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Abstract

Fibrate derivatives are commonly used to treat hyperlipidaemia; however, the mechanism of the antilipidaemic action of these drugsis
still unknown. The effect of clofibrate (fibrate derivative) administration for 14 days on lipogenesis and on malic enzyme (EC 1.1.1.40)
and fatty acid synthase (EC 2.3.1.85) gene expression in brown and white adipose tissues and in the liver was examined in rats. The rate
of brown adipose tissue lipogenesis in the clofibrate-treated animals was significantly lower than that of the control rats. The rate of liver
and white adipose tissue lipogenesis was not affected significantly by clofibrate. In brown adipose tissue, the drug treatment resulted in a
depression of fatty acid synthase and malic enzyme mRNA levels. The fatty acid synthase mMRNA level did not change significantly in the
liver, whereas the malic enzyme mRNA level increased approximately 6-fold in this organ after clofibrate treatment. The malic enzyme
mMRNA level in white adipose tissue increased about 2-fold, while the fatty acid synthase mRNA level was unchanged after clofibrate
feeding. The results presented in this paper provide further evidence that the hypolipidaemia caused by treatment of rats with clofibrate
cannot be related to the inhibition of fatty acid synthesis in the liver and white adipose tissue. These data also indicate that clofibrate

exhibits tissue specificity. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Fibrate derivatives are commonly used to treat hyperlip-
idaemia. Numerous reports indicate that fibrates cause a
significant decrease in serum triacylglycerol, and total and
low-density lipoprotein—cholesterol concentrations
(Miyazawa et al., 1975; Augustyn et a., 1978; Laker and
Mayes, 1979; O'Brien et a., 1981; Martini et al., 1982;
Heller and Harvengt, 1983; Lewis, 1983; Maxwell et al.,
1983; Shirai et al., 1983). A variety of mechanisms has
been proposed for the antilipidaemic action of these drugs
(Schoonjans et a., 1996a,b). Fibrates have been suggested
to be involved in the increase of lipoprotein triacylglycerol
hydrolysis, stimulation of the cellular uptake of fatty acid
and their conversion to acyl-CoA derivatives, stimulation
of mitochondrial and peroxisomal B-oxidation pathways,
and reduction of fatty acid and triacylglycerol synthesis
and very low density lipoprotein production (Schoonjans et
al., 1996a,b). It seems that all these mechanisms of action
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of fibrates involve peroxisome proliferator-activated (PPA)
receptors which act in concert with several genes and lead
to a decreased lipid concentration in human serum
(Schoonjans et a., 1996a,b). The relative importance of
these mechanisms for the antilipidaemic action of fibrates
is still unknown.

The ability of fibrates to decrease the synthesis of fatty
acids and triacylglycerols is still the most controversia
issue, probably because of the variety of experimental
models used and parameters measured. For instance, Laker
and Mayes (1979) showed that lipogenesis in the liver was
depressed upon addition of the drug to the perfusate, but
was increased significantly in livers of rats treated with
clofibrate for 1 week. Miyazawa et al. (1975) aso reported
an increase in liver lipogenesis after clofibrate treatment of
rats. We have shown previoudy that clofibrate administra-
tion for 7 days to rats significantly decreased, dightly
increased and was without effect on the rate of lipogenesis
in brown adipose tissue, liver and white adipose tissue,
respectively (Kochan et a., 1993). Furthermore, we have
shown that the activity of fatty acid synthase and malic
enzyme is depressed by clofibrate in brown adipose tissue
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(Kochan et al., 1993). In contrast, clofibrate feeding caused
a several-fold increase in malic enzyme activity but was
without effect on fatty acid synthase activity in the liver
(Kochan et al., 1993).

Thus, an additional study appeared to be necessary to
resolve the conflicting findings concerning the effect of
fibrates on lipogenesis. In the present study, we compared
the effects of clofibrate treatment on lipogenesis and on
the relative abundance of mRNAs encoding malic enzyme
and fatty acid synthase in the liver, white and brown
adipose tissues.

