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A B S T R A C T

Hepatocellular carcinoma (HCC) is increasing worldwide and is the fifth main cause of can-

cer-related death. HCC develops on a preneoplastic organ, the cirrhotic liver. Therefore,

chemoprevention could play a role in the therapy of HCC.

We evaluated the preventive effects of pioglitazone, a peroxisome proliferator-activated

receptor gamma agonist, on the induction of early carcinogenic events. We monitored

pre-neoplastic foci induced by a two-stage initiation/promotion model of hepatocarcino-

genesis in rats, using diethylnitrosamine and acetylaminofluorene. Pioglitazone treatment

was initiated the day after the first diethylnitrosamine injection. By quantitative morphom-

etry and Western blot, we showed that pioglitazone significantly decreases the size of pre-

neoplastic foci. Analysis of proliferation and apoptosis, assessed by immunohistochemis-

try, demonstrated decreased proliferation but no effect on cell death in rats treated with

pioglitazone. These events were associated with an increased expression of the cyclin-

dependent kinase inhibitor p27kip1, compared to the non treated group.

In conclusion, pioglitazone inhibits early carcinogenic transformation in a two-step rat

model. As pioglitazone has a low toxicity profile, we believe it would be interesting to eval-

uate its effect in chemoprevention of HCC in humans in a clinical setting.

� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Hepatocellular carcinoma (HCC) is the fifth main cause of can-

cer-related death. Its incidence is in progression, with 2–5 new

cases per 100,000 inhabitants/year in western countries and

more than 20 per 100,000 inhabitants/year in Asia.1,2 Curative

treatment can be proposed in only 10–20% of patients.

The particularity of HCC is that it develops in an organ

considered to be pre-cancerous, namely the cirrhotic liver.

After surgical resection, tumoural relapse is observed with

an incidence of 20% per year. Therefore, chemoprevention

could play an important role in the therapeutic strategy of

this disease.
er Ltd. All rights reserved
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In experimental carcinogenesis, pre-neoplastic foci of al-

tered hepatocytes emerge weeks or months before the appear-

ance of hepatocellular adenomas and HCC.3 Similar

progression has been described in human hepatocarcinogene-

sis.4 This fact has led to the development of a number of in vivo

systems to study early neoplasia in rat liver.5 The initiation-

promotion or two-stage model of cancer development used in

this study mimics the early events of the latent period of hu-

man carcinogenesis. The initiation stage of cancer develop-

ment can be produced in rat liver by the administration of

diethylnitrosamine (DEN),6 a carcinogen that causes DNA ethy-

lation and mutagenesis.7 Necrogenic doses of DEN cause mas-

sive necrosis followed by regeneration, associated with
.
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genomic mutations. Administration of promoting agents, such

as 2-acetylaminofluorene (AAF), induces selective enhance-

ment of proliferation of the initiated cell populations over non-

initiated cells in the target tissue.8 This model has proven to

give rise to HCC several months after initiation.9

Peroxisome proliferator-activated receptors (PPAR) are

members of the superfamily of steroid nuclear receptors. Three

isotypes have been identified: a, b and c. The PPARc functions as

a transcription factor activated upon ligand binding. It hetero-

dimerises with the Retinoid X receptor (RXR) and binds to spe-

cific response elements called peroxisome proliferating

response elements,10 thereby regulating the transcription of

target genes. PPARc is involved in the metabolism of lipids,

the insulin sensitisation of peripheral cells, it has anti-inflam-

matory action, can induce differentiation and inhibit prolifera-

tion of cancer cells.11,12 Thiazolidinediones (TZDs) are

synthetic ligands for PPARc that act as agonists. Owing to their

insulin sensitising effect, they are used in the treatment of type

II diabetes mellitus. The effect of these drugs on growth of

tumoural cell lines has been extensively studied. They have

been shown to inhibit proliferation and enhance apoptosis.13

This effect is assumed to be dependent on the level of PPARc

expression. Among the TZDs, troglitazone has been shown to

inhibit cell proliferation through interfering with cyclins and

cyclin-dependent kinases (CdK) inhibitors such as p21waf1

and p27kip1; thereby inducing cell cycle arrest and terminal dif-

ferentiation.14–19 Troglitazone also enhanced apoptosis of liver

cancer cell lines in vitro through activation of caspase 3.19–21

Pioglitazone has also been shown to reduce survival and prolif-

eration of liver preneoplastic cells in vitro14 as well as in animal

models in vivo.22,23 Furthermore, pioglitazone prevented colla-

gen synthesis and hepatic stellate cell activation in animal he-

patic fibrosis models, suggesting additional benefit of PPARc

agonists in the context of hepatic cirrhosis.24,25 This could have

an indirect effect on primary liver cancer prevention.

