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Abstract

By comparing the antiproliferative effect of the iron chelators ICL670A and O-trensox in the human hepatoma cell line HUH7 and human
hepatocyte cultures, we have shown that ICL670A decreased cell viability, inhibited DNA replication and induced DNA fragmentation more
efficiently than O-trensox. O-trensox and ICL670A induced a cell cycle blockade in G0–G1 and S phases respectively. In parallel, ICL670A
inhibited polyamine biosynthesis by decreasing ornithine decarboxylase and spermidine/spermine N1-acetyltransferase activities. O-trensox
increased polyamine biosynthesis and particularly putrescine level by stimulating spermidine–spermine N1-acetyltransferase activity which could
activate the polyamine retro-conversion pathway. Moreover, the two chelators exhibit some cytotoxic effect in the two culture models; ICL670A
was more cytotoxic than O-trensox and higher concentrations of the two chelators were necessary to induce a cytotoxicity in primary cultures
versus hepatoma cells. These results suggested that ICL670A has the most efficient antitumoral effect, blocks cell proliferation by a pathway
different of O-trensox and may constitute a potential drug for anticancer therapy.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Iron plays a central role in the regulation of many cellular
functions and is therefore an essential element for all living
species. Dysregulation of its metabolism leads to an iron overload
situation associated to cell and tissue deleterious effects or to an
iron depletion leading to an inhibition of cell proliferation.
Numerous iron chelators have been synthesised in order to treat
primary or secondary iron overload diseases in hemochromatosis
or thalassaemia respectively. In this context, they could prevent
the development of hepatocellular carcinoma or inhibit the
proliferation of tumor cells (Brissot and Loreal, 2002). The
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hyperproliferative effect of iron load has been shown in vitro on
hepatocytes and in vivo on tumor cells (Thompson et al., 1991;
Chenoufi et al., 1997). Moreover, the risk of developing a hepa-
tocellular carcinoma appears to be related to the level and duration
of iron overload (Deugnier and Turlin, 2001). On the other hand,
iron depletion by chelators inhibits hepatocyte proliferation by
inducing a cell cycle arrest which is frequently accompanied by an
apoptosis-induced cell death (Chenoufi et al., 1995; Rakba et al.,
2000). Among the different molecules synthesised, the hexaden-
tate desferrioxamine (DFO) and the bidentate hydroxypyridinone
deferiprone (CP20) are themajormolecules used for the treatment
of iron overload. However, DFO cannot be orally administered
and clinical trials have shown that CP20 can induce a severe
neutropenia (Porter and Davis, 2002). Then, chelators currently
used for the therapy of iron overload diseases are not optimal
compounds. It is therefore of great interest to develop new orally

mailto:gerard.lescoat@rennes.inserm.fr
http://dx.doi.org/10.1016/j.ejphar.2006.05.001


130 K. Chantrel-Groussard et al. / European Journal of Pharmacology 541 (2006) 129–137
efficient and non-toxic iron chelators. In this way, novel mole-
cules such as O-trensox and the orally active ICL670Awere syn-
thesised and are of special interest since we have previously
demonstrated that O-trensox inhibits cell proliferation and in-
duces apoptosis with a higher efficiency than DFO in human
hepatoma cell cultures (Caris et al., 1995; Rakba et al., 2000;
Rouan et al., 2001).

Natural polyamines, putrescine spermidine and spermine, as
iron, are necessary for cell proliferation. Their intracellular le-
vels and uptake are significantly increased in tumor cell pro-
liferation (Wallace et al., 2003). Recently, an interaction
between the two metabolisms has been shown by involving
the cell polyamine transport system as a potential cell entry
pathway for iron in Chinese hamster ovary (CHO) cells (Gabo-
riau et al., 2004). Moreover, tumor promotion has been shown
to be related to key enzymes of polyamine biosynthesis: orni-
thine decarboxylase (ODC) and polyamine retro-conversion
pathway spermidine/spermine N1-acetyltransferase (SSAT)
(Yano et al., 1995; Bhasin et al., 2002). ODC, which converts
ornithine in putrescine, has an increased activity in tumor cells.
SSAT, which synthesises acetylated compounds from spermine
and spermidine was shown to be activated in tumor cells.

