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Abstract

The present study analyzes the iron mobilization, the cytoprotective, and the antiproliferative effects of the lipophilic hydroxypyr-
idinone CP411, in comparison with the hydrophilic chelator CP20 or deferiprone used in the treatment of iron overload. Primary rat
hepatocyte cultures and the rat hepatoma cell line Fao were used. Chelator cell uptake was evaluated by mass spectrometry in the two
models. This method was also used to investigate the stability of the chelators in an acellular system as well as their scavenging and
chelating effects against the hydroxyl radical generated by the Fenton reaction. The iron mobilization and the cytoprotective effects of the
chelators were evaluated in primary cultures by measuring respectively > Fe and lactate dehydrogenase release in the culture medium. The
antiproliferative effect of the chelators was studied using the Fao cell line and measuring DNA synthesis by thymidine incorporation and
DNA content by flow cytometry. We observed that CP411 entered the hepatocytes and the Fao cells respectively 4 and 13 times more than
CP20. CP411 was 2.5 times more effective than CP20 to mobilize iron from preloaded hepatocytes. Pretreatment of the hepatocytes with
CP20 or CP411 decreased the toxic effect of iron and CP411 was 1.6 times more effective than CP20. A dose-dependent decrease of DNA
synthesis, correlated to an accumulation of cells in S phase, was observed in the Fao cell line in the presence of CP411, while CP20 was
without effect. CP411 effect was inhibited by addition of iron simultaneously with the chelator, the addition of Zn or Cu was without
effect. The inhibitory effect of CP411 was reversible since, 24 hr after removal of the chelator, DNA replication reached the control level.
The results show that CP411 is more efficient to protect the hepatocyte from the toxic effect of iron load and to inhibit tumor cell
proliferation. Its higher efficiency may result from its better cell uptake since equimolar solutions of the two chelators in an acellular
system exhibit the same ability to inhibit the Fenton reaction.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

As McCance and Widdowson [1] suggested from early
studies, iron balance in man is essentially controlled by
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absorption of dietary iron in the proximal small intestine
because excretory pathways are extremely limited. As a
result, a progressive accumulation of iron in the body,
particularly in the liver, leads to iron overload which is
toxic and can induce hepatocellular carcinoma develop-
ment as observed in genetic and secondary hemochroma-
tosis [2,3]. In addition, iron is known to be necessary for
cellular proliferation and we have previously demonstrated
that iron overload is associated with increased DNA synth-
esis and mitotic index in rat hepatocyte cultures stimulated
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by Epidermal Growth Factor [4]. Moreover, several stu-
dies, using different models, show that iron is implicated in
tumor cell growth [5,6] and the risk of developing a
hepatocellular carcinoma appears to be related to the level
and duration of iron overload [7,8]. This is probably why
hemochromatosis is frequently complicated by a hepato-
cellular carcinoma.

Thus, there is a great interest in the search for new iron
chelators in order to decrease iron overload in genetic and
secondary hemochromatosis. Indeed, iron depletion by
different iron chelators has been shown to inhibit pro-
liferation of various cell lines and normal activated
lymphocytes in vitro [9—11]. We have previously demon-
strated that iron depletion, induced by desferrioxamine
(DFO), the hydroxypyridin-4-one CP20 or O-trensox
decreases DNA synthesis in both normal and transformed
hepatocytes [12—-14]. Cell cycle studies have shown that
iron depletion arrests the cell cycle in different phases
depending on both the cell type and the chelator [12-17].
Moreover, several authors have reported that iron chela-
tors induce apoptosis in proliferating cells, such as
activated T-lymphocytes, the promyelocytic cell line
HL60, and murine lymphoma 38C13 cells [18,19]. More
recently, we demonstrated that the hexadentate chelator
O-trensox was a better inducer of apoptosis than DFO
[14]. Thus, in view of these data, iron chelators have been
proposed as promising antiproliferative agents in the
treatment of human cancer.

