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Summary. Iron chelators of different physicochemical
properties were studied for their ability to donate iron
in vitro to uninduced K562 cells, human bone marrow
cells and purified human erythroblasts. To a large ex-
tent uptake was found to be related to lipophilicity and
those chelators able to deliver iron to the cells in signif-
icant amounts were also able to deliver iron to ferritin
and haem. Some differences in the distribution of iron
delivered was observed but no chelator showed exclu-
sive delivery to or rejection of a particular cellular iron
compartment. Several chelators could probably substi-
tute for transferrin and be used to probe metabolic
events subsequent to iron removal from transferrin.
Two chelators which were excellent iron donors were
also found to cause considerable inhibition of iron in-
corporation into haem from transferrin. The implica-
tions of this for in vivo toxicity are briefly discussed.
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Introduction

Recent years have seen some exciting new develop-
ments in the design and use of oral iron chelators for
the treatment of iron overload (Hoy et al. 1979; Kon-
toghiorghes 1982). One of these, namely 1,2-dimethyl-
3-hydroxypyrid-4-one (L.1), has been shown to be effec-
tive in removing iron from man (Kontoghiorghes et al.
1987a, b). L1 is now undergoing multicentre clinical
evaluation: 130 patients have so far taken L1, some for
a maximum period of 15 months. Although a long-term
toxicology study in animals is required before any che-
lator could become commercially available, their use in
studies in vitro may be valuable in determining their
possible mode of action and toxicity in vivo. Further-
more, the chelators can be useful for the in vitro inves-
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tigation of the normal pathways of iron metabolism
(Barnekow and Winkelman 1978; Landschulz et al.
1984; Bottomley et al. 1985; Ponka and Schulman
1985).

Chelators vary in their physicochemical properties,
iron-binding affinities, toxicity, protein and cellular in-
teractions and ability to mobilise iron. When a chelator
is administered in vivo or is introduced in vitro it partly
forms a complex with iron. Chelators and their iron
complexes could affect extracellular and intracellular
iron metabolic pathways by removing, donating and
distributing iron to different iron compartments (Kon-
toghiorghes 1986, 1987a, b; Lawson et al. 1967; Yama-
moto et al. 1971).

Developing erythroid cells with their large uptake
of iron from transferrin and their ability to put consid-
erable amounts of iron into both haem and ferritin pro-
vide a good model system for studying chelators. In this
work the donation of iron and its intracellular distribu-
tion by chelators and by transferrin in the presence of
chelators was studied in human erythroid cells. The
chelators used were 1-methyl (L1), 1-ethyl (L1NEt) and
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Fig. 1. Structure of the chelators. (I) R,=CHs; R,;=CH; (L1),
R;=CH,CH; (L1NEt), R;=CH,CH,CH; (LINPr). (II) R=CH;
(L2), R=CH,CH; (L2NEt), R=CH,CH,CH; (L2NPr). (III)
R =CHj; (maltol). (IV) 8-Hydroxyquinoline
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1-propyl (L1NPr) 3-hydroxy-2-methylpyrid-4-ones; the
1-methyl (L2), 1-ethyl (L2NEt) and 1-propyl (L2NPr)
3-hydroxypyrid-2-ones, mimosine, maltol, 8-hydroxy-
quinoline, tropolone, tetracycline and desferrioxamine
(Fig. 1). All the chelators with the exception of mimo-
sine, desferrioxamine and tetracycline are neutral.
From the neutral chelators L1, LINEt and L2 form re-
latively more hydrophilic iron complexes with lower
lipid/water partition coefficients K,,, (Kpar <0.5) than
the other more lipophilic chelators (K., > 0.5).

The aim of this study was to identify the mode of
interaction of these chelators or their iron complexes
with erythroid cells and in particular whether any of
these were able to donate iron to haem, ferritin and
other cell compartments in the presence and absence of
transferrin.

Materials and Methods

Materials. L1, LINEt, LINPr, L2, L2NEt and L2NPr were pre-
pared as previously described (Kontoghiorghes 1982; Konto-
ghiorghes and Sheppard 1987). Mimosine, 8-hydroxyquinoline
and tropolone were obtained from Sigma London; maltol from
Aldrich UK, desferrioxamine from Ciba-Geigy UK and tetracy-
cline from Lederle, UK. Transferrin used was apotransferrin (Be-
hringwerke). *°Fe saturation of transferrin (8 mg/ml) to about
40% was achieved using [*Feliron citrate (Amersham Internation-
al; approx. 10uCi/ug; 10ug/ml) in the presence of excess
HCOj; and cleared of unbound iron citrate using an anion-ex-
change resin (Cavill 1971). The chelators were used as 2 mM
aqueous solutions, stored at 4° C. For chelator iron uptake experi-
ments, *FeCl; (Amersham International, approx. 10 pCi/pg;
10 ug/ml) was diluted fivefold with water and added to the chela-
tor. This was then made isotonic with 2 x phosphate-buffered sal-
ine. The final chelator/iron molar ratio was 139:1 for three ex-
periments and 24:1 for another.

Cells. K562 cells were harvested following on overnight incuba-
tion after subculturing. Bone marrow cells were obtained from pa-
tients undergoing total hip replacement surgery (all samples taken
in the manner approved by the S. G. Joint Ethical Committee).

