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Abstract Clofibrate is a hypolipidemic drug belonging
to the peroxisome proliferator (PP) family. PPs are well-
recognized hepatocarcinogens, though only for rodents
and not for humans. Their oncogenicity is usually as-
cribed to mitogenic or antiapoptotic action. However, we
have reported that clofibrate can trigger fast and exten-
sive apoptosis in rodent and human tumor cell lines. The
present study examines the possible mechanisms in-

 

volved in clofibrate-induced apoptosis in AH-130 hepatoma
cells. The results show that the apoptogenic effect of
clofibrate does not depend on induction of peroxisome
proliferator activated receptors (PPARs), but on interfer-
ence with HMG-CoA reductase (HMGR), a key enzyme
that regulates cholesterol biosynthesis and production of
isoprenoid units for protein farnesylation. The level and
activity of HMGR mRNA are reduced in clofibrate-
treated AH-130 cells and apoptosis can be partially pre-
vented by addition of mevalonate. Moreover, cholesterol
and cholesterol ester content decreases early in mito-
chondria, and cytocrome c is released in the cytosol. On
the contrary, perturbations at the level of protein farne-
sylation are not important in determining the fast apop-
togenic effect, since treatment of AH-130 cells with an in-
hibitor of farnesyltransferase induces apoptosis only
after 4 h.  In conclusion, inhibition of HMGR and de-
creased cholesterol content are crucial events in clofi-

 

brate-induced apoptosis in AH-130 hepatoma cells.
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Peroxisome proliferators (PPs) are well-recognized
hepatocarcinogens for rodents, though nor for humans

 

(1–3). Generally categorised as non-genotoxic carcino-
gens, their oncogenicity is mostly ascribed to their capabil-
ity to alter the balance between liver cell proliferation and
apoptosis during the transformation process. In rats, in-
deed, PPs both induce hepatocyte proliferation and de-
crease apoptosis in preneoplastic liver lesions (4, 5) and,
consistently, they promote mitogenesis as well as survival
in rodent hepatocytes or hepatoma cells in vitro (6, 7). By
contrast, in primary cultures of human hepatocytes, none
of several PPs afforded any preventive action against on
apoptosis, whether spontaneous or TGF

 

�

 

1-induced (8, 9).
The effects of PPs are mediated by members of the

nuclear hormone receptor superfamily known as PP-acti-
vated receptors (PPARs), which exist in different molec-
ular forms (

 

�

 

, 

 

�

 

/

 

�

 

, and 

 

�

 

) that are differentially expressed
in adult and embryonic rodent tissues (10). Upon PP
binding, PPARs recognize specific PP-responsive DNA el-
ements (PPREs) and thereby transactivate a number of
genes, including those involved in peroxisome prolifera-
tion and fatty acid 

 

�

 

-oxidation or protooncogenes such
as c-

 

Ha-ras,

 

 c-

 

myc

 

, and c-

 

Jun

 

 (11, 12). The induction of
peroxisomal enzymes can result in overproduction of re-
active oxygen species that may initiate lipid peroxidation
and stimulate apoptosis in different cell types (13). In
virtue of this induced free radical generation, PPs might
exert some genotoxicity on target cells, which has been
suggested as an alternative or additional mechanism ac-
counting for their oncogenic action. PPAR

 

�

 

 is the most
abundant isoform in the liver and is thought to mediate
the carcinogenic action of PPs in rodents. Factors such
as presence of a truncated PPAR

 

�

 

 form, scarcity of full-
length PPAR

 

�

 

, or occurrence of inactive PPRE consen-
sus regions upstream of target genes such as acyl-CoA
oxidase have been suggested to account for the unrespon-

 

Abbreviations: DAPI, 4

 

�
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�

 

-diamidino-2

 

�

 

-phenylindole; HMGR, hy-
droxy-methyl-glutaryl coenzyme A reductase; PP, peroxisome prolifera-
tor; PPAR, peroxisome proliferator activated receptor; PPRE, peroxi-
some proliferator response element.
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siveness of human liver or hepatoma cells to these agents
(14–16).

Like other fibric acid derivatives, the hypolipidemic
drug clofibrate is a well-known PP that, though never
proven to cause human tumors, has been widely em-
ployed in hepatocarcinogenesis protocols for rodents (1,
17). Like other PPs, the carcinogenicity of clofibrate has
been largely ascribed to its antiapoptotic action. However,
we fortuitously observed that, in vitro, clofibrate can also
directly trigger an extensive and quick process of apopto-
sis in rat Yoshida AH-130 hepatoma cells (18, 19). More-
over, we found that this unexpected apoptotic effect was
also exerted on HepG2 human hepatoblastoma cells (18,
19). These initial observations have since been extended
to other PPs and cell types. Thus, Shabalina et al. (20) re-
ported that another potent PP in rodents, perfluorooc-
tanoic acid, can perturb the proliferative cycle and trigger
apoptosis in human HepG2 cells. Moreover, both human
(HepG2) and rat (FAO) hepatoma cells apoptose when
exposed to BR931, yet another hypolipidemic drug en-
dowed with PP properties (A. Columbano, personal com-
munication). Apart from cells of hepatic lineages, wherein
PPAR

 

�

 

 is thought to play a major role in mediating PP ac-
tions, apoptosis has been observed in various other cell
types, such as human and mouse breast cancer cells or hu-
man lung cancer cells, on exposure to various synthetic or
natural ligands of another member of the PP-receptor
family, PPAR

 

�

 

 (21, 22).
Starting from our observation that clofibrate exerts

an apoptotic effect on Yoshida AH-130 rat hepatoma
cells, we decided to seek the mechanisms underlying
this effect. The paper examines two principal ways: in-
volvement of PPARs and involvement of HMG-CoA re-
ductase (HMGR). This second way is considered since
clofibrate is a hypolipidemic drug as well as a PP; there-
fore, it might exert its apoptotic effect not only by acti-
vating PPARs, like other PPs, but also by inhibiting
HMGR. HMGR is a key enzyme in cholesterol and iso-
prenoid synthesis, and it is known that its activity and
protein content are affected by PPs (23). The possibility
that clofibrate-induced apoptosis may result from inhibi-
tion of HMGR leads us to consider the importance of
decrease of cholesterol content or isoprenoid produc-
tion. Isoprenoids are involved in farnesylation of pro-
teins important for cell cycle progression (24–26). Our
previous results evidenced that cholesterol content in-
creases in mitochondria of hepatoma cells, altering the
physical and functional properties of the membranes
(27, 28).

