 55.5 2 12.9 24.1 * 5.5 59.0 ? 14.7 55.5 + 12.9 24.1 2 5.5 59.0 t 14.7 
1 ND ND ND 58.9 5 18.4 ND ND 
3 ND ND ND 70.8 + 12.8* ND ND 

10 62.6 t 16.2 ND ND 80.4 2 17.0t ND ND 
100 66.6 * 13.4 ND ND 94.8 L 17.8f ND ND 
300 152.0 r 27.Q ND ND 167.1 2 24.4$ 22.7 + 3.9 50.0 2 10.1 

1000 123.9 rt 36.5$ 24.1 -c 2.9 70.5 2 12.7 Cytotoxicity Cytotoxicity Cytotoxicity 

Measurements were carried out in cultures treated for 72 hr after a preincubation for 24 hr. Data are 
means ? SD, N = 8 determinations/cone., i.e. eight grid openings completely covered with cells were 
counted on a 300 mesh grid. Data are derived from one individual, experiments were repeated three 
times; two-way analysis of variance showed that although differences existed in the absolute numbers of 
peroxisomes per grid opening in hepatocyte cultures derived from different individuals, there was a 
significant concentration-dependent effect of clofibric acid and beclobric acid in rat hepatocytes but not in 
monkey and human hepatocytes. 

ND, not determined. 
Statistics: Student’s f-test vs 0 PM, * pco.05; 7 P<O.Ol; $ P<O.OOl. 

species proliferation of peroxisomes and increases in 
peroxisomal Poxidation do not occur. The absence 
of peroxisome proliferative activity of clofibric acid 
and beclobric acid was observed in cell cultures which 
responded to known inducers of cytochrome P4.50 
isoenzymes (e.g. clofibric acid) and to EGF. This 
indicates that under these culture conditions, hepa- 
tocyte monolayers are able to express several 
responses related to the effects of hypolipidemic 
compounds. These results therefore show that the in 
vivo hypolipidemic action of these compounds does 
not correlate with their peroxisome proliferating 
activity in different mammalian species. In rodents 
as well as in man fibrates are known to produce a 
lowering of blood VLDL levels [19,20]. Hanefeld et 
al. [ 151 examined human liver biopsies taken before 

and during clofibrate treatment and observed that, 
although there was a slight but significant increase 
in the numerical density of peroxisomes, there was 
no significant increase in the volume density of the 
organelle. These authors therefore concluded that 
no specific peroxisomal changes occurred in human 
liver and that mitochondrial changes were more 
prominent. De LaIglesia et al. [16] reported the 
absence of peroxisome proliferation in man after 
prolonged treatment with gemfibrozil. Thus, no evi- 
dence exists for gross changes in the size and the 
biochemical activity of the peroxisomal compartment 
after exposure to this type of compound in man. This 
is further substantiated by the agreement between 
the biochemical determination of cyanide-insensitive 
Poxidation of fatty acids and the morphometrical 
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Fig. 3. Distribution over size classes of peroxisomes in rat 
hepatocyte primary cultures: (A) untreated cells; (B) cells 
treated with clofibric acid (300pM); (C) hepatocytes 
treated with beclobric acid (100 PM). Peroxisome size is 
given as the surface area of the organelle on electron 
micrographs as determined on a digitizer tablet, in mm2 
(100 mm* i= 0.277 pmZ). The Kolmogorov-Smirnov two- 
sample test showed that the distribution in (B) and (C) are 
significantly different from the distribution in (A) (see 

Table 3). 

indices of peroxisome number and size, as deter- 
mined in our in vitro experiments with hepatocyte 
cultures derived from all three species. This raises the 
question whether the ability to produce peroxisome 
proliferation of a compound is a good reflection of 
its hypolipidemic action. 

It has been suggested that peroxisome pro- 
liferation in rat hepatocytes is associated with the 
production of long-chain dicarboxylic acids by a cyto- 
chrome P450-dependent reaction in the endoplasmic 
reticulum [31]. Indeed, many hypolipidemic com- 
pounds are strong inducers of cytochrome 
P450IVA1, the isoenzyme responsible for long-chain 
fatty acid w- and (o-1)-hydroxylation. These 

Table 3. Effect of clofibric acid and beclobric acid on the 
size of peroxisomes in hepatocyte primary cultures derived 

from rat, monkey and human hepatocytes 

Clofibric acid Beclobric acid 

Cont. (PM) N Mean K.S. N Mean K.S. 