In the present work, the antiproliferative effect of the two iron
chelators, the hexadentate O-trensox and the tridentate ICL670A,
has been compared in human hepatoma cell line HUH7 cultures
and in primary human hepatocyte cultures. Cytotoxicity, DNA
replication and cell cycle analysis have been correlated to intra-
cellular polyamine levels. We show that the two iron chelators
inhibit cell proliferation and induce cell death probably by an
apoptosis pathway. This effect is correlated to a modulation of
polyamine biosynthesis which results from an alteration of SSAT
and/or ODC mRNA levels and polyamine intracellular concen-
trations. The comparison of the two molecules indicates that
ICL670A has the most powerful antiproliferative potential.

2. Materials and methods

2.1. Human cell cultures

The human hepatoma cell line HUH7 was a gift from Dr.
Ferry (Centre anticancéreux – Hôpital Ponchaillou – Rennes)
and normal human hepatocytes for primary cultures were ob-
tained after liver perfusion from the Centre de Ressources Bio-
logiques (Hôpital Ponchaillou – Rennes). The two cell cultures
were maintained in 75% minimum essential medium (MEM)–
25% medium 199 (Hank's salts) supplemented with 10% of
fetal calf serum, and containing, per ml, 7.5 IU penicillin –
50 μg streptomycin – 2 μmol glutamine – 0.05 μmol hydro-
cortisone hemisuccinate – 5 μg insulin – 1 mg serum albumin
bovine. Proliferation of human hepatocytes in primary cultures
was stimulated by adding 0.5 ng human recombinant Epidermal
Growth Factor (EGF) per ml of culture medium 48 h after
plating.

Chelators were added 72 h after plating HUH7 cells, and
48 h after plating human hepatocytes in primary cultures. Via-
bility, proliferation, and polyamine metabolism of the cells were
analysed 72 h after chelator exposures.
2.2. Chelator solutions

The hexadentate hydroxyquinoleine O-trensox (Caris et al.,
1995), the tridentate hydroxyphenyltriazole ICL670A (Rouan
et al., 2001) were compared. Concentrated solutions of each
molecule were used as 5 mM in water for O-trensox, 5 mM in
water–40% dimethyl sulfoxide (DMSO) for ICL670A. These
solutions were sterilized by filtration on a 0.2 μm membrane.
Chelators have been iron saturated with ferric iron (FeCl3) in
stoechiometric conditions of chelation, 1 mol of iron for 1 or
2 mol of O-trensox or ICL670A respectively.

Two controls have been done for each experiment: one with
the standard culture medium, and the other with culture medium
supplemented with DMSO at the same concentration than this
used with ICL670A tests. DMSO supplemented controls didn't
show any difference with respect to standard medium controls,
therefore only the results obtained with controls without DMSO
have been reported.

2.3. Cytotoxicity detection

Cytotoxicity was evaluated by the dosage of extracellular
and intracellular lactate dehydrogenase activities (LDH, cyto-
toxicity detection kit – LDH, Roche, Penzberg, Germany) and
mitochondrial succinate dehydrogenase activity (SDH) by the
3-(4,5-dimethylthiazol-2yl) 2,5-diphenyl tetrazolium bromide
colorimetric assay (MTT, Sigma, St Louis, MO). Extracellular
LDH activity was measured as described by the manufacturer,
into cell culture medium and intracellular LDH activity was
measured into cell lysates obtained by sonication of the cell
layer in Phosphate-buffered saline (PBS) at low temperature.
LDH activities were detected by reading absorbance at 485 nm.
A LDH standard curve (0 to 1000 mU/ml) was used for the
quantification of enzyme activities (L-lactate dehydrogenase,
Sigma, St Louis, MO). Succinate dehydrogenase activity (SDH)
was detected after 3 h incubation in 1 ml serum free medium
containing 250 μg of MTT. After removing the supernatants,
formazan salts were solubilized in DMSO and absorbance was
red at 535 nm.