However, DFO used for the treatment of iron overload,
neuroblastoma, and other diseases, such as malaria [20,21],
is poorly absorbed by the gastrointestinal tract; further-
more, continuous exposure to DFO causes a dose- and
time-dependent cytotoxicity [22]. Therefore, various new
iron chelators have been designed for clinical use. Among
them, the hydrophilic (partition coefficient = 0.17) hydro-
xypyridin-4-one CP20 or deferiprone (Fig. 1) has been
developed as an oral iron chelator for the treatment
of secondary iron overload [23-25]. In search for an
alternative iron chelator to DFO, we have compared the
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biological properties of several new hydroxypyridinones.
We previously reported the iron mobilization and the
cytoprotective effect of CP20 in normal rat hepatocyte
cultures [26], and more recently an antiproliferative effect
in the human hepatoblastoma cell line HepG2 [13]. The
present study analyzes the iron mobilization, cytopro-
tective, and antiproliferative effects of the lipophilic hydro-
xypyridinone CP411 (Fig. 1), in comparison with the
hydrophilic chelator CP20.

2. Materials and methods
2.1. Cell cultures

Adult hepatocytes were isolated from 2-month-old male
Sprague-Dawley rats (250-300 g) by perfusing the liver
with a liberase solution (0.007% liberase™ RH purified
enzyme blend from Boehringer Mannheim; 0.075% CaCl,
buffered with 0.1 M HEPES, pH 7.6 from Calbiochem)
according to Seglen’s method with some modifications
[27,28]. Rats were maintained on a 12 hr light/dark cycle
and were given diet and water ad [lib. All procedures
involving animals were done in compliance with French
rules and regulations. The hepatocytes were collected in
Leibovitz medium containing (per mL): glutamine
(0.002 mmol), BSA (2 mg). The cell suspension was fil-
tered through gauze and allowed to sediment for 20 min to
eliminate cell debris, blood, and sinusoidal cells. The cells
were then washed three times by centrifugation (100 g
during 2 min), tested by Trypan blue dye exclusion for
viability (always in the range of 85-95%). The hepatocytes
were then suspended in a mixture of 75% Eagle’s minimum
essential medium and 25% medium 199 containing (per
mL): fetal calf serum (0.1 mL), glutamine (0.002 mmol),
penicillin (50 IU), streptomycin (50 pg), bovine insulin
(5 pg), BSA (1 mg), and NaHCOj; (2.2 mg). For the experi-
mental procedure, hepatocytes were plated in multiwell
tissue culture plates (8 x 10° cells in a well area
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Fig. 1. Chemical structures of the hydroxypyridinones CP20 and CP411.
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of 9.6cm?). The medium was changed 3—4 hr later
and supplemented with hydrocortisone hemisuccinate
(7 x 1077 M).

The rat hepatoma cell line Fao used in this study was
obtained by Deschatrette and Weiss [29] and maintained
by subculture in the following medium—50% HAM
F12 medium and 50% NCTC 135 medium (Eurobio)—
containing (per mL): fetal calf serum (0.1 mL), glutamine
(0.002 mmol), penicillin (50 IU), streptomycin (50 pg),
and NaHCOj; (2.2 mg).

For the experiments, the hepatocytes and the Fao
cells were maintained in the same medium as above but
deprived of fetal calf serum.

Cell cultures were maintained during 48 hr in the control
condition (neither iron nor chelators present), in presence
of iron alone, chelators alone, or chelators plus divalent
cations.

2.2. Iron chelators

DFO (mesylate salt) was purchased from Sigma-Aldrich
Chimie. The hydroxypyridinones CP20 and CP411 were
synthesized and characterized as reported by Dobbin et al.
[30].

2.3. Chemicals

Ferric ammonium citrate, FeSO,4, CuSQy4, or ZnSO,
solutions were prepared in sterile water. The final concen-
tration of Fe, Cu, or Zn in the stock solutions was 1 mM.
These solutions were diluted in the culture medium to
obtain a final medium iron, copper, or zinc concentration of
50 uM.