2. Materials and methods
2.1. Chemicals

Digoxigenin DNA labelling kit, nylon membrane posi-
tively charged, anti-digoxigenin—AP conjugate, chemilumi-
nescent substrate: CDP-Sar (disodium 4-chloro3-(4-me-
thoxyspiro{1,2-dioxetane-3,2'- (5-chloro) tricyclo[3.3.137]
decan}-4-yl) phenyl phosphate) and blocking reagent were
obtained from Boehringer Mannheim (Mannheim, Ger-
many). Clofibrate and Tween 20 were provided by Bio-
products (Heidelberg, Germany). Tritiated water was ob-
tained from Amersham International (Aylesbury, England).
All other chemicals were purchased from Sigma (St. Louis,
MO, USA). Kodak XAR film (Eastman Kodak, Rochester,
NY, USA) and Polaroid 665 film (Polaroid, Cambridge,
USA) were also used.

2.2. Animals

Mae Wistar rats weighing approximately 230 g were
used for the experiments. The rats were housed in wire
mesh cages at 20°C with aternating 12-h light /12-h dark
and were fed ad libitum on a commercialy available
standard laboratory diet and tap water. The experimental
group of rats was given clofibrate (as a water suspension
prepared as described previoudy; Zelewski and Swierczyn-
ski, 1983) by stomach tube at a daily dose of 250 mg/kg
of body weight for 14 successive days.

On day 15, the rats were used for the estimation of in
vivo fatty acid synthesis. Fatty acid synthesis in vivo was
estimated by measuring the incorporation of tritium from
tritiated water into fatty acids (Stansbie et al., 1976; Tray-
hurn, 1980). Rats were injected intraperitoneally with 5
mCi *H,O. One hour after injection, the animals were
killed by decapitation, blood was collected, and the total
interscapular brown adipose tissue and approximately 1 g
of liver and white adipose tissue (epididymal) were re-
moved. Tissues were weighed, saponified with ethanolic
KOH, acidified and fatty acids were extracted with
petroleum ether (Stansbie et a., 1976). The incorporation
of tritium into fatty acids was assayed using an LS-6000
liquid scintillation spectrometer (Beckman). The rate of
fatty acid synthesis was calculated as micromoles *H
incorporated per hour per gram of wet tissue by dividing

the radioactivity in the lipid fraction by the specific ra-
dioactivity of plasma water measured in the blood sample
taken at the same time as the tissue sample.

2.3. Probes designing and labelling

The fatty acid synthase (EC 2.3.1.85) coding segquence
was obtained from the EMBL database (Gene Bank acces-
sion number M84761). Antisense oligonucleotide (32-mer:
5-GAT AGA GGT GCT GAG CCA GCG TGC TGA
GCG TG-3') was designed with the aid of the GeneRunner
program (Hastings Software). Its uniqueness was checked
against the EMBL data library using the Fasta program.
The oligonucleotide was synthesized commercialy
(GENSET, Paris, France) with a single digoxigenin ligand
at the 3 end. The cDNA probe targeted to the malic
enzyme (EC 1.1.1.40) coding sequence (Gene Bank acces-
sion number M12545) was synthesized and labelled with
digoxigenin-11-dUTP using the random-primed method
and the digoxigenin DNA labelling kit. As a DNA tem-
plate, the pME 6 (pUC 13-JM103 cloning vector with a
1278-b insert—a fragment of malic enzyme coding se-
quence) was used. The pME 6 was a gift from Dr. Vera
Nikodem, NIH, Bethesda (Magnuson et al., 1986).