In this study, we focused on the evaluation of the effects of

pioglitazone on the early carcinogenic events induced by a

two-stage initiation/promotion model of hepatocarcinogene-

sis in rats. We studied its effects after initiation by DEN and

after initiation/promotion induced by administration of DEN

and AAF, on the formation of pre-neoplastic hepatic foci, both

in terms of number and size. These foci are best identified by

the antibody raised against the placental form of rat glutathi-

one S-transferase (GSTp). This iso-enzyme has been described

as the most effective single marker of hepatic preneoplasia in

the rat.26

We evaluated the effect of pioglitazone on proliferation and

apoptosis in the pre-neoplastic foci and the surrounding liver,

to gain insight into the mechanisms of the drug effects. Finally,

we analysed the expression of cell cycle regulators p21waf1 and

p27kip1, which are known to inhibit cyclin-dependent kinases

and block the cell cycle in the G1 phase in liver cancer cell mod-

els in vitro.15,16,18

2. Materials and methods

2.1. Animals and treatment

Male Wistar rats (180 ± 20 g) were purchased from Charles

River Laboratories, Brussels, Belgium. They were maintained
on an automatic 12 h light/dark cycle. All animals received

humane care in compliance with the regulations of the Uni-

versité catholique de Louvain (UCL), Belgium.

All animals were subjected to a two-phase carcinogenic

model, as described elsewhere.27 Briefly, initiation was in-

duced by DEN (Sigma Chemical Co., St. Louis, MO), injected

intraperitoneally at a dose of 150 mg/kg body weight at weeks

0 and 2. Then, the promotion phase was performed using AAF

(Sigma Chemical Co.), dissolved in methyl sulfoxide and then

suspended in tricaprylin (Sigma Chemical Co.) to a final con-

centration of 8 mg/mL. The rats received 20 mg/kg body

weight of AAF/tricaprylin suspension by gavage for 4 consec-

utive days per week for 3 weeks or 6 weeks. The rats were ran-

domly assigned to one of the two experimental groups after

the first DEN injection and received either pioglitazone

(n = 15, kind gift of Takeda chemicals, Osaka, Japan) mixed

with food at a concentration of 0.01% wt/wt, either a standard

rat chow (n = 30, AO4, Usine d’Alimentation Rationnelle, Epi-

nay-sur-Orge, France). Food and water were accessible ad libi-

tum. A scheme of the experimental set-up is shown in Fig. 1.

Ten rats from the induced group and five rats from the piog-

litazone group were sacrificed at the end of the initiation per-

iod (DEN), after 3 weeks promotion course (DEN + 3 weeks

AAF) and after 6 weeks promotion course (DEN + 6 weeks

AAF). They were anaesthetised by ether inhalation, livers

were excised and samples of anterior and posterior lobes

were immersed in 4% buffered formaldehyde for histological

and immunohistochemical analyses. The remaining liver tis-

sue was snap-frozen in liquid nitrogen and stored at –80 �C for

Western blotting.

2.2. Immunohistochemistry (IHC)

Identification of pre-neoplastic foci: Immunohistochemical

staining was performed with an antibody raised against the

placental form of rat glutathione S-transferase (GSTp; 1:100

dilution, MBL, Nagoya, Japan) revealed by En-Vision system

(Dako, Denmark). Sections were counterstained with haema-

toxylin. For each animal, several low magnification fields (2.75

lm/pixel) that cover 1–1.5 cm2 of the liver slides were taken at

random in a representative area and digitised through a Zeiss

microscope using a KS-400 system (Zeiss, Munich, Germany)

coupled with a DAGE-MTI CCD72 camera (Michigan City, IN).