2.4. DNA fragmentation and cell cycle distribution

Cells were collected by trypsinisation and 1×106 cells were
permeabilized with 0.5% PBS–saponine. After a RNAse treat-
ment (100 μg/ml) (Sigma, St Louis, MO) the cells were stained
with a Tris 10 mM–EDTA 1 mM solution containing 10 μg/ml
of propidium iodide (Sigma, St Louis, MO). The DNA
fragmentation and cell distribution in the different cycle phases
were analysed by flow cytometry (FacsCalibur System, BD
Biosciences, San Diego, USA). Analysis of the data was
performed with ModFit software.

2.5. DNA replication

The last 24 h of the cell incubation with chelators, the cell
culture medium was supplemented with 1 μCi/ml of [3H]dim-
ethylthymidine (Amersham, Les Ulis, France). DNA synthesis



Fig. 1. Effect of the iron chelators O-trensox and ICL670A on extracellular LDH activity in the human hepatoma cell line HUH7 cultures (A) and human hepatocyte
primary cultures (B). Cells were plated in 12 well plates at a density of 25,000 cells/well for HUH7 cells and 150,000 cells/well for human hepatocytes. 72 h after cell
seeding, cells were treated during 72 h by the iron chelators at indicated concentrations. Extracellular LDH activity was reported to total LDH activity of the cultures.
Data are means±S.D. expressed in % of control of one representative of three independent experiments.
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was evaluated by measuring thymidine incorporation into DNA
collected after cell lysis by sonication in PBS. Results were
expressed as a percentage of control value after quantification in
cpm/mg of protein. Protein levels were measured according to a
method adapted from the method of Bradford (Bio-Rad protein
assay, Bio-Rad, Ivry sur Seine, France) and absorbance was red
at 595 nm.

2.6. Polyamine levels

Putrescine, spermidine and spermine levels were measured
as previously described by mass spectrometry analysis (Gabo-
riau et al., 2003). Cells were sonicated in perchloric acid 0.2 N.
After an overnight incubation, the protein content was deter-
mined in the acid-insoluble material. The 1,10 diamino-dode-
cane (DAD, internal standard) was added to the supernatant
which was treated with dansyl chloride (5 mg/ml) solubilized in
acetone. Dansylated polyamines were extracted with cyclohe-
xane, evaporated to dryness and resolubilized in acetonitrile.
Mass spectrometry analysis was performed with 50 μl of ace-
tonitrile polyamine solution. The polyamine levels were de-
duced from the ionic intensities of the selective ions and were
corrected from that of DAD. Polyamine concentrations were
deduced from a calibration curve of putrescine, spermidine and
spermine (0 to 50 μM of each polyamine) and expressed with
respect to the protein content.

2.7. RNA extraction and amplification

Total RNAs were extracted, from 25 cm2 flasks at 80% of
cell confluency, with SV total RNA isolation system (Promega
Corporation, Madison, USA). After reverse transcription of
total RNAs, ODC, SSATand r18S transcripts were amplified by
multiplex PCR by using three primers sets respectively:
ODCfwd 5′-accggcgtaatcaacccagcg-3′, ODCrev 5′-tgcgtggtca-
tagagtatgc-3′; SSATfwd 5′-ttgggtcatggtgccagcctg-3′, SSATrev
5′-cacttctgcaaccaggcagtg-3′; 18Sfwd 5′-tcgaggcctgtaattggaa-
3′, 18Srev 5′-cccaagatccaactacgagcttt (Eurogentec, Angers,
France). Amplification fragments were obtained with the
following PCR cycles: (94 °C–2 mn) – 40× (94 °C–30 s,
50 °C–40 s, 72 °C–30 s) – (72 °C–5 mn). The length of the co-
amplified fragments of ODC (248 bp), SSAT (300 bp) and r18S
(150 bp) were confirmed by electrophoresis through a 2.5%
agarose gel in 0.5% Tris-acetate ethylene diamine tetracetic acid
buffer. Density of the amplified fragments was evaluated by a
DNA semi-quantification with DensiLab software.



Fig. 2. Effect of the iron chelators O-trensox and ICL670A on succinate dehydrogenase activity— SDH – in the human hepatoma cell line HUH7 cultures (A) and human
hepatocyte primary cultures (B). Cells were plated in 12well plates at a density of 25,000 cells/well for HUH7 cells and 150,000 cells/well for human hepatocytes. 72 h after cell
seeding, cells were treated during 72 h by the iron chelators at indicated concentrations. Mitochondrial succinate dehydrogenase activity was evaluated by the colorimetricMTT
assay. Data are means±S.D. expressed in % of control of one representative of three independent experiments.
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2.8. Statistical analysis

Data are means±S.D. from a representative experiment. All
experiments have been repeated three times. The significance of
the differences between means was determined by the non
parametric Mann–Whitney test. Values of pb0.05 were regar-
ded as significant.

