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Abstract

Four new hexadendate chelators, three hydroxyquinoline-based, Csox, O-Trensox, Cox750, and one catecholate-based CacCam—which
have comparable skeletal structures and pFe, but widely different partition coefficients, (Kpart), 0.01, 0.02, 1 and 3.2 respectively, have been
tested for their iron chelating efficacy in vitro by two methods. First, by their ability to remove iron from ferritin in solution or second, to
remove iron from iron-loaded hepatocytes in vitro. Our objective was to ascertain the importance of Kpart and pFe, on the biological
efficiency of the molecule. Previous studies proposed that an ideal value of Kpart of 1 should give maximum biological activity.
Mobilization of iron by Csox and CacCAM from ferritin was similar and furthermore more efficient than desferrioxamine B. In the
iron-loaded hepatocyte cultures, the three hydroxyquinoline chelators, although showing diversity in terms of lipophilicity, appeared to be
very similar in their capacity to chelate iron. CacCAM, the unique catecholate, was the most efficient of the molecules tested, as well as
being the least toxic in the cellular model despite having the lowest value of pFe. In conclusion, the use of the partition coefficient and pFe,
astools for predicting biological activity of iron chelators should be not generalized. Further studies are required in order to understand the

influence of the structure on the biologica activity of the molecule. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

No mechanisms exist for the excretion of iron from man
such that it essential that iron intake is strictly controlled.
Therefore patients with chronic hemolytic anemias who
receive blood transfusions and/or iron supplementation to
correct their apparent iron deficiency may ultimately de-
velop tissue iron overload, which can cause extensive tox-
icity. Unless such individuals receive chelation therapy
death may occur during the third decade of life from chronic
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Abbreviations: Kpart, partition coeffient; DFO, desferrioxamine B;
TRX, O-Trensox; pFe = —log[ Fe3*aq] at pH 7.4 with [Ligand] = 10 uM
and [Fe] = 1 uM; LDH, lactate dehydrogenase; and PBS, phosphate-
buffered sdline.

tissue malfunction due to the excessive storage of iron in
many tissues, particularly the heart [1]. Iron overload, which
is evident in thalassemia syndromes, presents amajor health
problem in many developing countries and it is estimated
that there are 60,000 thalassemia major births annually [2].
Only the natural siderophore chelator DFO has been
approved for therapeutic use to remove the excessive accu-
mulation of tissue iron. However, it has one major drawback
in that it is necessary to administer subcutaneously over
long time periods such that it poses some difficulties with
compliance as well as the high cost of patient care [3,4].
Therefore, there is an urgent need for iron chelators that
show oral efficacy for the treatment of iron overload. For the
development of such molecules, attempts have been
made to correlate the chemical structure aswell as certain
physical parameters with their biological activity. In ad-
dition, the resulting iron complex formed should be non-
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Fig. 1. Diagrammatic representation of the chelators: a) TRX; b) CacCAM; c) Csox; and d) Cox750.

toxic and the coordinated iron should be protected from
interaction with either hydrogen peroxide or oxygen.
Four main families have been studied so far: catecholate
[5], hydroxamate [6], carboxylate [7], and hydroxypyri-
done ligands [8].

Many investigators have suggested that lipid solubility is
an important factor for chelator efficacy, its partition coef-
ficient, Kpart, should not be greater than 1 to alow cellular
transit both of the free ligand into the cell and of the iron
complex out of the cell without causing cellular damage.
Kpart 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
membrane is clearly an important factor in its efficacy [11],
which may be attributable to its lipophilicity [13], (which
would have a decisive effect upon biliary excretion) and
hydrophilicity [9]. It was confirmed [12] that a Kpart close
to unity appeared to be optima for the pyridinone-facili-
tated removal of iron from hepatocytes. However certain
molecules show efficacy despite alow Kpart. For example,
DFO has a low partition coefficient, the entry of labelled
desferrioxamine B and its subsequent release within hepa-
tocytes, is essentially a controlled diffusion process [10],
although Porter suggested that there might be some facili-
tated uptake [11]. Salicylaldehyde isonicotinoyl hydrazone,
which was the fastest acting of al tested chelators, also
showed arelatively low lipophilicity of both the free ligand
(Kpart = 0.35) and the iron complex (Kpart = 0.1). More
recently, Lowther et al. [14] have compared a new hydro-
xipyridinone (CGP 65015) with L1, which has a higher
affinity for iron and a higher Kpart. Despite these qualities,
in vitro and in vivo studies predict that absorption of CGP
65015 in man is likely to be incomplete because hydrogen-
bound acidity of the compound might be expected to limit

its membrane permeability. Such results would indicate that
membrane permeability isnot alimiting factor for good iron
chelators as stated in our previous studies [10].