MATERIALS AND METHODS

 

Chemicals

 

4

 

�

 

,6

 

�

 

-Diamidino-2

 

�

 

-phenylindole (DAPI) was from Boeh-
ringer Mannheim (Germany); clofibrate [2-(p-chlorophenoxy)-2
methyl-propionic acid ethyl ester], DNase-free RNase (Type II-
A), propidium iodide, and the other reagents were from Sigma
(St. Louis, MO). Monoclonal anti-Ras antibody was from Cal Bio-

chem. Monoclonal anti-cytochrome c antibody was from BD
PharMingen.

 

Cells and treatments

 

Male Long-Evans rats, weighing 120–150 g and maintained on
a semi-synthetic diet (Piccioni, Brescia, Italy) with water ad libi-
tum

 

,

 

 were used for serial weekly transplantation of the AH-130
Yoshida ascites hepatoma (20–30 

 

�

 

 10

 

6

 

 tumor cells inoculated ip
in 1 ml). Under sterile conditions, 6-day-old ascites tumors were
collected with a syringe, and the cells were separated from the as-
citic fluid by low-speed centrifugation, washed in RPMI 1640 me-
dium, resuspended (4 

 

�

 

 10

 

6 

 

ml) in the same medium supple-
mented with 10% newborn calf serum, 1% (w/v) BSA (fraction
V, fatty acid-free), and transferred to Petri dishes. Cells entered
one of following treatments.

 

Treatment with clofibrate and mevalonate

 

Hepatoma cells were divided into four groups: 

 

1

 

) control
group, cells treated with solvent alone; 

 

2

 

) clofibrate group, cells
incubated with 0.75 mM concentration of clofibrate dissolved in
dimethylsulphoxide; 

 

3

 

) mevalonate group, incubated with 1 mM
mevalonate, and mevalonic acid lactone was dissolved in 0.1 M
NaOH and stirred for 2 h at 50

 

�

 

C; 

 

4

 

) clofibrate plus mevalonate
group, and cells incubated with both substances.

For each group, the hepatoma cells were incubated at 37

 

�

 

C in
a humidified atmosphere of 5% CO

 

2

 

 in air. At 0.5 h, 1 h, 2 h, and
4 h hepatoma cells were collected and centrifuged at 600

 

 g

 

 for 10
min. Pellets and supernatants were used for all the following de-
terminations performed.

 

Treatment with farnesyltransferase inhibitor

 

Hepatoma cells were divided into two groups: 

 

1

 

) control
group, cells treated with solvent alone; 

 

2

 

) 

 

�

 

-hydroxyfarnesylphos-
phonic acid (HFPA) group, cells incubated with 1 

 

	

 

M HFPA, far-
nesyltransferase inhibitor.

For each group, the hepatoma cells were incubated at 37

 

�

 

C in
a humidified atmosphere of 5% CO

 

2

 

 in air. At 2 h, 4 h, and 24 h
hepatoma cells were collected and centrifuged at 600 

 

g

 

 for 10
min. The pellets and supernatants were used for determination
of apoptotic index and DNA distribution.

 

Treatment with simvastatin

 

Hepatoma cells were treated as at points 1 and 2 of first treat-
ment except that simvastatin (0.5 mM dissolved in ethanol, maxi-
mum final concentration 0.25%) was added instead of clofibrate.
The cells were used for apoptosis and cholesterol determinations.

 

Treatment with cyclosporin A

 

Hepatoma cells were treated as with the clofibrate and meval-
onate group, except that 1 

 

	

 

M cyclosporin was added instead of
mevalonate. Cyclosporin was added to the cells 15 min before
clofibrate. The cells were used for apoptosis determination.

 

Semiquantitative RT-PCR of HMGR

 

mRNA content was measured by RT-PCR. Primers were de-
signed by seeking suitable target sequences in the coding region
of rat HMGR mRNA (AN: NM_013134). Two primers (Biotez
Berlin-Buch GmbH, Berlin, Germany) generating a 684 base
product were synthesized. The sequences of the forward and re-
verse primers were 5

 

�

 

-CATGAACATGTTCACCGGC-3

 

�

 

 and 5

 

�

 

-
AGACATGATCATCTTGACCC-3

 

�

 

, respectively, and hybridized to
the bases 99–117 and 764–783 of HMGR coding region. RT-PCR
was performed by using the Access RT-PCR system (Promega Ita-
lia, Milan, Italy) following the manufacturer’s instructions. Am-
plification profile was: 1 min 95

 

�

 

C, 1 min 52

 

�

 

C, 30 s 72

 

�

 

C for a
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number of cycles ranging from 15 to 25, sufficient to maintain
the amplification of the target sequence in the linear ranger. For
each sample, amounts of total RNA, extracted from cells treated
or not with clofibrate (see below), ranging from 10 ng to 150 ng,
were-reverse transcribed and amplified. PCR products were re-
solved on a 2% ethidium bromide containing-agarose gel and
the fluorescence generated by transillumination was acquired by
using a Gel Doc System (BioRad, Milan, Italy) and analyzed with
the software (Quantity One 4.0.3 BioRad, Milan, Italy). The ratio
of HMGR versus 

 

�

 

-actin fluorescence was then calculated for
each sample and expressed by arbitrarily setting this ratio to 1 in
control cells.