2.4. Stability of the chelators

The chemical and photochemical stability of the che-
lator solutions at 50 uM were established in the presence of
0.3% hydrogen peroxide (H,O,) and under ultraviolet C
(UVCQ) irradiation in the absence or presence of 0.3% H,O,
(Fenton reaction). These experiments were conducted in
96-well microplates by using a UVC irradiator (Desaga)
emitting light centered at 254 nm. At various times of
incubation at 24°, 50 pL. samples were collected. Both
chelators, CP20 and CP411, were quantified by mass
spectrometry analysis (positive mode) by monitoring the
selective [CP20 +H]" ion at m/z=140.1 and the
[CP411 + H]" ion at m/z = 237.1, which were generated
with an Atmospheric Pressure Chemical Ionization (APCI)
source. Samples (10 pL) were directly injected in the auto-
sampler of the HP1100 mass spectrometry analyzer, which
was supplied with Chem-Station 1100 software (Agilent
Technologies). The injection was performed into a stream of
acetonitrile/water (3:1, v/v) at a flow rate of 0.5 mL/min.
Scanning (scan range, 50-300 m/z) and Selected Ion Mon-
itoring (SIM) mode data mass were obtained using the full

injection analysis (FIA) mode, without chromatographic
separation. The following parameters were used: capillary
voltage, +3000 V; corona current, 5 pA; drying gas
flow rate, 6 L/min; drying gas temperature, 300°; vaporizer
temperature, 400°; nebulizer pressure, 30 psig; fragmentor
voltage, 80 V. Areas under the ionic signals at m/z = 140.1
(CP20) and at m/z =237.1 (CP411) were integrated.
Measurements were performed as triplicate.

2.5. Scavenging and chelating effects against the
hydroxyl radical formation

The reactive hydroxyl radicals were generated from
hydrogen peroxide by reaction with transition metals, such
as iron(Il), in a Fenton-type mechanism. This method
permits the detection of both the protecting effect of
chelators on the hydroxyl radical formation (by chelating
the metal) and their scavenging action by reacting with this
radical. Hydroxyl radical formation was monitored by the
disappearance of salicylic acid (SAL) and by the conco-
mitant formation of its main oxidation product resulting
from the addition of one hydroxyl group (SAL + OH). We
monitored the inhibiting effect of the chelators on the SAL
hydroxylation.

To eliminate trace metal ions, all samples were prepared
in an ultrapure Millipore water, previously filtered on a
Chelex 100 ion exchanger. Hydrogen peroxide (0.3%) was
added to 1 mL of SAL in water (1 mM) in the presence of
various chelator concentrations (0, 50, 100, and 200 pM).
Hydrogen peroxide and the chelators when tested alone
were established to be inefficient at SAL hydroxylation.
Hydroxyl radical formation was initiated by the addition
of a 10 mM ferrous ammonium sulfate (FASII) stock
solution in water (final FASII concentration 100 uM). Each
1.5 min, 10 pLL samples were directly injected from the
HP1100 series autosampler into a stream of acetonitrile at a
flow rate of 0.5 mL/min.

Both the parent compound (SAL) and its hydroxylated
product (SAL + OH) were detected by mass spectrometry
analysis (negative mode) by monitoring their selective
[SAL — H] ion at m/z = 137 and the [SAL + OH — H]™
ion at m/z = 153. At the relatively high concentration of
SAL (1 mM) no low mass ions were interfering with the
SAL and SAL + OH ions. These ions were generated by
electrospray ionization and selectively analyzed by FIA
without chromatographic separation. Scanning (scan range,
50-300 m/z) and SIM mode data mass were obtained with
the following parameters: capillary voltage, —3000 V; dry-
ing gas flow rate, 6 L/min; drying gas temperature, 300°;
nebulizer pressure, 30 psig; fragmentor voltage, 80 V.
Kinetics of the hydroxylation reaction in the absence or
presence of various chelator concentrations were deduced
from the ionic intensity of the [SAL — H] ionatm/z = 137.
Kinetic rate was shown to be changed less than 5% in the
range of temperature 25-35°. Each kinetic determination
was performed as triplicate.
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2.6. Inhibition of the homovanillic acid (HVA)
autoxidation