The images were segmented by the operator in order to define

GSTp-labelled foci. The area of each focus and the ratio of

stained area to total area were then measured. The number

of pre-neoplastic foci per liver were derived from the digitised

images using the Foci 3D estimation software (kind gift of Dr.

Xu and Dr. Pitot, McArdle Laboratory for Cancer Research,

Madison, USA).28

2.2.1. Determination of proliferative index
Liver sections (5 lm thick) from each animal were stained

using an anti-Ki67 antibody (1:50 dilution DAKO, Denmark)

and counterstained with haematoxylin. Using a 10· magnifi-

cation field, at least 1000 hepatocytes were assessed for Ki67

labelling. Proliferative index was expressed as positive cells

scored per 100 hepatocytes. Proliferative index was also deter-

mined using an antibody against the phospho-Histone H3

(Ser10) (1:100 dilution, Cell Signaling Technologies, Beverly,
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Fig. 1 – Scheme of the two-stage carcinogenic model. Rats were allocated to no treatment (induced, n = 30) or treatment with

pioglitazone (pioglitazone, n = 15, dashed line). Each group was submitted to DEN I.P. injections at week 0 and week 2 (DEN,

open arrowheads), followed by one week rest. Then AAF was given by gavage four times a week for 3 weeks (DEN + 3 weeks

AAF) or 6 weeks (DEN + 6 weeks AAF) course (grey bars). Ten rats of the induced group and five rats from the pioglitazone

group were sacrificed (vertical gray arrow) at end of initiation (DEN), end of initiation followed by 3 weeks promotion (DEN + 3

weeks AAF) and end of initiation followed by 6 weeks promotion (DEN + 6 weeks AAF). Pioglitazone was given mixed with

food at 0.01% wt/wt, starting just after the first DEN injection (dashed line).
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USA). To assess the proliferation activity in GSTp positive foci

compared to surrounding hepatocytes between the experi-

mental groups, liver sections were examined after a double

immunohistochemical staining with anti–GSTp revealed in

red with Fast Red (Sigma, Chemical Co., St. Louis, MO) and

anti-Ki67 antibody revealed in brown. The number of prolifer-

ating cells within GSTp–positive foci and surrounding liver

tissues was determined by examining at least 1000 and 5000

hepatocytes, respectively.

2.2.2. Determination of apoptotic index
The apoptotic index was determined by double immunostain-

ing using an antibody against anti-cleaved caspase 3 (1:100

dilution, Cell Signaling Technologies, Beverly, USA) revealed

in brown with diaminobenzidine and anti-GSTp revealed in

red with Fast Red (Sigma, Chemical Co., St. Louis, MO).29 At

least 1000 and 5000 cells were counted in pre-neoplastic foci

and surrounding tissues respectively. Apoptotic index was ex-

pressed as the number of apoptotic cells per 100 hepatocytes.

2.3. Western blot

Liver homogenates (50 to 100 lg of proteins) were resolved on

a SDS–PAGE gel and transferred to a PVDF membrane (Hybond

P, Amersham Pharmacia, UK). The following antibodies and

incubation conditions were used: rabbit anti-GST polyclonal

antibody (MBL, Nagoya, Japan) 1/100 for 2 h at room tempera-

ture; mouse polyclonal anti-cyclin D1 antibody (clone M-20,

Santa Cruz Biotechnology, Santa Cruz, CA, USA) 1/2000 for 2

h at room temperature, rabbit polyclonal anti- p21waf1 (C-17,

Santa Cruz Biotechnology, Santa Cruz, CA, USA) 1/1000 over-
night at 4 �C, rabbit polyclonal anti- p27kip1 (C-19, Santa Cruz

Biotechnology, Santa Cruz, CA, USA), 1/1000 overnight at 4 �C.

All incubations were carried out in TBS containing 1%

skimmed milk. The antigen–antibody reaction was visualised

using the Enhanced Chemiluminescence detection system

(Amersham, UK) or the Renaissance Enhanced Luminol Re-

agent (NEN Life Science) and exposure of the membranes to

X-Omat Blue XB-1 films (Kodak Scientific Imaging, Rochester,

NY, USA). All membranes were stripped and reprobed with

beta-actin antibody to assess equivalence of protein loading.