 

Northern blot analysis for PPAR and HMGR

 

Total RNA was prepared by the method of Chomczynski and
Sacchi (29) and quantified by measuring the absorbance at 260
nm. Fifteen micrograms of RNA was heat-denaturated at 65

 

�

 

C
for 10 min, applied to 1% agarose gel containing formalde-
hyde, electrophoresed, and transferred by capillary action to
Hybond-N

 




 

 (Amersham, Buckinghamshire, UK). Prehybrid-
ization was in 50% formamide, 5

 

�

 

 SSPE, 1

 

�

 

 Denhardt’s, 10%
dextran, 1% SDS, and 100 

 

	

 

g/ml salmon sperm DNA at 42

 

�

 

C
for 18 h. Hybridization conditions were identical to prehybrid-
ization. The DNA probes for PPAR 

 

�

 

, PPAR

 

�

 

, and HMGR were
labeled with [

 

32

 

P]dCTP using a random primer DNA kit. Hy-
bridization was carried out at 42

 

�

 

C for 24 h. Blots were washed
once at room temperature in 2

 

�

 

 SSC plus 0.5% SDS (15 min),
once at 65

 

�

 

C in 2

 

�

 

 SSC plus 0.5% SDS (15 min), once in 1

 

�

 

SSC plus 0.5% SDS (15 min), and once in 0.5

 

�

 

 SSC plus 0.5%
SDS (15 min). Kodak Hyperfilm-MP was exposed for 2 days
with intensifying screens at 

 

�

 

80

 

�

 

C.

 

HMGR activity

 

Microsomes were isolated from control and clofibrate-treated
cells as described in Pascale et al. (30). Microsomal suspensions
were immediately used to assay HMGR activity (31).

 

Lipid peroxidation

 

Lipid peroxidation was evaluated as malondialdehyde produc-
tion by the spectrophotometric thiobarbituric acid assay (32).

 

DNA distribution

 

DNA staining was performed as described elsewhere (33).
Briefly, cells were washed in PBS, fixed in ice-cold 70% ethanol
for at least 30 min, and incubated at room temperature in PBS
containing DNase-free RNase (Type II-A) and propidium iodide
at final concentrations of 0.4 and 0.18 mg/ml, respectively. Cells
were then analyzed with a FACScan flow cytometer (Becton and
Dickinson, Mountain View, CA) equipped with a 488 nm argon
laser and two filters, respectively transmitting at 585 nm (FL2)
and above 620 nm (FL3). Data were recorded on a Hewlett Pack-
ard computer (HP 9000, model 300) using CellFit software (Bec-
ton and Dickinson).

 

Cell integrity

 

Plasma membrane integrity was checked microscopically. Try-
pan blue exclusion was evaluated on cells suspended in the pres-
ence of the dye (0.8 mg/ml). Four hundred cells were counted
for each sample and the results expressed as percentages of try-
pan blue-positive cells.

 

Fluorescence microscopy

 

Cells were fixed in methanol, stained with the DNA-specific
fluorochrome DAPI, and examined under an epiilluminated
fluorescence microscope (Dialux, Leitz, Germany). The apop-

 

totic index (percentage of apoptotic cells) was determined on at
least 1,000 cells per sample.

 

Isolation of mitochondria

 

Untreated cells, or those treated with 0.75 mM clofibrate or
0.5 mM simvastatin for 1 h and 2 h, were sedimented by centrif-
ugation at 600 

 

g 

 

for 10 min, homogenized by Potter-Helvehjem
homogenizer in a volume of isolation medium A [70 mM su-
crose, 220 mM mannitol, 20 mM Tris-HCl buffer, pH 7.4, 2 mM
EGTA and 0.1% (w/v) albumin] corresponding to 0.5 

 

�

 

 the
mass of the pellet, and then diluted to 20% with the same me-
dium. Mitochondria were isolated by Canuto et al. method
(34). Isolated mitochondria were resuspended in isolation me-
dium A (4 g/ml, w/v) and used for cholesterol content deter-
mination.

 

Cholesterol analysis

 

Total lipids were isolated by the Folch et al. method (35).
Cholesterol and cholesterol ester contents were determined as
described by Bowman and Wolf (36) on total cells and mito-
chondria.

 

Western blot analysis for p21 ras and cytochrome c

 

Cells treated or not with 0.75 mM clofibrate for 0.5 h, 1 h, or
2 h were sedimented by centrigugation at 600 

 

g

 

 for 10 min, ho-
mogenized in a Potter-Helvejem homogenizer in a volume of
isolation medium B [250 mM sucrose, 40 mM Tris-HCl buffer,
pH 7.5; 10 mM MgCl

 

2

 

, 2 mM CaCl

 

2

 

, 1 mM PMSF, leupeptin (15

 

	

 

g/ml)] corresponding to 5

 

�

 

 the mass of the pellet, and then
diluted to 10% with the same medium. Diluted homogenates
were centrifuged at 105,000 

 

g

 

 per 57 min. The pellets (total
membranes) resuspended in medium B (2 g/ml, w/v) and the
cytosol were used for Western blot analysis. Equal quantity of
proteins of total membranes and cytosol were subjected to elec-
trophoresis on 15% SDS-PAGE, transferred onto nitrocellulose
membranes, and immunoblotted with monoclonal anti-Ras an-
tibody. For cytochrome c, only cytosolic fractions were analyzed
with a monoclonal anti-cytochrome c. The proteins were de-
tected by a enanched chemiluminescent detection system.

 

Statistical analysis

 

Data are expressed as means 

 

�

 

 SD. The significance of differ-
ences was assessed by ANOVA, followed by the Newman-Keuls test.

 

RESULTS

 

Clofibrate-induced apoptosis is not mediated by an
increase of PPAR

 

�

 

 and PPAR

 

�

 

 expression

 

Previous work from our laboratories has shown that addi-
tion of clofibrate to short-term cultures of AH-130 hepatoma
cells rapidly induces the onset of apoptotic death (18, 19).