Other physical parameters which may play a crucial
role in the design of clinically useful oral chelators are
molecular weight and pFe [15]. However even if a che-
lator possesses a high pFe value this does not necessarily
imply suitability for the clinical situation. In 1998,
Lowther et al. [16] presented a monoethyl| ester of HBED
(N,N’-bis(2hydroxybenzyl)ethyldiamine-N,N’-diacetic
acid) (CGP 75254A). Importantly, its affinity for iron
(log KML = 30.7), athough several log units lower than
that of the parent compound HBED, is as high or even
higher than that of most orally active iron chelator from
other chemical classes. Several investigators have shown
that, to cross a lipid bilayer, the compound needs to
proceed through a desolvation step in order to accommo-
date the nonpolar environment of the inner layer of the
phospholipid membranes [17]. The efficacy of CGP
75254A could be partly explained by its high solubility in
cyclohexane, an aprotic solvent.

Careful examination of the existing literature has shown
that many parameters have been used to predict the chelat-
ing ability of the compounds: lipophilicity, hydrogen
bounds, molecular weight, pFe, solubility/desolvation.
Therefore, in this present study four new chelators (Fig. 1)
have been investigated in vitro, three of which have a
comparable structure but differ with respect to both Kpart
and pFe (Table 1). The comparison of their efficacy to
remove iron in vitro both from ferritin in solution and
iron-loaded hepatocyte cultures has facilitated our knowl-
edge in the importance of Kpart and pFe on the biological
efficacy of the molecule to chelate iron.
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Table 1

Partition coefficient (P)* and pFe

Ligand P free ligand pFe
DFO 0.03 26.9
Csox 0.01 29.9
O-Trensox 0.02 295
Cox750 1 29.5
Caccam 32 275

2. Materials and methods
2.1. Materials

Horse spleen ferritin and DFO was from Sigma. TRX,
Cox750, CacCAM, and Csox was supplied by P. Baret
(CNRS UMR 5616; Laboratoire d’Etudes Dynamiques et
Structurales de la SElectivité, Université Joseph Fourier,
Grenoble, France). Iron-Dextran was from Vifor Pharma-
ceutical.

For the preparation of *>Fe-dextran solution, a solution
of *°FeCl, was prepared in 1 mL of 0.1 N hydrochloric acid
to which sucrose, 100 mg, was added and dissolved with
stirring with a glass rod. Sodium hydroxide, 100 uL, 10 N,
was then added with stirring (solution 1).

Iron-dextran 5%, 2 mL, corresponding to 100 mg of Fe,
was placed in a 10-mL vial. Sodium hydroxide, 1 N, was
added with stirring with a magnetic stirrer until the pH of
the solution was greater than 11 (solution 2).

Solution 1 is added to solution 2 with stirring and the pH
of this solution is adjusted to 5.7, to obtain the *°Fe-dextran
solution.

2.2. Iron mobilization from ferritin

Ferritin with an iron concentration of 300 M (corre-
sponding to a protein concentration of 10~ 7 M) was incu-
bated with the chelator under investigation, at a concentra-
tion of 1 mM, in 0.2 M MOPS buffer, pH 7.4, and then
incubated at 37° for 6 h. Iron release was measured at
regular intervals by using Amax of 428, 519, and 585 nm
and e (L/mol-cm) of 2800, 5000, and 5000 for DFO, Cac-
CAM, and Csox, respectively. Results are presented as
means = SD for five samples at each time point.