2.4. Isolation of RNA and Northern blot RNA analysis

The animals were killed by decapitation. Liver, white
adipose tissue (epididymal), brown adipose tissue (inter-
scapular), kidney cortex (separated from the renal medulla),
heart, skeletal muscle and brain were rapidly removed and
frozen in liquid nitrogen. Total RNA was extracted from
frozen tissues by a guanidinium isothiocyanate—
phenol /chloroform method (Chomczynski and Sacchi,
1987) and finally dissolved in dimethyl pyrocarbonate-
treated water. The RNA concentration of the extracts was
determined from the absorbance at 260 nm and all samples
had an 260,280 nm absorbance ratio of about 2.0.

The RNA samples from control rats and from clofi-
brate-treated rats were applied (10 pg/lane) to a 1%
agarose gel containing 0.41 M formaldehyde, and fraction-
ated by horizontal gel electrophoresis. After elec-
trophoretic fractionation, RNA was transferred overnight
to a positively charged nylon membrane by capillary blot-
ting and fixed with UV light. Pre-hybridization was per-
formed at 42°C for 45 min in 25 ml of pre-hybridization
solution [7% sodium dodecyl sulfate (SDS), 50% for-
mamide, 5X saline-sodium citrate buffer (SSC), 2%
blocking reagent, 50 mM sodium phosphate (pH 7.0),
0.1% N-lauroylsarcosingl. Hybridization was at 42°C
overnight in 25 ml of pre-hybridization solution containing
oligonucleotide probe (25 ng/ml). In the case of the probe
specific for rat malic enzyme gene, pre-hybridization and
hybridization were at 55°C. The following post-hybridiza-
tion washes were performed: twice for 5 min in 2 X
SSC/0.1% SDS (at room temperature), twice for 15 min
in 0.1 X SSC/0.1% SDS at 48°C (68°C for plasmid-de-
rived probe). The membranes were then rinsed briefly with
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Fig. 1. The effect of clofibrate treatment on rat plasma triacylglycerol ()
and cholesterol (b) concentration. The significance of differences in lipid
concentrations between clofibrate-treated (black) and control (white) rats
is shown in the figure.

washing buffer containing 0.1 M maleic acid (pH 7.5),
0.15 M NaCl and 0.3% Tween 20. They were blocked by
incubation for 30 min at room temperature with blocking
buffer [1% blocking reagent, 0.1 M maleic acid (pH 7.5),
0.15 M NaCl] and incubated (at the same conditions as
described above) with blocking buffer containing a poly-
clonal antibody against digoxigenin (Fab fragment conju-
gated to akaline phosphatase diluted 1:20,000). After be-
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ing washed twice for 15 min with washing buffer, the
membranes were rinsed for 5 min with detection buffer
(0.1 M Tris—Cl, pH 9.5, 0.1 M NaCl) and immersed for 5
min in CDP-Sar solution (25 mM CDP-Sar diluted in
detection buffer). Membranes were exposed to Kodak
XAR film for 15-60 min (at 37°C).

Signals were scanned and quantified using the Sigma
Scan software program (Jandel Scientific) and the level of
MRNA for lipogenic enzymes was estimated. The values
were normalized to the corresponding amount of 18S
RNA. Results expressed in arbitrary units are presented as
means + standard error of the mean (SE.M.) of samples
from 4 to 16 rats. The statistical significance of differences
between groups was assessed by one-way analysis of
variance (ANOVA) followed by Student's t-test or by
Mann—Whitney test, using Systat software (Systat). Differ-
ences between groups were considered significant when
P < 0.05.

2.5. Measurements of plasma triacylglycerol and
cholesterol concentrations

Plasma triacylglycerol and cholesterol concentrations
were analysed by standard enzymatic procedures (Boeh-
ringer Mannheim, Mannheim, Germany).