The main advantages of the HVA autoxidation assay
were previously shown to be its versatility to investigate in
a single run both the scavenging and inhibitory compo-
nents of the antioxidant capacity, and its relevance to the
reactive hydroxyl radical [31]. Autoxidation of HVA gives
rise to fluorescent dimers. Their relative fluorescence
intensity (Aexe = 315 nm; Aep, = 425 nm) follows a linear
kinetic pattern (for less than 50 min). This Fenton-like
reaction was transiently stopped by various reactive oxy-
gen species scavengers (delay) while metal chelating
agents, such as DFO, EDTA, and polyamines, only reduced
its rate. The final reaction mixture for the HVA assay
contained 3 x 107 M HVA in 0.1 M borate buffer (pH
9.0). A final volume of 200 pL was incubated at 37° under
gentle stirring in each well of a 96-well microplate.
Fluorescence was measured every minute for 30 min,
using a Gemini model fluorescence microplate reader
(Molecular Devices). Autoxidation rate in the absence
(Rp) or in the presence of various chelator concentrations
(R,) was calculated from the slope of these fluorescence
kinetics. Each kinetic determination was performed as
triplicate.

2.7. Chelator uptake measurement

Chelator uptake was investigated in both primary hepa-
tocyte cultures and in the rat hepatoma cell line Fao. Three
million cells were seeded in 25 cm? culture flasks. Cell
treatments were performed as triplicate in the absence
(control) or in the presence of 50 uM CP20 or CP411,
a chelator concentration usually tested previously [12-
14,26]. After 48 hr of treatment, the supernatants were
removed and the cells were then washed three times with
3 mL of ice-cold PBS solution. They were collected by
scraping them after adding 1 mL of water and sonicated for
30s at 0°. Protein content in these cell extracts was
measured by the Bradford method [32]. Ultrafiltration of
200 pL of the cell lysates was performed by centrifugation
for 20 min at 15,000 g in NANOSEP™ 3K centrifugal
device (Pall Filtron Co). Both chelators were quantified
in these cell lysates by mass spectrometry as described
above. No ion was observed at m/z = 140.1 (CP20) and
mlz = 237.1 (CP411), in the mass spectra of the cell lysates
obtained from control untreated hepatocytes. Cell lysate
samples (50 pL) were directly injected from the HP1100
series autosampler into a stream of acetonitrile/water
(3:1, v/v) at a flow rate of 0.5 mL/min. Areas under the
ionic signals at m/z = 140.1 (CP20) and at m/z = 237.1
(CP411) were integrated using the Chem-Station 1100
software. Chelator concentrations were then deduced by
using the calibration curves obtained from cell lysate
enrichments with various concentrations of the two
chelators followed by their sonication and ultrafiltration.

Each chelator measurement, which was determined as
triplicate, was corrected from the protein content in the
cell extracts.

2.8. Iron mobilization by the chelators

For the iron mobilization, hepatocytes were iron loaded
by adding 20 uM iron-0.02 pM [>Fe]citrate to the culture
medium during 24 hr. After iron loading, the hepatocytes
were incubated with 50 uM CP20 or CP411; >Fe release
was measured over a period of 24 hr. Extracellular radio-
activity was expressed in percent of the total radioactivity
of the culture.

2.9. Enzyme assay

Lactate dehydrogenase (LDH) activity was measured in
both the culture medium and intracellularly as an index of
cytotoxicity, employing LDH kits (Bayer Diagnostics)
adapted to the Alcyon 300 analyzer (Alcyon). Extracellular
LDH activity was measured on an aliquot of cell-free
medium obtained by centrifugation of the medium
(1270 g during 5 min). Intracellular LDH activity was
evaluated on hepatocytes previously lysed in phosphate
saline buffer by sonication for 15s and centrifuged as
above. Experimental results were expressed in terms of
LDH release into the medium given as a percentage of the
total activity of the culture.

2.10. Cytoprotective effect of the chelators

The cytoprotective effect of the chelators was evaluated
in primary rat hepatocyte cultures pretreated during 24 hr
by 50 uM CP20 or CP411 and then exposed during 24 hr to
50 uM iron ammonium citrate. The LDH ratio (extracel-
lular LDH/total LDH) of the cultures was measured as the
toxicity parameter.

2.11. Antiproliferative effect of the chelators

In order to evaluate DNA synthesis, [?’H]methyl-thymi-
dine (Amersham) was added to the culture medium at a
final concentration of 1 pCi/mL during 24 hr, before cell
harvesting. DNA synthesis was evaluated by measuring
[*H]methyl-thymidine incorporation into TCA-precipita-
ble DNA in the absence or in presence of the chelators.
The total protein content of the cultures was evaluated by
the method of Bradford [32]. Results were expressed as
percent of control values.