Rat hepatocytes 
0 151 24.3 151 24.3 
1 ND 151 24.8 
3 ND 151 26.7 * 

10 151 35.5 : 151 28.3 t 
100 151 28.3 t 151 31.1 
300 151 35.5 t 151 41.0 : 

1000 151 27.8 t Cytotoxicity 

Monkey hepatocytes 
0 100 20.9 100 20.9 

100 ND 100 19.7 
1000 100 21.7 Cytotoxicity 

Human hepatocytes 
0 1.50 17.1 150 17.1 

100 ND 150 18.3 
1000 150 15.0 * Cytotoxicity 

Measurements were carried out in cultures treated for 
72 hr with the compounds as indicated in the table after a 
preincubation for 24 hr. 

Peroxisome size is given as the surface area of the 
organelle on electron micrographs as determined on a 
digitizer tablet, in mm’ (lOOmm* = 0.277 pm*). Data are 
means t SD, derived from one individual. Experiments 
were repeated three times; two-way analysis of variance 
showed that although differences existed in the absolute 
peroxisome sizes in hepatocyte cultures derived from dif- 
ferent individuals, there was a significant concentration- 
dependent effect of clofibric acid and beclobric acid in rat 
hepatocytes but not in monkey and human hepatocytes. 

Statistics: Kolmogorov-Smirnov (KS.) two-sample test 
vs 0 PM. * P c 0.05; t P < 0.01. 

dicarboxylic acids cannot be metabolized in the mito- 
chondria of rat hepatocytes. The peroxisomal p- 
oxidation can produce medium- and short-chain 
compounds and these are substrates for mito- 
chondrial lipid metabolism. However, as far as we 
are aware nothing is known of the regulation of these 
processes in non-rodent liver. 

Since these fibrates do have hepatocarcinogenic 
properties in rodents and since the ability to produce 
peroxisome proliferation and liver tumours is also 
shared by other compounds, i.e. phthalic esters, the 
question arises whether assessment of these pheno- 
mena in one species is of relevance for the evaluation 
of the toxicological risk in another species. Results 
obtained with a number of hypolipidemic agents 
suggests that no causality exists between the ability to 
produce peroxisome proliferation and tumourogenic 
capability [32]. Reddy and coworkers [2, 3, 331 have 
postulated that the tumourogenic activity of hypo- 
lipidemic compounds may be the result of an imbal- 
ance between the production of hydrogen peroxide 
in peroxisomes, formed during P-oxidation and the 
detoxification of this form of active oxygen. Perox- 
isomal catalase as well as cytosolic GSH peroxidase 
play a role in these detoxification processes [34]. The 
hypolipidemic compound nafenopin was found to be 
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an inhibitor of GSH peroxidase in rat liver, while 
the peroxisomal catalase activity was elevated [35]. 
These findings support the assumption that peroxi- 
some proliferating compounds do cause an excessive 
hydrogen peroxide production in rats. However, no 
data are available concerning the balance between 
peroxisomal peroxide production and detoxification 
in different species, including man. 

In conclusion, clofibric acid and beclobric acid 
show marked differences in their ability to produce 
peroxisome proliferation and increased fatty acid 
~oxidation in rat hepatocyte primary cultures as 
compared with primary hepatocyte cultures derived 
from Macaca monkey and man. In rat liver cell 
culture, beclobric acid has a higher efficacy to pro- 
duce this effect, being active at concentrations at 
least one order of magnitude lower than clofibric 
acid. A good correlation was found between the 
effects on cyanide-insensitive @-oxidation and the 
morphometrically determined enlargement of the 
peroxisomal compartment. Both effects showed a 
dose-related increase in rat hepatocytes. However, 
none of the effects was found in monkey and human 
liver cell cultures. 

REFERENCES 

1. Cohen AJ and Grass0 P, Review of the hepatic response 
to hypolipidemic drugs in rodents and assessment of its 
toxicological significance to man. Fd Cosmet Toxic01 
19: 585-605, 1981. 

2. Reddy JK and Lalwani ND, Carcinogenesis by hepatic 
peroxisome proliferators: evaluation of the risk of 
hy~lipidemic drugs and industrial plasiticizers to 
humans. Crit Reu Toxic01 12: 1-58, 1984. 