2.3. Hepatocyte isolation

Sterile procedures were utilized for this procedure.
Glassware was sterilized by autoclaving and mediafiltration
through 0.22-um Millipore filters. The liver collagenase
perfusion method [18—19] was used as the basis for the
preparation of hepatocytes. Male rats (Wistar, 150—200 g)
were anesthesised by an intraperitoneal injection of Nem-
butal, sodium pentabarbitone, 0.6 mg/kg. The portal vein
and vena cava were cannulated with 18-gauge and 16-gauge
Teflon catheter (Baxter) respectively. The liver wasinitialy

perfused with 100 mL of PBS containing 0.5 mM EGTA
and then for 15-25 min with recirculating PBS containing
60 mg of collagenase Type IV and 5 mM CaCl,. The
perfusate was equilibrated with O, and maintained at 37°C
during the procedure. After perfusion, the liver was re-
moved and scraped into 50 mL of PBS. The resulting
suspension of hepatic cells was filtered sequentially through
30-, 60-, and 100-m polyester meshes. The cell suspension
obtained after liver perfusion was centrifugated for 2 min at
60 g in a swinging bucket rotor. The pellet contained the
hepatocytes. The hepatocytes were then suspended in 100
mL of culture medium and counted in aBurker cell. Cellular
viability, as judged by trypan blue exclusion was greater
than 90%. Two millilitres of the cellular suspension at a
density of 0.75 X 10° cells/mL wasincubated in Dulbecco’s
modified Eagle’s medium containing 10% (v/v) foetal calf
serum, 4 mM glutamine, 20 mM glucose, and transferred to
polystyrene culture dishes (Nunc), which had been pre-
coated with collagen. To obtain the collagen coating culture
dishes were incubated for at least 5 hr at 37°C with 2 mL of
purified bovine derma collagen (Cellon-Luxembourg),
which was diluted in PBS at a concentration of 30 wg/mL.

The hepatocytes were cultivated at 37° in a water-satu-
rated atmosphere under CO,/air (7:93 v/v). After 4-hr incu-
bation, ailmost all of the cells had adhered to the collagen
membrane and the culture medium was replaced by Wil-
liams E medium (Life Technologies) to which insulin (10
nM), linoleic acid complexed to albumin, dexamethasone
(10 wg/mL), ascorbic acid (0.1 mM), and epidermal growth
factor (50 wg/mL) had been added. This is known as hor-
mone-defined media and is without foetal calf serum. The
cultures were maintained: a) in control condition (with nei-
ther iron nor chelators present); b) in the presence of iron
alone; or ) in the presence of iron plus chelators. Chelators
were added on day 2 (i.e. 48 hr after culture establishment).

2.4. >°Fe release from hepatocyte cultures

For the mobilization experiments following iron-dextran
loading, hepatocyte cultures were incubated in Williams E
medium on a coating of 60 wg of rat collagen. Hepatocytes
were iron-loaded by using *°Fe-dextran at a concentration of
1.5 mM for 48 hr. After iron loading, the hepatocytes were
incubated with the chelators at a concentration of 50 uM,
and *°Fe iron release was measured over a period of 10

days.

2.5. LDH assay

LDH activity were measured in the culture medium as an
index of cytotoxicity, employing LDH/LDL Sigma Diag-
nostic kit. The results were expressed in terms of LDH
release into the medium per wg of cellular protein.
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Fig. 2. Stability of >SFe within hepatocytes for 11 days after incubation of
isolated hepatocytes with either 1.5 and 3 mM *SFe-dextran. Results are
expressed as cpm/pg. Barsindicate means = SD. (*) and (**) Statistically
significant differences compared with corresponding 1.5 mM ®SFe-dextran
group (P < 0.05 and P < 0.01, respectively).

2.6. Antiproliferative effect of chelators

Fao cells derived from the hepatic cell line of rat Reuber
[20] were maintained by subculture in a culture medium
(50% Ham F12 medium, 50% NCTC 135 medium) supple-
mented with 10% foetal calf serum, 2 mM glutamine, 7 X
10~ " M hemisuccinate hydrocortisone and containing per
mL: streptomycin (50 wg), penicillin (7.5 IU), bovine insu-
lin (5 ng), bovine serum abumin (1 mg), NaHCO, (2.2
mg). Antiproliferative effects of chelators were evaluated in
the cell line by measuring *H-methyl-thymidine incorpora-
tion (1 wCi/mL of medium) in the DNA of exposed cellsfor
48 hr at 20 or 50 uM chelator. DNA synthesis was evalu-
ated by measuring [*H]methyl-thymidine incorporation into
trichloroacetic acid-precipitated DNA. Results were ex-
pressed as a percentage of control values.