Analysis of DNA content was performed by flow cyto-
metry. After cell trypsinization, DNA content was mea-
sured in cells using cycle test Plus kit (Becton Dickinson).
Cell cycle analysis was performed using FACScan flow
cytometer (Becton Dickinson) equipped with an argon
laser (488 nm). Data analysis was done using the Modfit
software.
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2.12. Statistical analysis

Results from at least four replicates were expressed as
means + SD. Statistical analysis was performed using the
non-parametric Mann—Whitney test. The significant level
was set at 0.01.

3. Results
3.1. Physicochemical properties of the chelators

3.1.1. Chemical and photochemical stability

CP20 and CP411 in aqueous solutions were stable at 24°
(Fig. 2) as well as for periods up to 24 hr (data not shown).
Hydrogen peroxide (0.3%) did not significantly change the
chelator concentration. In contrast, UVC irradiation led to
the complete disappearance of CP20 in 20 min and CP411 to
a lesser extent (50%). These two chelators were shown
to absorb UVC light with maxima centered at 278 nm
(¢ = 11,600 L-moles -cm™!) and 282nm (¢ = 13,500
L-moles™'-cm ") for CP20 and CP411, respectively. These
chelators and more particularly the CP20 gave rise to photo-
chemical reactions leading to their photooxidation. This
photochemical unstability ruled out the possibility to test
their reactivity against the hydroxyl radical produced from
the UVC-induced photolysis of the hydrogen peroxide.

3.1.2. Scavenging and chelating effects against the
hydroxyl radical formation

Hydroxyl radical formation mediated by transition
metals, such as iron(Il), is hypothesized to be an important
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Fig. 2. Chemical and photochemical stability of the chelators in solution.
Chelator solutions (50 pM) were incubated under gentle stirring at 24°
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G-+ CP20; ---A---, CP411) or under UVC exposure (--v/--,
CP20; - - W--, CP411). The chelator concentrations were measured by
mass spectrometry analysis.

physiological condition, and is thought to be associated with
oxidative damage in vivo, rather than H,O, itself. When the
various chelator concentrations (ranging from 0 to 200 pM)
were incubated with the H,O,/Fe*"-dependent hydroxyl
radical generating system, they can chelate the metal and
prevent the radical formation and/or react with the hydroxyl
radical. In this case, the kinetics of SAL loss depends on both
their Fe>" chelating efficiency and their relative reactivity
against this radical (scavenging effect). As shown in Fig. 3A,
in the absence of chelator, SAL was completely oxidized
after 15-min incubation at 35°. CP20 and CP411 (100 pM)
partly inhibits this effect. Dose—inhibition curves obtained at
15-min incubation are shown in Fig. 3B. Concentrations
required to inhibit 50% of the hydroxyl-induced SAL loss
(icsp) have been deduced from a 4-parameter fit of these
dose—effect curves. These values are 85 and 100 uM for
CP20 and CP411, respectively. During the time course of
these kinetics the chelator concentrations, as deduced from
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their mass spectrometry measurement, remain unchanged,
indicating their absence of oxidative reaction with the
hydroxyl radicals (data not shown).

The effect of the various chelator concentrations on
HVA autoxidation rate is presented in Fig. 4. Neither
was able to delay HVA autoxidation like typical scavengers
(data not shown). In contrast, they were found to induce a
decrease in HVA autoxidation rate. In this test, these
features characterized metal chelating agents with very
low scavenging properties against the reactive oxygen
species which are driving HVA autoxidation (mainly
hydroxyl radicals). Inhibition of HVA autoxidation rate
occurred in the presence of micromolar concentrations of
both chelators. Their relative efficiencies to inhibit HVA
autoxidation were similar and a maximal inhibitory effect
(85%) was reached at 10 uM.