3. Reddy JK, Azarnoff DL and Hignite CE, Hypo- 
lipidaemic hepatic peroxisome proliferators form a 
novel class of chemical carcinogens. Nature 283: 397- 
398, 1980. 

4. Kluwe WM, Haseman JK, Douglas JF and Huff JE, 
The carcino8enicity of dietary di(2-ethylhexyl)ph- 
thalate (DEHP) in Fisher 344 rats and B6C3F, mice. J 
Toxic01 Environ Health 10: 797-835, 1982. 

5. Bergseth S, Christiansen EN and Bremer J, The effect 
of feeding fish oils, vegetable oils and clofibrate on the 
ketogenesis from long chain fatty acids in hepatocytes. 
Lipids 21: 508-514, 1986. 

6. Lazarow PB and de Duve C, A fatty acyl-CoA oxidising 
system in rat liver peroxisomes; enhancement by clo- 
fibrate, a hypolipidemic drug. Proc Nat1 Acad Sci USA 
73: 2143-2146, 1976. 

7. Gibson GG, Orton TC and Tamburini PP, Cytochrome 
P-450 induction by clofibrate. Purification and prop 
erties of a hepatic cytochrome P-450 relatively specific 
for the 12- and 11-hydroxyiation of dodecanoic acid 
(lauric acid). Biochem J 203: 161-168, 1982. 

8. Borrebaek B, Osmundsen H, Christiansen EN and 
Bremer J, Increased 4-enoyl-CoA reductase activity in 
liver mitochondria of rats fed high-fat diets and its 
effect on fatty acid oxidation and the inhibitory action 
of pent-4-enoate. FEBS Len 121: 23-24, 1980. 

9. Lake BG, Gray TJB, Foster JR, Stubberfield CR and 
Gangolli SD, Comparative studies on di-(2-ethyl- 
hexyl)phthalate-induced hepatic peroxisome prolifer- 
ation in the rat and hamster. Toxicol Appl Pharmacol 
72: 46-60, 1984. 

10. Orton TC, Adam HK, Bentley M, Holloway B and 
Tucker MJ, Clobuzarit: species differences in the mor- 
phological and biochemical response of the liver fol- 
lowing chronic administration. Toxic01 Appl 
Pharmacol73: 138-151, 1984. 

11. 

12. 

13. 

14. 

15. 

16. 

Holloway BR, Bentley M and Thorp JM, Species dif- 
ferences in the effects of ICI 55,897 on plasma lipids 
and hepatic peroxisomes. Ano NY Acad Sci 386: 439- 
442, 1982. 
Blane GF and Pinaroli F, Fenofibrate: Ctudes de tox- 
icologie animale en rapport avec des effects secondaires 
chez les malades. Noun Presse Med 9: 3737-3746,198O. 
Holloway BR, Thorp JM, Smith GD and Peters TS, 
Analytical subcellular fractionation and enzymic analy- 
sis of liver homogenates from control and clofibrate 
treated rats, mice and monkeys with reference to fatty 
acid oxidizing enzymes. Ann NY Acad Sci 386: 444- 
455, 1982. - . 
Reddy JK, Lalwani ND, Quereshi SA, Reddy MK and 
Moehle CM, Induction of heoatic oeroxisome ore- 
liferation in nonrodent species, including primates.‘Am 
J Pathol 114: 171-183, 1984. 
Hanefeld M, Kemmer C and Kadner E, Relationship 
between morphological changes and lipid lowering 
action of p-chlorophenoxy isobutyric acid (CPIB) on 
hepatic mitochondria and peroxisomes in man. Athero- 
sclerosis 46: 239-246, 1983. 
De La Iglesia FA, Lewis JE, Buchanan RA, Marcus 
EL and McMahon G, Light and electron microscopy 
of liver in hyperlipoprotemic patients under long-term 
gemfibrozil treatment. Atherosclerosis 43: 19-37, 1982. 

17 
II. Gray TJB, Lake BG, Beamand JA, Foster JR and 

Gangolli SD, Peroxisome proliferation in primary cul- 
tures of rat hepatocytes. Toxicol Appl Pharmacol67: 
15-25, 1983. 

18. Mitchell AM, Bridges JW and Elcombe CR, Factors 
influencing peroxisome proliferation in cultured rat 
hepatocytes. Arch Toxic01 55: 239-246, 1984. 

19. Uglesic A and Liachnicky N, Langzeittherdpie der Tvp- 
111 und der Ty~-IV-Hy~erIipopr~tein~mi~ mit Be&- 
brat. Schweiz Ru~dschaa Med ~PRAXIS~ 77: 755-761. 
1988. 