The action of PPs such as clofibrate usually relies on the
activation of PPARs. However, the expression of mRNA for
both PPAR

 

�

 

 and PPAR

 

�

 

, virtually absent in AH-130
hepatoma cells, is not induced by treatment with clofi-
brate, suggesting that PPARs are not relevant to the induc-
tion of cell death by clofibrate. 

 

Figure 1

 

 reports data rela-
tive to PPAR

 

�

 

 and PPAR

 

�

 

.
Since the failure to stimulate PPAR

 

�

 

 caused a failure of
peroxisome proliferation as well as of oxygen free radical
production, whose possible consequence is lipid peroxida-
tion, the effect of clofibrate was also examined in terms of
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lipid peroxidation. The colorimetric determination of ma-
londialdehyde production, which is a good test to evaluate
lipid peroxidation, showed no peroxidative breakdown of
polyunsaturated fatty acids (data not shown).

 

Clofibrate-induced apoptosis is mediated by inhibition 
of HMGR

 

To gain an insight into the possible mechanisms under-
lying clofibrate-induced apoptosis, we focused our atten-
tion on this drug’s interference with HMGR. HMGR con-
trols the synthesis of cholesterol and isoprenoid units,
both of which are involved in the regulation of cell prolif-
eration. Isoprenoids, in particular, are necessary for the
farnesylation of proteins that modulate several signaling
transduction pathways, such as p21 ras, which is involved
in cell proliferation, differentiation, apoptosis, cytoskele-
tal organization, and membrane trafficking (24). The in-
terference with HMGR may thus have several implications
relevant to the action of clofibrate on hepatoma cells.

In order to check whether HMGR plays a role in clofi-
brate-induced apoptosis, HMGR mRNA level and activity
were determined in AH-130 hepatoma cells by RT-PCR

and radioactivity assay respectively. 

 

Figure 2

 

 shows a reduc-
tion of HMGR mRNA level and activity in hepatoma cells
exposed to clofibrate in a correlation that depends on
clofibrate exposure time and apoptotic index (

 

Fig. 3

 

).
These data seem to point to interference with HMGR as
one of the possible mechanisms of clofibrate-induced
apoptosis. To be sure that HMGR mRNA is effectively re-
duced, the content of HMGR mRNA was also evaluated by
Northern blot analysis, confirming its reduction due to
treatment with clofibrate (data not shown).

It is well known that the inhibition of HMGR can be
overcome by supplying mevalonate, the downstream reac-
tion intermediate. However, addition of mevalonate to
AH-130 hepatoma cells treated with clofibrate partially
prevents clofibrate-induced apoptosis (Fig. 3), as shown
by staining the cells with DAPI. One millimole of meval-

Fig. 1. Peroxisome proliferator activated receptor (PPAR)� ex-
pression in normal liver and AH-130 hepatoma cells and PPAR� ex-
pression in AH-130 hepatoma cells. Lane 1: normal liver; lane 2:
control hepatoma cells; lane 3: hepatoma cells treated with 0.75
mM clofibrate for 2 h; lane 4: control hepatoma cells; lane 5:
hepatoma cells treated with 0.75 mM clofibrate for 2 h.

Fig. 2.  HMG-CoA reductase (HMGR) mRNA level. HMGR expres-
sion and activity in AH-130 hepatoma cells treated with 0.75 mM clo-
fibrate for 0.5 and 1 h. HMGR activity is expressed as nmoles of meval-
onate produced for 30 min and for micrograms of protein. Data are
means � SD of three experiments. Means of groups with different let-
ters are statistically different (P  0.05) from one another as deter-
mined by variance analysis followed by the Newman-Keuls test. C:
Control hepatoma cells: CL 0.5 h, hepatoma cells treated with clofi-
brate for 0.5 h; CL 1 h, hepatoma cells treated with clofibrate for 1 h.

Fig. 3.  Apoptotic index (percentage of apoptotic
cells) in AH-130 hepatoma cells treated with clofibrate
and mevalonate for 0.5 h, 1 h, 2 h, or 4 h. Cells stained
with the DNA specific fluorochrome 4�,6�-diamidino-
2�-phenylindole (DAPI) were examined under an epi-
illuminated fluorescence microscope. At least 1,000
cells per sample were counted. Data are means � SD
of four experiments. Means of groups with different
letters are statistically different (P  0.05) from one
another as determined by variance analysis followed
by the Newman-Keuls test. C: Control hepatoma cells:
CL 0.75, hepatoma cells treated with 0.75 mM clofi-
brate; CL 0.75 
 M, hepatoma cells treated with 0.75
mM clofibrate and 1 mM mevalonate.
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onate added to the cells at the same time as 0.75 mM clo-
fibrate reduced the apoptotic index to about 50% at both
2 h and 4 h. These data were confirmed by flow cytometric
analysis of DNA content. A significant proportion of clofi-
brate-treated cells has a hypodiploid DNA content, indica-
tive of apoptotic figures. When AH-130 hepatoma cells
were incubated with both clofibrate and mevalonate, the
percentage of cells in the A0 region (apoptotic cells) was
significantly reduced (Fig. 4). To rule out the possibility of
mevalonate itself being apoptogenic, hepatoma cells were
treated with mevalonate alone. The results at the various
experimental times confirmed that mevalonate alone had
no effect in determining apoptosis (data not shown).
Moreover, to exclude the possibility that mevalonate was
necrogenic, we measured trypan blue exclusion by hep-
atoma cells. The percentage of unstained cells showed
that mevalonate did not cause necrosis; over 95% of cells
excluded trypan blue and were thus considered either via-
ble or apoptotic (data not shown).