The amount of immunoreactive protein was quantified using

a Gel Doc 2000 scanning device and software (Bio Rad, Naza-

reth, Belgium) and normalised to beta-actin signal.
2.4. Statistical analysis

All results are expressed as mean ± SE. Data were compared

using the Mann–Whitney U test, with a p value less than 5%

being considered as significant.
3. Results

There was no mortality during the experimental period.

Administration of pioglitazone did not significantly affect

rat body weight compared to the induced group. However,

mean liver weight was significantly less in pioglitazone trea-

ted rats after DEN + 6 weeks AAF: 18.4 ± 3.3 versus 13.3 ± 1.3

g (p < 0.01). Also liver to body weight ratio was decreased sig-

nificantly: 5 ± 0.3% versus 3.6 ± 0.12% in rats receiving the

induction scheme only (p < 0.01).
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3.1. Effect of pioglitazone on pre-neoplastic foci extension

In the induced group, pre-neoplastic foci represented 2% of

the liver section after DEN, it increased to 21% and 63.5% of

the liver section surface after 3 and 6 weeks of promotion,

respectively (Fig. 2). Conversely, because of the confluence

of the foci, the number of pre-neoplastic foci per liver signif-

icantly decreased, from 23 · 104 after DEN to 7.7 · 104 after

DEN + 6 weeks AAF (data not shown).
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Fig. 2 – (a) Representative photomicrographs of immunohistolog

induced rats, expressed at the end of initiation (DEN), end of initi

followed by 6 weeks promotion (C). D, E, F: Photomicrographs of

of initiation followed by 3 weeks promotion and end of initiatio

representing the surface of GSTp positively stained foci as % of liv

and long (DEN-AAF6) promotion period, in non treated rats (whit

bar is mean + SE of 4–5 rats (*p < 0.05).
Pioglitazone treatment did not affect the pre-neoplastic

foci surface after DEN. After DEN + AAF, pioglitazone treat-

ment noticeably reduced pre-neoplastic foci surface com-

pared to that observed in rats receiving the induction

scheme only: from 21 ± 25% in the induced group to

4.9 ± 3.6% in the pioglitazone-treated group after DEN + 3

weeks AAF (p = 0.1) and from 63.5 ± 14% in the induced group

to 47 ± 21% in pioglitazone-treated rats after DEN + 6 weeks

AAF (p = 0.05). This decrease in GSTp expression in pioglitaz-
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Fig. 4 – Percentage of hepatocyte nuclei labelled with Ki67 in

induced (white bars) and pioglitazone treated (dashed bars)

rats after initiation (DEN), initiation + 3 weeks promotion

(DEN-AAF3) and after initiation + 6 weeks promotion

(DEN-AAF6). Data are expressed as mean + SE, in %. *p < 0.05.
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one-treated animals was confirmed by Western blot (Fig. 3A,

B), which showed a 60–70% inhibition of GSTp expression in

the whole liver (p < 0.05).

A significant increase in the number of pre-neoplastic foci

per liver was observed after DEN + 3 weeks AAF in the pioglit-

azone-treated group compared to the induced (2.4 · 105 ver-

sus 1.4 · 105 respectively, p < 0.05). After DEN + 6 weeks AAF,

the number of pre-neoplastic foci per liver was similar in both

groups (7.7 · 104 in induced versus 7.4 · 104 in pioglitazone,

NS). This was mainly due to the fact that the pre-neoplastic

foci were better individualised in pioglitazone treated livers

due to their smaller size. Thus treatment with pioglitazone

reduced the size of transformed hepatocyte foci rather than

it influenced their number.