20. Adrian RW, Ismail S and Jahn U, Pharmacological 
studies with beclobrate, a new hypolipidemic agent. 
Arzneim ForschlDrug Res 33: 1464-1468, 1983. 

21. Seglen PO, Preparation of isolated rat liver cells. Me& 
Cell Biol 13: 29-83, 1976. 

22. Paine AJ, Williams LJ and Legg RF, Determinants of 
cytochrome P-450 in liver cell cultures. In: The Liuer: 
Quantitative Aspects of Structure and Function (Eds. 
Preisir! R and Bircher J). Vol. 3. DD. 99-109. Editio 
Cantor, Aulendorf, 1979. ’ ’ 

23. Rijntjes PJM, Moshage HJ, van Gemert PJL, de Waal 
Rand Yap SH, Cryopreservation of adult human hepa- 
tocytes. The influence of deep freezing storage on the 
viability, cell seeding, survival, fine structure and albu- 
min synthesis in primary cultures. J Heparol33: 7-18, 
1986. 

24. Wortelboer HM, de Kruif CA, de Boer WI, van Iersel 
. AAJ, Falke HE and Blaauboer BJ, Induction and 

activity of several isoenzymes of cytochrome P450 in 
primary cultures of rat hepatocytes, in comparison with 
in vivo data. Mel Toxic01 1: 373-381, 1989. 

25. Stefanini S, Farrace MG and Cera Argento MP, Dif- 
ferentiation of liver peroxisomes in the foetal and new- 
born rat. Cytochemistry of catalase and D- 
aminooxidase. J Embrvol EXD Moroh 88: 151-163. _ . ‘ 

1985. 
26. Beier K and Fahimi HD, Application of automatic 

image analysis for morphometric studies of perox- 
isomes stained ~tochemically for cataiase. I. Electron 
microscopic application. Cell Tissue Res 246: 635-640, 
1986. 

27. Reddy JK, Cell specificity in the induction of peroxi- 
some. proliferation. In: -Mechanisms of Cell Injury, 
Imolications for Human Health Dr S. Berhard Dahlem 
Kdnferenzen. (Ed. Fowler BA), pp. 83-99, 1987. 

28. Reynold ES, The use of lead citrate at high pH as an 



528 B.J. BLAAUBOER etal. 

electron-opaque stain in electron microscopy. J Cell 
Biol 17: 208-212. 1963. 

29. Sokal RR and Rohlf FJ, Biometry 2nd Edn, pp. 44& 
445. Freeman, New York, 1981. 

30. Kocarek TA and Feller DR, Induction of peroxisomal 
fatty acyl-CoA oxidase and microsomal laurate 
hydroxylase activities by beclobric acid and two metab- 
olites in primary cultures of rat hepatocytes. Biochem 
Pharmacol36: 3027-3032, 1987. 

31. Sharma R, Lake BG, Foster J and Gibson GG, Micro- 
somal cvtochrome P-452 induction and peroxisome pro- 
liferation by hypolipidaemic agents ;n rat liver: A 
mechanistic inter-relationship. Biochem Pharmacol37: 
1193-1201, 1988. 

32. Bieri F, Bentley P, Waechter F and Staubli W, Mito- 
genicity of peroxisome proliferators in monolayers of 
adult rat hepatocytes. Fd Chem Toxic01 24: 709, 1986. 

33. Nemali MR, Reddy MK, Usuda N, Reddy PG, Comeau 
LD, Rao MS and Reddy JK, Differential induction and 
regulation of peroxisomal proliferation in identifying 
certain nonmutagenic carcinogens. Toxic01 Appl Phar- 
macol97: 72-87, 1989. 

34. Tomaszewski KE, Agarwal DK and Melnick RL, In 
vitro steady-state levels of hydrogen peroxide after 
exposure of male F344 rats and female B6C3F1 mice 
to hepatic peroxisome proliferators. Curcinogenesis 7: 
1871-1876, 1986. 

35. Furukawa K, Numoto S, Furuya K, Furukawa NT 
and Williams GM, Effects of the hepatocarcinogen 
nafenopin, a peroxisome proliferator, on the activities 
of rat liver glutathione- requiring enzymes and catalase 
in comparison to the action of phenobarbital. Cancer 
Res 45: 5011-5019, 1985. 