3. Reaults

The food consumption and the changes in total body
weight of control and clofibrate-treated rats were essen-
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Fig. 2. The effect of clofibrate treatment on malic enzyme (a), fatty acid synthase (b) mRNA levels, and on in vivo liver lipogenesis (c). Malic enzyme and
fatty acid synthase mRNA concentrations were measured by Northern blot hybridization (representative Northern blots are presented) and calculated as
described in Section 2. The significance of differences in the mMRNA concentrations expressed in arbitrary units and in the rate of incorporation of 3H from
3H,0 into lipids between clofibrate-treated (black) and control (white) rats is presented in the figure.
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Fig. 3. The effect of clofibrate treatment on malic enzyme (a), fatty acid synthase (b) mRNA levels, and on in vivo white adipose tissue lipogenesis (c).
Malic enzyme and fatty acid synthase mRNA concentrations were measured by Northern blot hybridization (representative Northern blots are presented)
and calculated as described in Section 2. The significance of differences in the mRNA concentrations expressed in arbitrary units and in the rate of
incorporation of *H from *H,0 into lipids between clofibrate-treated (black) and control (white) rats is presented in the figure.

tially the same. Thus, all the changes presented below may
be assumed to be caused by the drug itself and not by
dietary factors. Plasma triacylglycerol (Fig. 1a) and choles-

a b
S -

terol (Fig. 1b) concentrations were significantly lower in
clofibrate-treated rats. Clofibrate treatment is known to
induce malic enzyme activity in the liver and hep-
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Fig. 4. The effect of clofibrate treatment on malic enzyme (), fatty acid synthase (b) mRNA levels, and on in vivo brown adipose tissue lipogenesis (c).
Malic enzyme and fatty acid synthase mRNA concentrations were measured by Northern blot hybridization (representative Northern blots are presented)
and calculated as described in Section 2. The significance of differences in the mRNA concentrations expressed in arbitrary units and in the rate of
incorporation of *H from ®H,0 into lipids between clofibrate-treated (black) and control (white) rats is presented in the figure.
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Fig. 5. The effect of clofibrate treatment on malic enzyme mRNA levels in kidney cortex () and brain (b). Malic enzyme mRNA concentrations expressed
in arbitrary units were measured by Northern blot hybridization (representative Northern blots are presented) and calculated as described in Section 2. The
significance of differences in the mRNA concentrations between clofibrate-treated (black) and control (white) rats is presented in the figure.

atomegaly (Zelewski and Swierczynski, 1983). Thus, to
validate the effectiveness of clofibrate treatment under the
present experimental conditions, we determined the liver
weight and the rel ative abundance of malic enzyme mRNA.
Administration of clofibrate to rats for 14 days led to a
significant increase in liver weight (not shown) and to a
several-fold increase in the level of liver malic enzyme
mRNA (Fig. 2a), thus confirming the validity of our
experimental model. Under the same conditions, the fatty
acid synthase mRNA level (Fig. 2b) and the rate of fatty
acid synthesis in the liver (Fig. 2c) were not enhanced
significantly in clofibrate-treated rats as compared to con-
trol animals. To check whether clofibrate treatment af-
fected the expression of the genes for malic enzyme and
fatty acid synthase in white adipose tissue, we measured
the relative abundance of the mRNA encoding these en-
zymes. The malic enzyme mRNA level was increased
approximately 2-fold after clofibrate treatment (Fig. 3a),
but the fatty acid synthase mRNA level (Fig. 3b) and the
rate of lipogenesis (Fig. 3c) were unchanged by clofibrate
treatment.

In contrast to liver and white adipose tissue, in brown
adipose tissue, the levels of mRNA for the malic enzyme
(Fig. 4@ and fatty acid synthase (Fig. 4b), as well as the
rate of fatty acid synthesis (Fig. 4c), were significantly
depressed in the clofibrate-treated animals.

To gain more information about the tissue specificity of
the regulation of malic enzyme gene expression by fi-
brates, we measured the malic enzyme mRNA level in the
kidney cortex, brain, heart and skeletal muscle of control
and drug-treated rats. Administration of clofibrate for 14

days caused an increase in the malic enzyme mRNA level
in the kidney cortex (Fig. 5a). No effect of clofibrate
feeding on the malic enzyme mRNA level was observed in
the brain (Fig. 5b), skeletal muscle and heart (not shown).
The lack of response of malic enzyme mRNA to clofibrate
treatment seen in the brain, heart and skeletal muscle, the
increase in the liver, white adipose tissue and kidney
cortex, and the decrease in brown adipose tissue indicate
that malic enzyme gene expression is tissue-specific.