Cholesterol biosynthesis is relevant in the induction 
of apoptosis

The analysis of lipid content of AH-130 hepatoma cells
treated with clofibrate showed that a significant decrease
of cholesterol levels occurs at 1 h of treatment in mito-
chondria, whereas a significant decrease occurs only at 4 h
of treatment in whole cells, when clofibrate cytotoxicity
has fully developed (Fig. 5). Figure 6 also shows that cho-
lesterol esters decreased in a time-dependent manner in
the presence of clofibrate. The same behavior occurred
with simvastatin. To clarify whether the decrease of choles-
terol in mitochondria was only due to clofibrate, or could
also be caused by other hypolipidemic drugs, hepatoma
cells were treated with simvastatin, which is a known
HMGR inhibitor. Simvastatin also induced apoptosis in

hepatoma cells at similar concentrations, as did clofibrate.
At 0.5 mM, after 1 h and 2 h there were about 10% and
20% of apoptotic cells, respectively, whereas in the con-
trol, only 2% of cells were in apoptosis. Mitochondria
were isolated from simvastatin-treated cells and analyzed
for cholesterol and cholesterol ester contents. The results
for simvastatin-treated cells, reported in Figs. 5 and 6,
show a decrease of both cholesterol and cholesterol es-
ters, as occurred in mitochondria obtained from cells
treated with clofibrate.

Besides cholesterol biosynthesis, the relevance of
HMGR in the induction of apoptosis by clofibrate might
derive from the role played by this enzyme in production
of isoprenoid units for farnesylation of proteins involved
in several signaling transduction pathways as stated above
(24). To evaluate whether this mechanism may be evoked
in clofibrate-induced apoptosis, AH-130 hepatoma cells
were examined for protein content of p21 ras, whose far-
nesylation is necessary for its activity, and treated with an
inhibitor of farnesyltransferase, the �-hydroxyfarnesylphos-
phonic acid (HFPA). With regard to protein content of
p21 ras, there were no variations in either membranes or
cytosol isolated from hepatoma cells treated with clofi-
brate (Fig. 7). Moreover, no evidence of apoptosis was ob-
served in HFPA-treated cells until 4 h of treatment, the
percentages of cells in the A0 region, corresponding to
content of hypodiploid DNA, being 6.45% at 4 h and 13%
at 24 h of treatment (Fig. 8).

Clofibrate-induced apoptosis is mitochondria dependent
The decrease of cholesterol in mitochondria may cause

a perturbation in mitochondrial membrane potential, af-
ter which a release of cytochrome c from mitochondria to
cytosol may occur. To verify this occurrence, the content
of cytochrome c was evaluated by Western blot analysis in

Fig. 4.  DNA distribution detected by flow cytometry in AH-130 hepatoma cells. The cells were examined
2 h after treatment with 0.75 mM clofibrate and 1 mM mevalonate.
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cytosol isolated from cells treated or not with clofibrate, as
shown in Fig. 9.

At 1 h cytochrome c was present in the cytosol and fur-
ther increased at 2 h of treatment. Release of cytochrome c
in the cytosol is one of the central events of apoptosis (25).

To demonstrate that, in cells treated with clofibrate,
apoptosis is mitochondria-dependent, cells were pre-
treated with cyclosporin A, an inhibitor of mitochondrial
permeability transition. Clofibrate-induced apoptosis
was completely prevented. Apoptosis in cells treated with
clofibrate was about 15% at 1 h of treatment, whereas in
cells treated with clofibrate and cyclosporin the apopto-
sis rate was 2%.

DISCUSSION

Cell death by apoptosis induced in AH-130 hepatoma
cells by clofibrate is characterised by shrinkage, mem-
brane blebbing, chromatin condensation, and nuclear
fragmentation, as demonstrated by morphological, flow
cytometrical, and biochemical analyses (18, 19).

The observation that clofibrate may induce apoptosis
seems to be in contrast with PP action, frequently believed

to cause an altered balance between cell proliferation and
death, favoring the former or stimulating cell growth or
suppressing cell death by apoptosis (5, 26). By contrast, it
has been shown that PPs can inhibit cell growth or induce
apoptosis in some tumor cells (18–22).

The mechanisms by which clofibrate rapidly induces
apoptosis are at the moment totally obscure. This drug
may exert its effects by acting on PPARs, as well as by in-
hibiting the HMGR activity. The present study aimed to
investigate whether the apoptogenic potential of clofi-
brate may depend on one of those pathways.

PPARs were discovered in 1990, ending 25 years of un-
certainty about the molecular mechanisms responsible for
peroxisome proliferation (37). PPARs are nuclear recep-
tors and were initially described as molecular targets for
compounds inducing peroxisome proliferation. They
have since been found to be activated by a number of
medically relevant compounds, such as the fibrate class of
hypolipidemic drugs, thiazolidinediones (insulin sensitiz-

Fig. 5.  Content of cholesterol in isolated mitochondria and in
AH-130 hepatoma cells treated with 0.75 mM clofibrate or 0.5 mM
simvastatin. The results are expressed in micrograms of free choles-
terol/mg of protein for mitochondria and as micrograms of free
cholesterol/106 cells for whole cells. They represent the means �
SD of three experiments. SD, not reported in the figure, is below
10%. For each panel, means of groups with different letters are sta-
tistically different (P  0.05) from one another as determined by
variance analysis followed by the Newman-Keuls test. C, control
hepatoma cells; CL, hepatoma cells treated with 0.75 mM clofi-
brate; SIM, hepatoma cells treated with 0.5 mM simvastatin.

Fig. 6.  Content of cholesterol esters in mitochondria isolated
from AH-130 hepatoma cells treated with 0.75 mM clofibrate or 0.5
mM simvastatin. The results are expressed in micrograms of choles-
terol esters/mg of protein. They represent the means � SD of
three experiments. SD, not reported in the figure, is below 10%.
For each panel, means of groups with different letters are statisti-
cally different (P  0.05) from one another as determined by vari-
ance analysis followed by the Newman-Keuls test. C, control
hepatoma cells; CL, hepatoma cells treated with 0.75 mM clofi-
brate; SIM, hepatoma cells treated with 0.5 mM simvastatin.