3. Results

3.1. Cytotoxicity of the iron chelators

The cytotoxic effects of O-trensox and ICL670A were com-
pared in the two cell culture models using comparable iron-
binding equivalent chelator concentrations. InHUH7 cell cultures,
a dose-dependent increase in extracellular LDH activity was ob-
served in the presence of O-trensox concentrations ranging from
12.5 to 50 μM or comparable ICL670A concentrations ranging
from 25 to 100 μM (Fig. 1A, pb0.001). In hepatocyte cultures, a
significant cytotoxicity appeared only with 100 μM of O-trensox
or ICL670A or 200 μM ICL670A (Fig. 1B, pb0.001). In the two
models, iron saturation of the chelators inhibits their cytotoxic
effect (Fig. 1A, B). By comparing the results obtained in the two
models with comparable iron-binding equivalent chelator con-
centrations, we observed that ICL670A exerts a higher cytotoxic
effect than O-trensox. Moreover, higher concentrations of che-
lators were needed to induce cytotoxicity in primary cultures than
in hepatoma cells (Fig. 1A, B).

3.2. Effect of iron chelators on mitochondrial succinate
dehydrogenase

Modification of SDH activity can reflect either cytotoxicity or
variation in cell proliferation and was compared in the two cell
culture models using comparable iron-binding equivalent chelator
concentrations. In HUH7 cell cultures, a dose-dependent decrease
in SDH activity was observed in the presence of O-trensox con-
centrations ranging from 12.5 to 50 μM or comparable ICL670A
concentrations ranging from 25 to 100 μM (Fig. 2A, pb0.001). In
hepatocyte cultures, a progressive slight dose-dependent decrease
in SDH activity was observed in the presence of O-trensox con-
centrations ranging from 25 to 100 μM (Fig. 2B, pb0.001) or
comparable ICL670A concentrations ranging from 50 to 200 μM
(Fig. 2B, pb0.001). In the two models, iron saturation of the
chelators inhibits their effect (Fig. 2A, B). By comparing the results
obtained in the two models with comparable iron-binding equi-
valent chelator concentrations, we observed that ICL670A exerts a
higher effect than O-trensox. Moreover, higher concentrations of
chelators were necessary to induce an SDH activity decrease in
primary cultures compared to hepatoma cells (Fig. 2A, B).



Fig. 3. Effect of the iron chelators O-trensox and ICL670A on DNA replication in human hepatoma cell line HUH7 cultures (A) and human hepatocyte primary cultures (B).
Cells were plated on 12well plates. After 48 h of exposure to the chelators, the cells were further grown 24 hwith [H3]thymidine and then sonicated in PBS. Incorporation of [H3]
thymidinewas performedon cell lysate and expressed as cpm/mgprotein.Data aremeans±S.D. expressed in%of control of one representative of three independent experiments.
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3.3. Effect of iron chelators on DNA replication

In the HUH7 cell cultures, a decrease in DNA replication (80
up to 88%) was observed in the presence of 12.5 or 50 μM O-
trensox ; a higher decrease (95%) was obtained with 25 μM
Fig. 4. Effect of the iron chelators O-trensox and ICL670Aon cell cycle progression of h
cells were collected by brief trypsinisation and cell membranes were permeabilized by
propidium iodide. Cell DNA content was analysed by flow cytometry and quantification
of three independent experiments.
ICL670A (Fig. 3A, pb0.001). In hepatocyte cultures, a dose-
dependent decrease in DNA replication was observed in the
presence of 25 and 100 μM of O-trensox (8 up to 23%) or
similar ICL670A concentrations (25 up to 65%) (Fig. 3B,
pb0.001). In the two models, iron saturation of the chelators
uman hepatoma cell lineHUH7 cultures. After 72 h of incubationwith the chelators,
PBS–saponine 0.5%. Cells were treated by RNAse and DNAwas stained with
was performed with ModFit software. Data are means±S.D. of one representative