3.2. Proliferation index analysis

Results of proliferation index determined by Ki67 are shown

in Fig. 4. Induced rat livers showed significant proliferation,

with a Ki67 expression in 13%, 14% and 18% of hepatocyte nu-

clei in DEN, DEN + 3 or 6 weeks AAF, respectively. Compared

to the induced group, pioglitazone-treated rat livers showed

similar high proliferative indices after DEN, but the prolifera-

tion decreased significantly to 6% and 5% after DEN + 3 or 6

weeks AAF, respectively (p < 0.05). Proliferation assessed by

phospho-histone H3 showed similar results, with a significant
Induced Pioglitazone
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Fig. 3 – (A) Histogram of a Western blot showing the

decreased expression of GSTp in the pioglitazone group

compared to the induced group, after DEN and 3 weeks AAF.

(B) Expression of GSTp in induced (white bars) and

pioglitazone (dashed bars) treated rats, after initiation + 3

weeks promotion (DEN-AAF3) and after initiation + 6 weeks

promotion (DEN-AAF6), assessed by Western blot. Data are

expressed as mean + SE, in %. Values of the induced group

are set to 100%. *p < 0.05.
decrease in the pioglitazone treated group compared to the

animals receiving the induction scheme: 1.6 ± 0.8% versus

3.5 ± 1.5% after DEN + 3 weeks AAF and 1.9 ± 0.8% versus

3.8 ± 1.9% after DEN + 6 weeks AAF (p < 0.05). In response to

DEN, proliferative cells were found at random in the liver in

both induced and pioglitazone groups (Fig. 5A and B) with

no clustering. On the contrary, after promotion by AAF, in

the induced group, clusters of positive cells were found

throughout the liver slices, with no predisposition for a spe-

cific area, suggesting the preferential proliferation of some

hepatocytes clones. This clustering was also found in the

pioglitazone group, but the clusters were much smaller, with

only groups of two to three cells found (Fig. 5D–F).

We performed a double immunostaining detecting to-

gether Ki67 and GSTp to see if the clustering of proliferative

cells co-localised with area of transformed hepatocytes. In-

deed we observed that in the induced group after DEN + 3

weeks AAF, significantly more hepatocytes expressed Ki67 in

pre-neoplastic foci compared to the surrounding liver (Table

1). An enhanced proliferation was also found in the pre-neo-

plastic foci of the induced group after DEN + 6 weeks AAF, but

this difference was no longer significant.

Pioglitazone-treated animals showed significantly de-

creased proliferation in pre-neoplastic foci after DEN + 3

weeks AAF compared to the induced group; this decrease

was not significant after the longer promotion period (in

DEN + 6 weeks AAF). By contrast with the induced group, in

the pioglitazone-treated group there was virtually no differ-

ence between pre-neoplastic foci and surrounding paren-

chyma, either after DEN + 3 weeks or 6 weeks AAF.

3.3. Effect of pioglitazone on p21waf1 and
p27kip1 expression

Because TZDs have shown to inhibit expression of CdK inhib-

itors in vitro, we analysed protein expression of both CdK



Fig. 5 – Representative photomicrographs of Ki67 staining of induced rat liver sections after initiation DEN (A) initiation + 3

weeks promotion (DEN-AAF3) (C) and after initiation + 6 weeks promotion (DEN-AAF6) (E). B, D, F: liver sections of

pioglitazone-treated rat livers at same time. Magnification 10· , Ki67 antibody 1:100 dilution. Positive hepatocyte nuclei are

brown, showed by white arrows. Note the cluster pattern of staining in C and E.

Table 1 – Proliferation index in pre-neoplastic foci and
surrounding liver

DEN-AAF3 DEN-AAF6

Induced Pre-neoplastic foci 25.5 ± 1.9 19.7 ± 3.9

Surrounding liver 13.3 ± 3* 11.5 ± 4.5

Pioglitazone Pre-neoplastic foci 11.8 ± 3.5** 12.1 ± 0.9

Surrounding liver 10.8 ± 2.3 12.4 ± 2

Percentage of nuclei labelled with Ki67 in pre-neoplastic foci and

surrounding liver after initiation followed by 3 weeks promotion

(DEN-AAF3) and initiation followed by 6 weeks promotion (DEN-

AAF6). All values are mean ± SE.

* p < 0.05 for preneoplastic foci versus surrounding liver in the

induced group.