Fig. 7.  Content of p21 ras protein in membranes and cytosol iso-
lated from AH-130 hepatoma cells treated with 0.75 mM clofibrate
for 1 h and 2 h. Lane 1: membranes isolated from control
hepatoma cells treated with solvent alone for 1 h; lane 2: mem-
branes isolated from hepatoma cells treated with clofibrate for 1 h;
lane 3: membranes isolated from control hepatoma cells treated
with solvent alone for 2 h; lane 4: membranes isolated from
hepatoma cells treated with clofibrate for 2 h; lane 5: cytosol iso-
lated from control hepatoma cells treated with solvent alone for
1 h; lane 6: cytosol isolated from hepatoma cells treated with clofi-
brate for 1 h; lane 7: cytosol isolated from control hepatoma cells
treated with solvent alone for 2 h; lane 8: cytosol isolated from
hepatoma cells treated with clofibrate for 2 h.
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ers used as oral antidiabetic agents), some non-steroidal
anti-inflammatory drugs, and naturally occurring fatty
acid-derived molecules (38).

We examined the expression of PPAR� and PPAR� in
clofibrate-treated AH-130 hepatoma cells and found that
clofibrate did not increase the mRNA of either receptor.
The induction of PPAR� usually causes stimulation of per-
oxisome enzymes and, as a consequence, an increase of
both oxygen free radical production and lipid peroxida-
tion. Consistently with the lack of PPAR� induction, AH-
130 hepatoma cells exposed to clofibrate did not show any
increased lipid peroxidation (data not shown). These ob-
servations confirm our previous impression that an in-
volvement of PPARs in mediating the lethal effect of clofi-
brate in AH-130 hepatoma cells was very unlikely (19).

The other possibility was that clofibrate cytotoxicity
could result from the interference of the drug with HMGR,
with consequences on both cholesterol and isoprenoid unit
biosynthesis. The involvement of the latter molecules in the
induction of cell death is supported by some studies show-
ing that the block of mevalonate synthesis exerted by lova-
statin, another HMGR inhibitor, impairs isoprenylation of
Ras and activation of the MAP kinase cascade (39), or gera-
nylgeranylation of RhoA, affecting RhoA pathway (40) and
resulting in down-regulation of cell proliferation. Consis-

tently, lovastatin has been shown to suppress cell growth
and to induce apoptosis in several types of tumor (41).

The results reported here seem to point to HMGR and
cholesterol as possible mediators of clofibrate-induced
apoptosis. Indeed, clofibrate causes a marked reduction
of HMGR mRNA content and activity, and the addition of
mevalonate to clofibrate-treated AH-130 cells results in
partial protection from cell death. To discover which of
the two pathways depending on HMGR activity is affected
by clofibrate, we examined both cholesterol content ad
farnesylation pathway. From our results, the decrease of
cholesterol content appears to be involved, whereas farne-
sylation does not appear to be important in inducing
apoptosis at the earlier treatment times. Cholesterol is in-
creased in mitochondria of AH-130 hepatoma cells in
comparison with normal liver, as also occurs in Morris
hepatoma and hepatoma chemically induced in rats as we
have shown elsewhere (27, 28). The cholesterol increase
in mitochondria causes changes in physical and func-
tional properties (27), and could be involved in prevent-
ing apoptosis in hepatoma cells. Treatment with clofibrate
decreases cholesterol and cholesterol esther content in
mitochondria isolated from hepatoma cells, already at the
earlier treatment times. Treatment with simvastatin also
causes a decrease of both cholesterol and cholesterol es-
ther content in mitochondria. Moreover, the cholesterol
decrease closely correlates with the release of cytochrome
c from mitochondria, which is an important step in acti-
vating caspase-mediated apoptosis (25). The fact that mi-
tochondria are the major target of clofibrate cytotoxicity
was confirmed by the observartion that cyclosporin A in-
hibits clofibrate-induced apoptosis and that caspase 9 and
3 are activated, whereas caspase 8 is only marginally in-
creased (submitted for publication).

We found no involvement of alterations of protein far-
nesylation in clofibrate-induced cell death, at least at the
early stages of treatment, since p21 ras localization (mem-
branes and cytosol) did not vary between control and
treated cells, and since apoptosis did not occur in AH-130
cells exposed to HFPA, an inhibitor of farnesyltransferase,

Fig. 8.  DNA distribution detected by flow cytometry
in AH-130 hepatoma cells. The cells were examined 2 h,
4 h, and 24 h after treatment with 1 	M �-hydroxyfar-
nesylphosphonic acid. Data, expressed as percentage
of cells in the sub G0/G1 region over total cells
counted, are means � SD of three experiments. SD,
not reported in the figure, are below 10%. Means of
groups with different letters are statistically different
(P  0.05) from one another as determined by vari-
ance analysis followed by the Newman-Keuls test. C,
control hepatoma cells; HFPA, hepatoma cells treated
with 1 	M �-hydroxyfarnesylphosphonic acid.

Fig. 9  Release of cytochrome c in the cytosol of AH-130
hepatoma cells treated with 0.75 mM clofibrate. Lane 1: control
hepatoma cells; lane 2: hepatoma cells treated with clofibrate for
1 h; lane 3: hepatoma cells treated with clofibrate for 2 h.
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at the early stages of treatment. This observation suggests
that inhibition of protein farnesylation requires more
time to produce cell death, and rules out the possibility
that such a mechanism may dominate in clofibrate-induced
cells, especially during the first hours of treatment.

In conclusion, the bulk of our results show that the ap-
optogenic effect of clofibrate does not depend on induc-
tion of PPARs, but that the role played by HMGR reduc-
tion is relevant, and that the mechanism inducing
apoptosis is through cholesterol decrease in mitochondria
and cytocrome c release.

This study was supported by grants from the Italian Ministry for
University, Scientific and Technological Research (60% and
Cofinanziamento 1999).

REFERENCES

1. Reddy, J. K. and M. S. Rao. 1986. Peroxisome proliferators and cancer:
mechanisms and implications. Trends in Pharmacol. Sci. 7: 438–443.

2. Rao, M. S., and J. K. Reddy. 1991. An overview of peroxisome-induced
hepatocarcinogenesis. Environ. Health Perspect. 93: 205–209.