4. Discussion

For the last three decades, fibrates have been widely
prescribed to treat human hyperlipidaemia. However, the
primary mechanism by which these drugs lower the plasma
lipid concentration is still unknown. The most controver-
sid is the effect of fibrates on lipogenesis. The discovery
of PPA receptor (Issemann and Green, 1990) has opened
up new opportunities to understand how the fibrate hy-
polipidaemic drugs act at the molecular level. Clofibrate, a
potent peroxisomal proliferator, increases the activity of
liver malic enzyme—one of the lipogenic enzymes
(Zelewski and Swierczynski, 1983). Hertz et al. (1996)
reported that the thyromimetic effect of fibrates with re-
spect to the malic enzyme results from transcriptional
activation of the malic enzyme gene. Thus, one would
expect that clofibrate would increase rather than decrease
liver lipogenesis. Furthermore, the presence of peroxisome
proliferator response element (PPRE) in the promoter re-
gion of the malic enzyme gene has been reported (Castelein
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et al., 1994; Hertz et al., 1996; |Jpenberg et d., 1997). The
recent suggestion that fatty acid synthase gene expression
is inhibited by peroxisome proliferators, even though no
functional PPRE has been identified in the promoter region
of fatty acid synthase gene (Schoonjans et al., 1996a,b;
Staels et a., 1998), led us to analyse whether fatty acid
synthase gene expression is subject to regulation by clofi-
brate.

The effect of clofibrate on hepatic lipogenesis has been
extensively studied, but contradictory results have been
reported, namely, inhibition (Maragoudakis, 1969; Adams
et a., 1971; Lamb and Falon, 1972; Laker and Mayes,
1979), stimulation (Duncan and Best, 1969; Giocoli et al.,
1971; Capuzzi et d., 1974; Miyazawa et al., 1975; Laker
and Mayes, 1979) and no effect (Mishkel and Webb,
1967). The different results from various laboratories may
be due to diverse assay systems and different experimental
conditions. Our results suggest that clofibrate treatment did
not affect significantly *H incorporation into liver fatty
acids (Fig. 2c). In the liver, there was no correlation
between the rate of fatty acid synthesis and the level of
malic enzyme mRNA. The liver malic enzyme mRNA
level was increased approximately 6-fold after feeding of
the drug (Fig. 2a), as could have been anticipated from
previous work (Platt and Cockrill, 1966; Richert and West-
erfeld, 1970; Zakim et al., 1970; Zelewski and Swierczyn-
ski, 1983, 1986, 1989). While clofibrate induced hepatic
malic enzyme mRNA, it had no effect on fatty acid
synthase mRNA. Similarly, Ren et al. (1997) showed that
the peroxisome proliferator, gemfibrozil, did not signifi-
cantly suppress liver levels of fatty acid synthase mRNA.
Thus, one can assume that the regulation of liver fatty acid
synthase gene expression does not involve PPA receptor
and PPRE. The unchanged rate of lipogenesis in epididy-
mal fat pad after clofibrate feeding (Fig. 3c) correlated
well with the unchanged fatty acid synthase mRNA level,
but not with the malic enzyme mRNA level (Fig. 3a).
Taken together, these results indicate that clofibrate regu-
lates malic enzyme gene expression both in the liver and in
white adipose tissue (possibly via the activation of the
PPA receptor signaling pathway), but is without effect on
fatty acid synthase and conseguently on de novo lipogene-
sisin the liver and in white adipose tissue. Thus, one can
assume that the induction by clofibrate of mitochondrial
and peroxisoma fatty acid B-oxidation (Schoonjans et 4.,
1996a,b), but not the decrease in fatty acid synthesis, is the
cause of the lower availability of fatty acids for triacyl-
glycerol synthesis in the liver. The present study confirms
the previous suggestion that the hypolipidaemic effect of
this drug is not linked directly to the inhibition of fatty
acid biosynthesis in rat liver and white adipose tissue
(Giocoli et a., 1971; Miyazawa et a., 1975; Laker and
Mayes, 1979).