2.7. Protein assay

To determine the total protein per well, the media were
decanted and the cell cultures extensively rinsed with PBS.
Cells were sonicated for 15 sec. The protein content was
determined according to the method of Lowry et al. [21] by
using bovine serum albumin as standard in the range of
1-20 pg.

3. Reaults

3.1 Iron mobilization from ferritin

Mobilization of iron from ferritin at pH 7.4 was signif-
icantly faster and more efficacious with Csox and CacCAM
than with DFO (Fig. 2). These two chelators mobilize ap-
proximately 2-fold more iron atoms per molecule of ferritin
than DFO after 6 hr of incubation.
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Fig. 3. Mobilization of iron by 1 mM DFO, Csox, or Caccam from ferritin
at pH 7.4. Results are means = SD for five samples at each time point. (*)
and (**) Statistically significant differences compared with corresponding
DFO group (P < 0.05 and P < 0.01, respectively).

3.2. Sability of iron within the hepatocytes

Figure 3 shows that there was little alteration in the
radioactive iron content of the hepatocytes over a 11-day
period, the amount of radioactive iron incorporated into the
hepatocyte being proportional to the iron content of the
media.

3.3. *°Fe release from hepatocytes cultures

The mobilization of iron by DFO, Csox, CacCAM, Tren-
sox, and Cox750, at a chelator concentration of 50 uM,
from rat hepatocyte cultures, which had been loaded in vitro
with >°Fe-dextran, is presented in Fig. 4a and b. After 10
days, DFO had mobilized 70% of the iron, whereas Trensox
and Cox 750 exhibited efficiency of ~34% (Fig. 4a). Csox is
the more efficient hydroxy-quinoline ligand with a mobili-
zation of 45% after 10 days of culture (Fig. 4b). CacCAM
the catecholate compound shows an efficiency comparable
to DFO with 60% of iron mobilized after 10 days of culture
(Fig. 4b).

3.4. LDH assay

Chelators with hydroxy-quinoline groups (Trensox,
Cox750, and Csox) induced asmall release of LDH into the
medium between the 4th and 6th day of culture (Fig. 5aand
b). DFO showed either no toxicity (Fig. 5a) or a small
release on day 6 and 8 of the culture (Fig. 5b). CacCAM is
not toxic (Fig. 5b). The hepatocytes, which were loaded
with iron-dextran in vitro, did not show any toxicity, as
reflected by the low release of LDH into the culture media
(Fig. 5b).

3.5. Antiproliferative effect of chelators

In order to determine whether the chelators affects Fao
cell proliferation, we measured [*H]methyl-thymidine in-
corporation into these cells after addition of each chelator at
aconcentration of either 20 or 50 uM after 48 hr. Figure 6a
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Fig. 4. a) Mobilization of iron from >*Fe-dextran preloaded rat hepatocyte cultures by 50 uM DFO, TRX, or Cox 750. Results are means + SD for three
samples at each time point; b) Mobilization of iron from >Fe-dextran preloaded rat hepatocyte cultures by 50 uM DFO, Csox or Caccam. Results are
means + SD for three samples at each time point. (*) and (**) Statistically significant differences compared with corresponding DFO group (P < 0.05 and

P < 0.01, respectively).

shows a significant decrease in DNA synthesisin the TRX,
and Cox750-treated cells at a concentration of 20 uM. DFO
did not induce a diminution of DNA synthesis. Exposure of
the cultures to 50 uM chelators confirmed that these last
results were dose dependent (Fig. 6b).

4, Discussion

Hepatocytes are crucially important, not only in general
intermediary metabolism, but also in iron metabolism. Iron
uptake from non-transferrin sources may be an important
factor in determining the extent of parenchymal iron loading
that may be either safely sequestered into ferritin and he-
mosiderin, or cause toxicity, manifested by the conse-
guences of oxidative stress within cells provoked by Fenton
chemistry. Therefore, there is clearly a need for a hepato-

cyte, in vitro system, which will alow the investigation of
the efficacy of new classes of iron chelators prior to their
utilization in animal models. Previous studies which used
hepatocytes for the evaluation of iron chelators, introduced
labeled iron into these cells via transferrin [22-24], or al-
ternatively, loaded the cells in vivo with iron, using iron
dextran [25] carbonyl iron [26], or ferrocene [27]. In these
present studies we have used *°Fe dextran in vitro to load
hepatocytes, which was shown to be stable with time and
did not exhibit any toxicity (Figs. 2 and 5a and b).