3. Hasmall, S. C., N. H. James, A. R. Soames, and R. A. Roberts. 1998.
The peroxisome proliferator nafenopin does not suppress hepato-
cyte apoptosis in guinea-pig liver in vivo nor in human hepatocytes
in vitro. Arch. Toxicol. 72: 777–783.

4. Bursh, W., B. Lauer, I. Timmerman-Trosiener, G. Barthel, J. Schup-
pler, and R. Schulte-Hermann. 1984. Controlled death (apoptosis)
of normal and putative preneoplastic cells in rat liver following
withdrawal of tumor promoters. Carcinogenesis. 5: 453–458.

5. Ohmura, T., G. M. Ledda-Columbano, R. Piga, A. Columbano, J.
Glemba, S. L. Katyal, J. Locker, and H. Shinozuka. 1996. Hepato-
cyte proliferation induced by a single dose of a peroxisome prolif-
erator. Am. J. Pathol. 148: 815–824.

6. Hasmall, S. C., N. H. James, N. Macdonald, F. J. Gonzalez, J. M. Peters,
and R. A. Roberts. 2000. Suppression of mouse hepatocyte apopto-
sis by peroxisome proliferators: role of PPARalpha and TNFalpha.
Mutat. Res. 448: 193–200.

7. Chevalier, S., and R. A. Roberts. 1999. G1-arrested FaO cells re-
enter the cell cycle upon stimulation with the rodent non-genotoxic
hepatocarcinogen nafenopin. Carcinogenesis. 20: 1209–1213.

8. Goll, V., E. Alexandre, C. Viollon-Abadie, L. Nicod, D. Jaeck, and
L. Richert. 1999. Comparison of the effects of various peroxisome
proliferators on peroxisomal enzyme activities, DNA synthesis, and
apoptosis in rat and human hepatocyte cultures. Toxicol. Appl.
Pharmacol. 160: 21–32.

9. Hasmall, S. C., N. H. James, A. R. Soames, R. A. Roberts. 1998. The
peroxisome proliferator nafenopin does not suppress hepatocyte
apoptosis in guinea-pig liver in vivo nor in human hepatocytes in
vitro. Arch. Toxicol. 72: 777–783.

10. Braissant, O., F. Foufelle, C. Scotto, M. Dauca, and W. Wahli. 1996.
Differential expression of peroxisome proliferator-activated recep-
tors (PPARs): tissue distribution of PPAR�, �, and � in the adult
rat. Endocrinology. 137: 354–366.

11. Cherkaoui, M. M., Y. C. Lone, M. Corral-Debrinski, and N. La-
truffe. 1990. Differential proto-oncogene mRNA induction from
rats treated with peroxisome proliferators. Biochem. Biophys. Res.
Commun. 173: 855–861.

12. Bardot, O., M. C. Clemencet, M. C. Malki, and N. Latruffe. 1995.
Delayed effects of ciprofibrate on rat liver peroxisomal properties
and proto-oncogene expression. Biochem. Pharmacol. 50: 1001–1006.

13. Hiura, T. S., M. P. Kaszubowski, N. Li, and A. E. Nel. 1999. Chemi-
cal in diesel exhaust particles generate reactive oxygen radicals
and induce apoptosis in macrophages. J. Immunol. 163: 5582–5591.

14. James, N. H., J. H. Gill, R. Brindle, N. J. Woodyatt, N. Macdonald,
M. Rolfe, S. C. Hasmall, J. D. Tugwood, P. R. Holden, and R. A.
Roberts. 1998. Peroxisome proliferator-activated receptor (PPAR)
alpha-regulated growth responses and their importance to hepato-
carcinogenesis. Toxicol. Lett. 12: 79–85.

15. Woodyatt, N. J., K. G. Lambe, K. A Myers, J. D. Tugwood, R. A.
Roberts. 1999. The peroxisome proliferator (PP) response ele-
ment upstream of the human acyl CoA oxidase gene is inactive
among a sample human population: significance for species differ-
ences in response to PPs. Carcinogenesis. 20: 369–372.

16. Hertz, R., J. Arnon, A. Hoter, D. Shouval, and J. Bar-Tana. 1987.
Clofibrate does not induce peroxisomal proliferation in human
hepatoma cell lines PLC/PRF/5 and SK-HEP-1. Cancer Lett. 34:
263–272.

17. Cattley, R. C., J. DeLuca, C. Elcombe, P. Fenner-Crisp, B. G. Lake,
D. S. Mars, T. A. Pastoor, J. A Popp, D. E. Robinson, B. Schwetz, J.
Tugwood, W. Wahli. 1998. Do peroxisome proliferating com-
pounds pose a hepatocarcinogenic hazard to humans? Regul. Toxi-
col. Pharmacol. 27: 47–60.

18. Canuto, R. A., G. Muzio, M. Maggiora, R. Autelli, G. Barbiero, P.
Costelli, G. Bonelli, and F. M. Baccino. 1997. Rapid and extensive
lethal action of clofibrate on hepatoma cells in vitro. Cell Death Dif-
fer. 4: 224–232.

19. Canuto, R. A., G. Muzio, G. Bonelli, M. Maggiora, R. Autelli, G.
Barbiero, P. Costelli, O. Brossa, and F. M. Baccino. 1998. Peroxi-
some proliferators induce apoptosis in hepatoma cells. Cancer De-
tect. Prev. 22: 357–366.

20. Shabalina, I. G., T. Panaretakis, A. Bergstrand, and J. W. DePierre.
1999. Effects of the rodent peroxisome proliferator and hepato-
carcinogen, perfluorooctanoic acid, on apoptosis in human
HepG2 cells. Carcinogenesis. 20: 2237–2246.

21. Elstner, E., C. Muller, K. Koshizuka, E. A. Willimason, D. Park, H.
Asou, P. Shintaku, J. W. Said, D. Heber, and H. P. Koeffler. 1998.
Ligands for peroxisome proliferator-activated receptor gamma
and retinoic acid receptor inhibit growth and induce apoptosis of
human breast cancer cells in vitro and in BNX mice. Proc. Natl.
Acad. Sci. USA. 95: 8806–8811.