There were distinct differences between brown adipose
tissue and liver as far as the action of clofibrate on malic
enzyme and fatty acid synthase mRNAs is concerned. The

data presented in this paper provide further evidence that
total fatty acid biosynthesis, estimated by the incorporation
of tritium from 3HZO into lipid, is substantialy decreased
in brown adipose tissue after clofibrate treatment. The
parallel decrease in the levels of mMRNA for fatty acid
synthase and malic enzyme suggests that the lower brown
adipose tissue lipogenesis is a consequence of the dimin-
ished transcription rate. However, the pharmacological
implication of the effect of clofibrate on malic enzyme and
fatty acid synthase gene expression and on lipogenesis in
brown adipose tissue is not clear. Considering that brown
adipose tissue lipogenesis contributes substantially to the
overall fatty acid synthesis in the rat (Mercer and
Williamson, 1988; Kochan and Swierczynski, 1992), one
can assume that the hypolipidaemic effect of clofibrate is
due in part to the inhibition of brown adipose tissue
lipogenesis. This cannot be true for humans because the
brown adipose tissue content is limited or absent in human
adults in whom fibrates are effective as hypolipidaemic
drugs.

A striking finding of the experiments presented in this
paper is that clofibrate feeding had different effects on
malic enzyme mRNA in different tissues. In liver, a large
increase in the level of MRNA for malic enzyme was
observed after clofibrate administration. The adipose tissue
malic enzyme mRNA level was aso increased by clofi-
brate treatment but to a lesser extent than that in the liver.
Kidney malic enzyme mRNA was only weakly induced by
clofibrate. In contrast to these tissues, the level of mMRNA
for malic enzyme in brain, skeletal muscle and heart
remained unchanged, but in brown adipose tissue, the
malic enzyme RNA level was significantly reduced after
clofibrate treatment. It should be noted that Schoonjans et
al. (1993) also observed a different effect of fenofibrate on
the level of mMRNA for long-chain acyl-CoA synthetase in
different tissues. In this respect, fibrates resemble thyroid
hormone (T,), which also regulates lipogenic enzyme ac-
tivity in the rat in a tissue-specific manner (Blennemann et
al., 1992, 1995). It was also shown that, in brown adipose
tissue, lipogenesis was inversely related to the thyroid
hormone status (Blennemann et a., 1995). It is well-estab-
lished that rat tissues express various forms of PPA recep-
tor (Schoonjans et al., 1996a). For instance, the PPA
receptor « is predominantly expressed in the liver, kidney,
heart and brown adipose tissue (Schoonjans et al., 1996a).
There is no correlation between PPA receptor o expres-
sion and the change in malic enzyme mRNA level caused
by clofibrate (a PPA receptor o activator) treatment. The
effect of clofibrate feeding on the level of mRNA for
malic enzyme is not correlated with the level of PPA
receptor 8 and PPA receptor vy expression in the different
tissues (Schoonjans et al., 1996a). The lack of effect of
clofibrate on malic enzyme gene expression in skeleta
muscle may be related to the concentration of the drug in
this tissue. It has been shown that, in rats receiving
clofibrate, the concentration of the drug is much higher in
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the liver than in skeletal muscle (Baldwin et a., 1980).
The same could be true for the brain and heart.

At present, it is difficult to explain the inhibitory effect
of clofibrate on malic enzyme and fatty acid synthase gene
expression, and consequently on lipogenesis in brown
adipose tissue. We can only speculate that the inhibition of
these genes in brown adipose tissue by clofibrate does not
involve PPA receptor as a common mediator.
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