Fig. 5. Effect of the iron chelators O-trensox and ICL670A on nuclear DNA fragmentation in human hepatoma cell line HUH7 cultures. After 72 h of incubation with
the chelators, cells were collected by brief trypsinisation and cell membranes were permeabilized by PBS–saponine 0.5%. Cells were treated by RNAse and DNAwas
stained with propidium iodide. DNA content of cells was analysed by flow cytometry and quantification was performed with ModFit software. Data are means±S.D.
expressed in % of control of one representative of three independent experiments.
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inhibited their antiproliferative effect (Fig. 3A, B). We noticed
also that higher chelator concentrations were necessary to in-
hibit cell proliferation in primary cultures and that ICL670A
was more cytostatic than O-trensox (Fig. 3A, B).

3.4. Effect of iron chelators on DNA content and cell cycle
distribution

We observed that higher iron chelator concentrations are
necessary to inhibit cell proliferation in primary cultures com-
pared to HUH7 hepatoma cells. Moreover, human hepatocyte
cultures stimulated by EGF were able to proliferate but dead by
apoptosis after one cell cycle. Therefore, this type of cell culture
did not appear to be the more appropriate model for our cell
cycle study and polyamine metabolism. Therefore, these two
analyses have been performed only in HUH7 cells. We observed
Fig. 6. Effect of the iron chelators O-trensox and ICL670A on intracellular levels of p
After 72 h of incubation with the chelators, cells were collected by brief trypsinisatio
lysates were pelleted and the supernatant was dansylated. Dansylated polyamines we
mass spectrometry. Polyamine concentrations were corrected from the protein conten
control of one representative of three independent experiments.
that 12.5 or 50 μM O-trensox induced an accumulation of
HUH7 cells in G0–G1 phase of the cell cycle (57% versus 44%,
Fig. 4, pb0.001). A blockade of HUH7 cells in S phase of the
cell cycle was observed with 25 μM ICL670A (61% versus
32%, Fig. 4, pb0.001).

3.5. Effect of iron chelators on DNA fragmentation

Flow cytometry analysis of HUH7 cells stained by pro-
pidium iodide after treatment with the two iron chelators (12.5
or 50 μM O-trensox and 25 μM ICL670A) showed a large
increase of fragmented DNA (Fig. 5, pb0.001). In the same
conditions of iron-binding equivalents, the most significant
DNA alteration was observed with 25 μM ICL670A compared
to 12.5 μMO-trensox. Iron saturation of the chelators, inhibited
significantly DNA fragmentation (Fig. 5, pb0.001).
utrescine, spermidine and spermine in human hepatoma cell line HUH7 cultures.
n and sonicated in 0.2 N perchloric acid. After overnight incubation at 4 °C, cell
re extracted as described in the Materials and methods section and analysed by
t of the cultures. Data are means±S.D. expressed in % of polyamine amount of



Fig. 7. Effect of the iron chelators O-trensox and ICL670A on ODC and SSAT
mRNA levels in human hepatoma cell line HUH7 cultures. Total RNAs were
purified from HUH7 cells after 72 h of incubation with the chelators. After a
reverse transcription, multiplex PCR amplification of ODC, SSAT and r18S
transcripts were performed and analysed through a 2.5% agarose gel in 0.5%
TAE buffer. Density of the three amplified fragments was obtained by DensiLab
software. Data are means±S.D. of one representative of two independent
repeated experiments.
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3.6. Effect of iron chelators on intracellular polyamine levels

In HUH7 cells, 12.5 μM O-trensox increased putrescine,
spermidine and spermine intracellular concentrations and the
putrescine level was largely increased by 50μMO-trensox (Fig. 6,
pb0.001). In parallel, HUH7 cells showed a high increase of
SSAT mRNA level and to a lesser extent of ODC mRNA level
(Fig. 7). ICL670A had an opposite effect by decreasing the levels
of the three polyamines (Fig. 6, pb0.05 or 0.01)). A comparable
depletion of putrescine and spermidine was obtained in the human
hepatoma cell line using DL-alpha-difluoromethylornithine —
DFMO— (Fig. 6). In accordance with these results, a significant
decrease of SSAT and ODC mRNA levels was observed in cells
treated with ICL670A (Fig. 7, pb0.001).