22. Tsubouchi, Y., H. Sano, Y. Kawahito, S. Mukai, R. Yamada, M.
Kohno, K. Inoue, T. Hla, and M. Kondo. 2000. Inhibition of hu-
man lung cancer cell growth by the peroxisome proliferator-acti-
vated receptor-gamma agonists through induction of apoptosis.
Biochem. Biophys. Res. Commun. 13: 400–405.

23. Berndt, J., R. Gaumert, and J. Still. 1978. Mode of action of the
lipid-lowering agents, clofibrate and BM 15075, on cholesterol bio-
synthesis in rat liver. Atherosclerosis. 30: 147–152.

24. Rowinsky, E. K., J. J. Windle, and D. D. Von Hoff. 1999. Ras protein
farnesyltransferase: a strategic target for anticancer therapeutic
development. J. Clin. Oncol. 17: 3631–3652.

25. Abu-Qare, A. W., and M. B. Abou-Donia. 2001. Biomarkers of
apoptosis: release of cytochrome c, activation of caspase-3, induc-
tion of 8-hydroxy-2’-deoxyguanosine, increased 3-nitrotyrosine,
and alteration of p53 gene. J. Toxicol. Environ. Health B Crit. Rev. 4:
313–332.

26. Gill, J. H., P. Brickell, C. Dive, and R. A. Roberts. 1998. The rodent
non-genotoxic hepatocarcinogen nafenopin suppresses apoptosis
preferentially in non-cycling hepatocytes but also elevates CDK4, a
cell cycle progression factor. Carcinogenesis. 19: 1743–1747.

27. Feo, F., R. A. Canuto, R. Garcea, and L. Gabriel. 1975. Effect of
cholesterol content on some physical and functional properties of
mitochondria isolated from adult rat liver, fetal liver, cholesterol-
enriched liver and hepatomas AH-130, 3924A and 5123. Biochim.
Biophys. Acta. 413: 116–134.

28. Canuto, R. A., M. E. Biocca, G. Muzio, and M. U. Dianzani. 1989.
Fatty acid composition of phosholipids in mitochondria and mi-
crosomes during diethylnitrosamine carcinogenesis in rat liver.
Cell Biochem. Funct. 7: 11–19.

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

30. Pascale, R. M., M. M. Simile, M. R. De Miglio, A. Nufris, M. A. Sed-
daiu, M. R. Muroni, O. Danni, K. N. Rao, and F. Feo. 1995. Inhibi-
tion of 3-hydroxy-3-methylglutaryl-CoA reductase activity and gene
expression by dehydroepiandrosterone in preneoplastic liver nod-
ules. Carcinogenesis. 16: 1537–1542.

31. Shapiro, D. J., and V. W. Rodwell. 1971. Regulation of hepatic
3-hydroxy-3-methylglutaryl coenzyme A reductase and cholesterol
synthesis. J. Biol. Chem. 246: 3210–3216.

32. Slater, T. F., and B. C. Sawyer. 1971. The stimulatoty effects of car-
bon tetrachloride and other halogenoalkanes on peroxidative re-
actions in rat liver fractions in vitro. I. General features of the sys-
tems used. Biochem. J. 123: 805–814.

33. Barbiero, G., F. Duranti, G. Bonelli, J. S. Amenta, and F. M. Bac-

 by guest, on O
ctober 13, 2017

w
w

w
.jlr.org

D
ow

nloaded from
 

http://www.jlr.org/


64 Journal of Lipid Research Volume 44, 2003

cino. 1995. Intracellular ionic variations in the apoptotic death of
L cells by inhibitors of cell cycle progression. Exp. Cell Res. 217:
410–418.

34. Canuto, R. A., M. Ferro, R. A. Salvo., A. M. Bassi, A. Trombetta, M.
Maggiora, G. Martinasso, R. Lindahl, and G. Muzio. 2001. Increase
in class 2 aldehyde dehydrogenase expression by arachidonic acid
in rat hepatoma cells. Biochem. J. 357: 811–818.

35. Folch, J., M. Lees, and G. Sloane Stanley. 1957. A simple method
for the isolation and purification of total lipids from animal tis-
sues. J. Biol. Chem. 226: 497–509.

36. Bowman, R. E., and R. C. Wolf. 1962. Rapid and specific ultrami-
cromethod for total serum cholesterol. Clin. Chem. 8: 302–309.

37. Vameq, J., and N. Latruffe. 1999. Medical significance of peroxi-
some proliferator-activated receptors. Lancet. 354: 141–148.

38. Gelman, L., J. C. Fruchart, and J. Auwerx. 1999. An update on the

mechanisms of action of the peroxisome proliferator-activated re-
ceptors (PPARs) and their roles in inflammation and cancer. Cell.
Mol. Life Sci. 55: 932–943.

39. Bassa, B. V., D. R. Daeyoung, N. D. Vaziri, M. A. Kirschenbaum,
and V. S. Kamanna. 1999. Effect of inhibition of cholesterol syn-
thetic pathway on the activation of Ras and MAP kinase in mesan-
gial cells. Biochim. Biophys. Acta. 1449: 137–149.

40. Li, X., L. Liu, J. C. Tupper, D. D. Bannerman, R. K. Winn, S. M.
Sebti, A. D. Hamilton, and J. M. Harlan. 2002. Inhibition of Pro-
tein Geranylgeranylation and RhoA/RhoA Kinase Pathway In-
duces Apoptosis in Human Endothelial Cells. J. Biol. Chem. 277:
15309–15316.

41. Choi, J. W., and S. E. Jung. 1999. Lovastatin-induced proliferation
inhibition and apoposis in C6 glial cells. J. Pharmacol. Exp. Ther.
289: 572–579.

 by guest, on O
ctober 13, 2017

w
w

w
.jlr.org

D
ow

nloaded from
 

http://www.jlr.org/