** p < 0.05 for preneoplastic foci in the induced group versus

pioglitazone group.
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inhibitors p21waf1 and p27kip1, by Western blot (Fig. 6). p21waf1

was downregulated in both groups after DEN. Promotion by

AAF resulted in progressive overexpression of p21waf1

whether in the induced or in the pioglitazone group with,

after DEN + 6 weeks AAF, a two-fold increase compared to

normal liver taken as control. p27kip1 was significantly de-

creased in the pioglitazone treated group compared to in-

duced after DEN. However, after DEN + 6 weeks AAF, p27kip1

was highly and significantly overexpressed in the pioglitaz-

one treated group compared to CTL and even more so to the

induced group (Fig. 6).

3.4. Apoptotic index analysis

In induced rats, we noted an increased apoptosis in the sur-

rounding liver versus pre-neoplastic foci after DEN + 3 weeks

AAF. This finding was confirmed after a longer promotion
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Fig. 6 – (A) p21waf1 and (B) p27kip1 protein expression

assessed by Western blot in whole liver, in the induced

group (white bars) and pioglitazone treated group (dashed

bars) after initiation by DEN (DEN), initiation followed by 3

weeks promotion with AAF (DEN-AAF3) or 6 weeks

promotion with AAF (DEN-AAF6). CTL represents normal rat

liver taken as control. Each bar is mean + SE of five

rats.*p < 0.05, DEN-AAF6 versus CTL, #p < 0.05, induced

versus pioglitazone; **p < 0.005 induced versus pioglitazone.

Table 2 – Apoptotic index in pre-neoplastic foci and
surrounding liver

DEN-AAF3 DEN-AAF6

Induced Pre-neoplastic foci 0.54 ± 0.21 0.22 ± 0.04

Surrounding liver 0.81 ± 0.37 0.65 ± 0.06*

Pioglitazone Pre-neoplastic foci 0.54 ± 0.15 0.35 ± 0.08

Surrounding liver 0.47 ± 0.04 0.51 ± 0.08

Percentage of nuclei labelled with cleaved caspase-3 in pre-

neoplastic foci and surrounding liver after initiation followed by 3

weeks promotion (DEN-AAF3) and initiation followed by 6 weeks

promotion (DEN-AAF6). All values are mean ± SE.

* p < 0.005 for pre-neoplastic foci versus surrounding liver in the

induced group.
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period (DEN + 6 weeks AAF), with a three-fold increase in the

number of cleaved caspase 3 positive cells in the surround-

ing liver compared to pre-neoplastic foci (p < 0.05). This dif-

ference was not found in the pioglitazone treated group

(Table 2).
4. Discussion

There is a solid rationale to justify a chemopreventive ap-

proach to treat hepatocellular carcinoma. This cancer arises

on a well-known pre-neoplastic field, i.e. the cirrhotic liver.

The disease is gaining incidence, the etiologic factors are

known (mainly alcohol, hepatitis B and C viruses), and the

surveillance program of cirrhotic patients is getting more

common. Though no established drug has been proved

unequivocally to be efficient in the chemoprevention of

HCC, interferon-a showed some effect in hepatitis C cirrhotic

patients in primary30 and secondary31–33 prevention, but only

in Japanese patients. With less evidence, acyclic retinoids also

showed effect in secondary prevention.34

In this study, we analysed the inhibitory effect of pioglitaz-

one on the appearance of early hepatic pre-neoplastic events,

using a two-stage carcinogenic model combining DEN and

AAF.

In this model, initiation by DEN followed by promotion

with AAF induces the appearance of phenotypically modified

cell foci called altered hepatic foci.35 The number of these

pre-neoplastic foci reflects the amount of initiated cells

capable of undergoing clonal expansion, whereas the surface

percentage reflects the growth rate and total cellular popula-

tion of the pre-neoplastic foci.36 In the model we used, we

observed the formation of pre-neoplastic foci, revealed by

GSTp positive staining, already after the injection of DEN.

Their size increased in parallel with the duration of AAF

administration. Due to the confluence of the foci, the num-

ber of pre-neoplastic foci decreased along the promotion

phase. Our results demonstrate that pioglitazone signifi-

cantly decreases the size of these pre-neoplastic foci. This

decrease was observed after the initiation period as well as

after the long promotion period in animals receiving AAF

for 6 weeks. This was shown by quantitative analysis of

the GSTp positive surface of the liver sections and confirmed

by quantification of GSTp protein by Western blot on whole

liver homogenates.