3.2. Biological effects of the chelators in primary rat
hepatocyte cultures

3.2.1. Measurement of the chelator uptake by mass
spectrometry

Primary rat hepatocyte cultures and Fao cells were
incubated during 48 hr in the presence of 50 uM CP20
or CP411. At the end of the incubation, the intra-
cellular content was: 1.1 & 0.4 nmol/mg protein and
4.6 £ 1.7 nmol/mg protein, respectively, for CP20 and
CP411 in hepatocytes; 2.6 = 0.8 nmol/mg protein
and 34.1 £ 6.0 nmol/mg protein, respectively, for CP20
and CP411 in Fao cells. It appeared that CP411 entered the
hepatocytes and the Fao cells respectively 4 and 13 times
much more than CP20 (P < 0.001).

3.2.2. Iron mobilization
In the presence of chelators iron release was increased.
CP411 was 2.5 times more effective than CP20; indeed,
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Fig. 5. Tron mobilization from rat hepatocyte cultures pretreated during
24 hr with 20 pM iron—0.02 uM *°Fe and exposed during 3, 6, 12, or 24 hr
to 50 pM CP20 or CP411.

after 24-hr exposure to the chelators the ratio extracellular
>Fe/total >>Fe of the cultures was 50 and 20%, respec-
tively, for CP411 and CP20 (Fig. 5; P < 0.001).

3.2.3. Cytoprotective effect

In the presence of 50 UM of iron citrate, a 2-fold increase
in the LDH ratio was observed when compared to control
cultures (Fig. 6; P < 0.001). Pretreatment of the cultures
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Fig. 6. Cytoprotection in rat hepatocyte cultures by CP20 or CP411. The
cultures were pretreated by 50 uM CP20 or CP411 during 24 hr; the
day after only 50 uM iron was added. The LDH ratio (extracellular LDH/
total LDH) of the cultures was measured as the toxicity parameter
("significantly different from control according to the non-parametric
Mann-Whitney test with P < 0.01).



F. Gaboriau et al./Biochemical Pharmacology 67 (2004) 1479-1487 1485

N
o
T
—e—
|

—6— CP20
@ CP411

3 120 T T T T T

Q

S

o

8 100 b

Bt 100 .
=]

NS

< B |
= 80

8]

T

S 60 -
2

]

Q

g 40 ]
()

S

3

5

~

o

0 10 20 30 40 50 60
Chelator concentration (puM)

Fig. 7. Effect of increasing concentrations of CP20 or CP411 on
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with 50 uM CP411 or CP20 decreased the toxic effect of
iron and CP411 was more effective than CP20. Indeed, in
the pretreated cultures exposed to iron citrate, the LDH
ratio was similar to control for CP411 and increased by a
factor of 1.6 for CP20 (Fig. 6; P < 0.001).

3.2.4. Antiproliferative effects of the chelators in the
rat hepatoma Fao cell line

A dose-dependent decrease of DNA synthesis was
observed in the presence of increasing concentrations of
CP411 (0-50 uM), while comparable concentrations of
CP20 were without effect (Fig. 7; P < 0.001 for 50 uM
CP411). To further analyze the antiproliferative effect of
the chelators, we measured the DNA content of Fao cells
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Fig. 9. Effect of addition of 50 uM iron, copper, or zinc simultaneously
with 50 pM CP411 on thymidine incorporation in the rat hepatoma cell
line Fao.

treated with CP20 or CP411 by flow cytometry. Compared
to control cultures, CP20 was without effect on the cell
percentages of the different cell cycle phases (Fig. 8).
However, in the presence of CP411, the cell number
was significantly decreased in GO-G1 phase (44.05% vs.
82.18%; P < 0.001) and increased in S phase (43.29% vs.
5.37%; P < 0.001).

The addition of 50 pM iron simultaneously with 50 pM
CP411 inhibited the antiproliferative effect of CP411
(Fig. 9; P < 0.001). The addition of 50 pM copper or
zinc, in the same conditions, was without effect (Fig. 9).

The inhibition of DNA synthesis by CP411 is reversible.
Indeed, 24 hr after removal of the chelator from the culture
medium, DNA synthesis reached the control level (data not
shown).