4. Discussion

O-trensox and ICL670A have been shown to mobilize iron
of iron-loaded hepatocytes and consequently to induce cellular
protection against iron damage (Rakba et al., 1998; Hershko
et al., 2001). This intracellular iron depletion was correlated to a
cytotoxicity of O-trensox in human hepatoma cell lines (Rakba
et al., 2000). In the present study, in HUH7 cells and hepatocyte
cultures, the higher cytotoxicity, revealed by an increase in
extracellular LDH activity, was obtained with ICL670A com-
pared to O-trensox. O-trensox induced the same toxicity as ob-
served in a previous work in HepG2 cells (Rakba et al., 2000).
We observed also, in HUH7 cells and primary human hepa-
tocyte cultures, an inhibition of the cytotoxic effect by iron
saturation of the chelators. Moreover, higher concentrations of
the chelators were necessary to induce cytotoxicity in primary
hepatocyte cultures than in hepatoma cells. This observation is
in agreement with previous results indicating that the iron che-
lator deferiprone was toxic for rat hepatoma cells (at concen-
trations near 50 μM) whereas it did not alter the viability of rat
hepatocytes in primary cultures (Kicic et al., 2001).

Modification of SDH activity can reflect either cytotoxicity or
variation in cell proliferation. A decrease of SDH activity cor-
roborating an extracellular LDH increase was reported in HepG2
cells exposed to CP20 (Chenoufi et al., 1998; Kicic et al., 2001).
In our study, we made the same observation with the two tested
iron chelators, O-trensox and ICL670A. In HUH7 cells and
primary hepatocyte cell cultures, ICL670A induced the highest
decrease of SDH activity, but also the higher increase in extra-
cellular LDH activity. By analysing the results obtained in the two
models using comparable iron-binding equivalent chelator
concentrations, we demonstrated that ICL670A decreased more
SDH activity than O-trensox. The chelator effect did not persist
longer in the condition of iron saturation and higher chelator
concentrations were also necessary to decrease SDH activity in
primary cultures compared to hepatoma cells.

The antiproliferative ability of iron chelators, like O-trensox
and CP20, has been previously shown in different hepatoma cell
lines (Chenoufi et al., 1998; Rakba et al., 2000; Kicic et al., 2001).
In HUH7 cells, and to a lesser extent in hepatocyte cultures, the
chelators O-trensox and ICL670A induced an inhibition of DNA
replication which was closely correlated to the decrease of mito-
chondrial SDH activity. However, in the hepatoma cell line, the
comparison of the two chelators in similar iron-binding equivalent
conditions indicated a higher inhibition of DNA replication with
ICL670A than with O-trensox. This result was confirmed in pri-
mary human hepatocyte cultures using similar concentrations of
O-trensox or ICL670A. Iron saturation of the two molecules
prevented nearly completely the decrease of DNA synthesis.
Moreover, higher chelator concentrations were necessary to inhi-
bit cell proliferation in the primary cultures versus hepatoma cells
and ICL670Awas more cytostatic than O-trensox.

O-trensox and CP20 have been shown to arrest HepG2 cells in
G1 phase and in S phase of the cell cycle respectively (Chenoufi
et al., 1998; Rakba et al., 2000). In our study, 12.5 μMO-trensox
induced an accumulation of HUH7 cells in G0–G1 phase of the
cell cycle; this result was confirmed and amplified using the
higher concentration 50 μM. A comparable iron-binding equi-
valent concentration of ICL670A (25 μM) induced a blockade of
HUH7 cells in S phase of the cell cycle.

The cytotoxic and cytostatic properties of O-trensox and
CP20 have been already correlated to DNA fragmentation in
human tumor cells, which reflected cell death by an apoptosis
pathway (Rakba et al., 2000; Yasumoto et al., 2004). Here, the
flow cytometry analysis of HUH7 cells stained by propidium
iodide after treatment with the iron chelators O-trensox and
ICL670A showed a large increase of fragmented DNA. In si-
milar conditions of iron-binding equivalents, the most signi-
ficant DNA alteration was observed with ICL670A compared to
O-trensox. The previous data reported with O-trensox (Rakba
et al., 2000) indicated that the DNA fragmentation observed
reflected a cell death by apoptosis since it was correlated to an
increase of caspase 3 activity. Thus, in accordance to LDH and
SDH activities and to DNA fragmentation measurements, the
cell damages observed with ICL670A could also be related to
apoptosis-induced cell death. This conclusion was reinforced by
a recent result showing an increase of caspase 3 activity in rat
hepatoma cell line FAO cultures treated by ICL670A (unpub-
lished observation).