As a result of the diminished size of pre-neoplastic foci un-

der pioglitazone treatment after DEN + 3 weeks AAF, the foci

were less confluent and therefore better individualised. This

is a likely explanation for the significant increase in the num-

ber of foci in the pioglitazone-treated animals compared to

those induced after DEN + 3 weeks AAF. Taken together, our
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results suggest that pioglitazone does not influence the

appearance of modified hepatocytes, but may rather affect

the growth of existing foci.

We could show that at all time points, the carcinogenic

model induced high levels of proliferation. As the pictures

and the analyses of proliferative index in pre-neoplastic foci

demonstrate, this proliferation rate was mainly seen in pre-

neoplastic foci of the induced population, compared to sur-

rounding liver, as already described when AAF is used as

the promoting agent, in contrast with other agents such as

phenobarbital.37 Pioglitazone did not decrease the prolifera-

tion rate after the DEN injections, suggesting again that it is

not active on the induction of transformed hepatocytes. More

interestingly, we could show that pioglitazone significantly

and specifically inhibited proliferation in pre-neoplastic foci

after promotion with AAF, with identical proliferative indices

in pre-neoplastic foci and surrounding liver. Such an effect of

pioglitazone on proliferation has been described in vitro in li-

ver cancer cell models,14 although under certain metabolic

conditions it can act synergistically with insulin to have a

growth-promoting effect on hepatoma cells.38

Several in vitro studies have supported that PPARc agonists

may control liver cancer cell proliferation by inducing the

expression of both p21waf1 and p27kip1, which are known to

inhibit cyclin-dependent kinases and block the cell cycle in

the G1 phase.15,16 Furthermore, an in vivo study showed that

p21waf1 was involved in the inhibition of cell proliferation in

pre-neoplastic foci by interferon-alpha.39 In our study, there

was no difference in p21waf1 protein expression, which was

high in both groups compared to normal liver. Therefore it

seems difficult to speculate on the role of p21waf1 in our mod-

el. On the contrary, we could show that the p27kip1 protein

expression was clearly upregulated in the pioglitazone group.

Therefore, our data favours the hypothesis that p27kip1 is a

factor responsible for the inhibitory effect of pioglitazone on

proliferation in this model.

Cell death by apoptosis is another mechanism that could

explain the reduced proportion of transformed hepatocytes

in our model. Apoptosis was enhanced in surrounding liver

of induced animals compared to pre-neoplastic foci, which

is in contradiction with previous reports,27 but favours the

hypothesis that AAF confers a survival advantage to initiated

cells.8,37 This is also supported by the fact that pre-neoplastic

foci express less p53 than surrounding liver.40 Discrepancies

between our study and previous reports may be explained

by the methodology used. Indeed, the TUNEL method used

by Alvarez and colleagues27 has been criticised for its lack

of sensitivity and specificity.41 The longer duration of promo-

tion in our study may also explain these differences. Pioglit-

azone did not affect apoptosis in our in vivo model. In vitro

data report conflicting effects of PPARc agonists pioglitazone

or troglitazone on apoptosis of cancer cells.19,21

In conclusion, pioglitazone showed activity in inhibiting

the development of pre-neoplastic foci in a carcinogenic ani-

mal liver model using DEN and AAF. This resulted from a

reduction in the size of the pre-neoplastic foci rather than

in their number, suggesting that pioglitazone controls the

growth of pre-neoplastic foci, as shown by the decreased pro-

liferation in transformed hepatocytes. Our data suggest that

this effect on proliferation, which has never been shown
in vivo, may be mediated through an increased expression of

the CdK inhibitor p27kip1, which occurred during the promo-

tion phase of this two-stage model. However, we believe that

although pioglitazone shows promising activity in this model

and is known to have a very good toxicity profile, its use as a

chemopreventive agent in HCC would need to be combined

with an agent able to prevent hepatocyte transformation.
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