Iron mobilization from ferritin by Csox and CacCAM
seems to be very effective; however, CacCAM was not
more effective than Csox. Desferrioxamine mobilizes only
37 iron atoms per molecule of ferritin after 6 hr of incuba-
tion, which is at variance to a previous study where 160 iron
atoms per molecule of ferritin were mobilized [28]. This
could be explained by the different protocol used to purify



1360

C. Henry et al. / Biochemical Pharmacology 62 (2001) 1355-1362

800
700 |
600 -
500 -
400 -

300 |

MU LDH/pg of cell. protein

200

100 -

|— = - Overloaded
\—e—DFO ‘
]— &— Trensox |
|- - & - -Cox750 -

Time of culture (days)

700 ———

600 -

500 -

HU LDH/ug of cell. prot.

— -® — Overloaded ‘
|—e—DFO |
|- - #& - -Csox

L— -4 — Caccam

Time of culture (days)

Fig. 5. @) Release of LDH in rat hepatocyte cultures maintained for 10 days after iron loading, in the presence of DFO (50 uM), TRX (50 uM), and Cox750
(50 uM). Results are means =+ SD for three samples at each time point. b) Release of LDH in rat hepatocyte cultures maintained for 10 days after iron loading,
in the presence of DFO (50 uM), Csox (50 wM), or Caccam (50 wM). Results are means = SD for three samples at each time point. (*) and (**) Statistically
significant differences compared with corresponding overloaded group (P < 0.05 and P < 0.01, respectively).

the ferritin. Indeed, unpublished results showed that ferritin
prepared by therma degradation of the contaminating pro-
teins release its iron more easily that the one prepared by
acidic degradation.

As shown in the study of Rakba et al. [28], iron mobi-
lization from hepatocytes by TRX is significantly less effi-
cient than DFO (Fig. 4a). Cox750, with the same pFe as
TRX but with a partition coefficient closer to one (Table 1)
had nevertheless the same efficiency (Fig. 44). Thisis con-
trary to the work of Porter et al. [11], which predict that a
better chelating efficacy could be obtained for molecules
with a partition coefficient of 1. Csox, TRX, and Cox750
had a diminished chelating efficacy by comparison to DFO
(Fig. 4b). Although each of these molecules shows diversity
in term of lipophilicity, they appear very similar in their
capacity to remove iron from a cellular model. As aready
concluded by Thomas et al. [29], lipophilic solubility does

not seem to be a necessary prerequisite for transmembrane
iron transport.

Of dl of the molecules investigated in this present study
CacCAM, was the more efficient despite the fact that it had
the lowest value of pFe. Interestingly, athough this mole-
cule had the highest lipophilicity, it was the least toxic
molecule (Fig. 5b). During the first 6 days of the culture it
even appeared to be protective, the release of LDH was
significantly lower than the iron-loaded group (t-test, P <
0.05). The 8-hydroxyquinoline compounds were toxic be-
tween the 4th and 6th day of culture, which confirms pre-
vious studies [30-32].

In 2000, Rakba et al. [33] suggested that TRX and DFO
act on cell cycle progression via distinct mechanisms and/or
chelate intracellular metal pools with different efficiency.
Inhibition of DNA synthesis was evident is for both TRX
and Cox750 but not for DFO. Therefore two 8-hy-
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droxyquinoline, which show different lipophilicity, have
similar characteristics with respect to their effect on cellular
proliferation.

Dueto its good chelator efficacy in both the non-cellular
and cellular models combined with its low toxicity, Cac-
CAM seemsto be a promising iron chelator. Further in vivo
studies are now required to ascertain whether similar effi-
cacy is found. In vitro, the 8-hydroxyquinoline molecules
(TRX, Csox, and Cox750) are less efficient than DFO in
removing iron from the iron-loaded hepatocytes. Further-
more, they show toxicity when added to hepatocyte cul-
tures. The differences in hydrophobicity/hydrophilicity of
the molecules did not yield the expected results. Indeed, the
most hydrophilic molecule had the same activity as the most
hydrophobic molecule. Further studies are required for a
better understanding of the influence of chemical structure
on the biological activity of the molecules to chelate iron.
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