4. Discussion

In some pathological conditions, such as iron overload
diseases, iron which is usually bound to transferrin under
physiological conditions, is found in plasma as non-trans-
ferrin bound iron (NTBI). NTBI exists as a range of species
[33] and is assumed to play an important role in the
formation of reactive oxygen species [34]. Hepatocytes
are crucially important not only in general intermediary
metabolism, but also in iron metabolism. In many ways,
iron uptake from non-transferrin sources may prove to
be extremely important in determining to what extent
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parenchymal iron loading is either relatively easily handled
[34-37], or leads to oxidative damage. In hemochromatosis
or secondary iron overload situations, this excess iron
deposition is associated with fibrosis, cirrhosis, hepato-
carcinoma, arthropathy, and a dysmetabolic syndrome
[38,39].

Hepatocyte cell cultures appeared to be a useful in vitro
model system to investigate the efficiency of new iron
chelators prior to their evaluation in in vivo models. Pre-
vious studies have used hepatocyte cultures loaded with
holotransferrin [40], ferritin [41], or iron dextran [42] for
the evaluation of iron chelators. In the present study, we
used iron citrate which represents a possible route for
introduction of iron into hepatocytes, perhaps because it
is in many ways analogous to the NTBI, reported pre-
viously to be responsible for hepatic toxicity in genetic
hemochromatosis [33]. Moreover, hepatocyte iron over-
loading with iron citrate is sustained for a long time since,
24 hr after loading the cells in the absence of chelator,
only 5% of the intracellular iron is released in the
culture medium. Consequently, our experimental model
of iron overload, as well as the rat hepatoma cell line Fao,
render it possible to compare the efficiency of different
iron chelators.

For the development of iron chelators that show oral
efficacy for the treatment of iron overload, attempts have
been made to correlate physicochemical parameters with
their biological activity. Moreover, the resulting iron—
ligand complex formed should not be toxic and the coor-
dinated iron should be protected from interaction with
hydrogen peroxide or oxygen. The study of the chelator
efficiency to inhibit metal-catalyzed oxidation reactions
gives useful informations concerning the reactivity of the
chelator-metal complexes. The two chelators CP20 and
CP411 were demonstrated here to act only as metal
chelators since their scavenging efficiency against the
reactive hydroxyl radical generated from the Fenton reac-
tion was demonstrated to be weak, if not null. On the basis
of their ability to inhibit metal-catalyzed oxidation reac-
tion, such as the HVA autoxidation and the SAL hydro-
xylation, their metal chelating capacity was assessed to be
equivalent.

Some published results have already suggested that lipid
solubility is also an important factor for efficiency of the
chelator and its partition coefficient (K,a) should not be
greater than one in order to allow cellular transit of the free
ligand into the cell and of the complex iron-ligand out of
the cell without causing cellular damage. The partition
coefficient can be assessed by the distribution of the
chelator between an aqueous solution and an organic
solvent, e.g. water and octanol. The ability of the chelator
to cross the cellular membrane is an important factor of its
efficacy [43], which may be attributable to its lipophilicity
[44], which would have a significant effect upon iron
biliary excretion, and also to its hydrophilicity [45]. Pre-
vious results confirmed that a K, close to unity appeared

to be optimal for the hydroxypyridinone efficacy for iron
removal from loaded hepatocytes [30].

In the present study, the cellular chelator uptake mea-
sured by mass spectrometry, showed that CP411 entered
the rat hepatocytes in primary cultures and the rat Fao
hepatoma cell line cultures respectively 4 and 13 times
much more than CP20. This could be related to the higher
lipophilicity of CP411, which presents a partition coeffi-
cient of 8-fold higher than that of CP20. This more efficient
CP411 cellular uptake could explain its higher efficiency,
compared to CP20, to protect the hepatocytes from the
toxic effect of iron load and to inhibit tumor cell prolif-
eration by blocking the cell cycle at the S phase. Moreover,
the cytoprotective and the antiproliferative effects of
CP411 may be correlated to iron depletion since iron
saturation of the chelator inhibited its biological effect,
while copper or zinc were ineffective.

In conclusion, these results show that the lipophilic
hydroxypyridinone CP411 enters the hepatocyte better
than the hydrophilic CP20, protects the hepatocyte from
the toxic effect of iron load and inhibits tumor cell pro-
liferation with a higher efficiency than CP20. Due to its
pronounced cytoprotective and antiproliferative effect,
CP411 appeared to be an interesting compound for treating
iron overload and for exerting an antitumoral effect.
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