The intracellular polyamine levels and the enzymes of their
metabolism have been shown to be differentially regulated
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during cell cycle progression and in the induction of cell death
apoptosis (Schipper et al., 2000; Oredsson, 2003). ODC and
SSAT activities were shown to be high in tumor and proli-
ferating cells stimulated by growth factors (Matsui and Pegg,
1980). On the other hand, inhibition of the first rate-limiting
enzyme of polyamine biosynthesis, ornithine decarboxylase
(ODC), by DL-α-difluoromethylornithine (DFMO) induced a
cell cycle blockade in G1 or G2 cycle phases of numerous cell
lines (Marty et al., 2000). In the same way, induction of sper-
midine/spermine N1-acetyltransferase (SSAT) was correlated to
growth inhibition (Ichimura et al., 1998). In our study, pu-
trescine level was largely increased in HUH7 cells treated by O-
trensox. In parallel, we observed also an increase of SSAT
mRNA level as previously reported with the growth arrest of
HeLa cells (Ichimura et al., 1998). Moreover, this high pu-
trescine intracellular level could also be correlated to the slight
increase of ODC mRNA level. ICL670A had an opposite effect
by decreasing the levels of the three polyamines. A comparable
depletion of polyamines was obtained by treating the human
hepatoma cell line with DFMO. In accordance with these re-
sults, a significant decrease of ODC and SSAT mRNA levels
was observed in cells treated with ICL670A. So, O-trensox and
ICL670A block cell proliferation which is followed by apop-
tosis; however, ICL670A inhibits cell proliferation and exerts
an apoptotic effect with a higher efficiency than O-trensox. The
higher antiproliferative and apoptotic effect of ICL670A may be
explained by two observations: the decrease of putrescine and
SSAT mRNA levels. Indeed, previous results suggested that
putrescine is essential for the cell to enter S-phase, possibly
pushing the cell through the G1 restriction point prior to DNA
synthesis (Wallace et al., 2003). Concerning SSAT expression,
recent results, obtained in different cancer cell lines, have de-
monstrated that the upregulation of SSAT mRNA, in an iron
deficient condition using DFO, may exert a protective function
in apoptotic cell death (Kim et al., 2005). So, the downregu-
lation of SSAT mRNA level induced by ICL670A may also
contribute to its higher antiproliferative and apoptotic effect
compared to O-trensox.

In conclusion, we demonstrated that the iron chelators O-
trensox and ICL670A inhibit the proliferation of HUH7 human
hepatoma cells and human hepatocytes. Each of them induced
growth inhibition by a blockade at different phases of the cell
cycle associated to a deregulation of polyamine metabolism. O-
trensox induces a cell cycle arrest in G0–G1 of the cell cycle; this
blockade is associated to a large increase of putrescine which
could result mainly from the activation of SSAT, the key enzyme
involved in the retro-conversion pathway of polyamine metab-
olism. The recent orally active chelator ICL670A appears to be
the most powerful agent. It induces a cell cycle arrest in S phase
associated with a decrease of the polyamine levels which could
result from an inhibition of polyamine biosynthesis probably by
ODC inactivation. Moreover, an important point is also that the
cytotoxic, the cytostatic and the apoptotic effect of ICL670A
observed in the hepatoma cells appeared with less efficiency in
normal hepatocytes. This study gives indications of a strong
relation between iron depletion and polyamine metabolismwhich
appeared to be dependent of the chemical structure of the iron
chelator which is probably closely correlated to biological pro-
perties independent of iron depletion. Since both iron and po-
lyamines are known to play an essential role in controlling cell
proliferation, the present results indicate that ICL670A, by in-
hibiting SSATexpression, may constitute a promising therapeutic
molecule in the strategy for cancer treatment.
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