Pure erythroblast fractions (E) were prepared from fresh human
bone marrow by antibody lysis of non-erythroid cells followed by
Percoll density gradient fractionation (Ali et al. 1982). E, is the
least dense (76% erythroid: 20% early erythroblasts, 20% interme-
diate, 60% late and a few red cells), E, is of intermediate density
(92% erythroid: 7% early, 30% intermediate, 64% late and red cells
equivalent in number to the nucleated cells) and E; the most
dense fraction (99% erythroid: 0.3% early, 23% intermediate, 77%
late and many red cells). Eagles minimum essential medium, buf-
fered to pH 7.4 at 37° C with 20 mM Hepes and 1.3 mmol/] gly-
cine, was used for washing and incubating the cells. Before incu-
bation, the cells were washed several times at room temperature in
incubation medium without transferrin. Further washings at 37°C
(Hemmaplardh and Morgan 1974) were found not to increase
transferrin binding (Hodgetts 1984) and so were not used.

Iron uptake experiments. Six experiments were carried out: four
measuring *°Fe delivery from the chelators (two using K562 cells,
one using bone marow cells and one using erythroblasts) and two
preliminary ones measuring the effect of four chelators on *°Fe
delivery from transferrin using bone marrow cells. The number of
nucleated cells per tube was kept constant for each experiment
but between experiments they varied over (1-13) x 10°. Iron up-
take was carried out by adding equal amounts of *°Fe/transferrin
or ®Fe/chelator (20-60 ui) to 0.4 ml cell suspension and incubat-
ing for 1h at 37°C. For the experiments in which the iron-free
chelators were tested for their effect on transferrin delivery of
**Fe to human bone marrow cells, exactly the same procedure was
followed except that the addition of **FeCl; was omitted and the
chelators were added to the cells just prior to the start of the incu-
bation with *°Fe/transferrin.

Uptake and incorporation of °°Fe. **Fe uptake and *’Fe incorpora-
tion into the cell stroma, haem and ferritin were estimated using
previously described methods (May et al. 1982). The cell stroma is
that fraction spun down at 45000 g from sonicated cells; the haem
was extracted using acidified butanone and ferritin was immuno-
precipitated. All determinations are single ones.

Results

The results show a great difference in the abilities of
the chelators to donate iron to the erythroid cells (Ta-

Table 1. Uptake and distribution of **Fe from chelators and transferrin by uninduced

K562 cells
Chelator *Fe uptake *Fe in *Fe in *Fe in *Fe in
into cells stroma ferritin haem haem
(cpm) (%) (%) (%) (cpm)
Ll 28 * * * *
LINPr 414 41 27 1.4 5.8
L2 459 62 15 0.6 2.6
L2NPr 1812 40 30 0.8 13.8
Tropolone 2003 35 (28) 33 (41) 1.2 (0.4) 24.5
8-Hydroxyquinoline 4477 38 (27) 34 (37) 0.8 (0.6) 35.8
Maltol 582 58 15 0.6 3.7
Mimosine 5 * * * *
Tetracycline 583 64 (69) 12 (15) 0.3 (%) 1.8
Transferrin 996 35 (34) 32 (40) 1.3 (0.5) 12.6
Desferrioxamine — — (¥ — (¥ — (" —

4 (or 2) x 10° cells were incubated for 1 h at 37° C in the presence of chelator/*°Fe (0.66
umol/1 °Fe; 92 umol/1 chelator) or transferrin/**Fe (11 pmol/1 **Fe; 15 pmol/I transfer-
rin). An asterisk indicates that >*Fe uptake too low to measure accurately. Results in par-

entheses are from a different experiment



Table 2. **Fe uptake into haem by bone marrow cells from chela-
tor/>°Fe or transferrin/>’Fe

Chelator 3Fe uptake *Fe uptake  %°°Fe
into cells into cells in haem
% total (cpm)
L1 0.1 49 *
LINEt 0.09 34 *
LINPr 49 20820 2.7
L2 6.2 2628 8.8
L2NEt 32 13620 1.3
L2NPr 56 23700 2.5
Tropolone 23 9552 9.0
8-Hydroxyquinoline 34 14460 5.6
Maltol 58 24420 1.9
Mimosine 0.02 11.4 *
Tetracycline 4 1638 9.0
Desferrioxamine 0.01 4.2 *
Transferrin 1.1 3122 30.3
Transferrin 1.2 2934 —

13 x 10° nucleated bone marrow cells (1 x 10° nucleated erythroid
cells) were incubated for 1 h at 37° C in the presence of **Fe/che-
lator (0.63 umol/l **Fe; 88 umol/l chelator) or transferrin/>*Fe
(11 pymol/1 *Fe; 15 umol/1 transferrin). An asterisk indicates
5°Fe uptake which was too low to measure accurately

bles 1 and 2). Three of the chelators form charged com-
plexes with iron. Two of these (mimosine and desfer-
rioxamine) were ineffective at delivering iron. In con-
trast, the tetracycline complex was a reasonable iron
donor. Of the neutral iron-chelator complexes only L1
and L1NEt, the least lipophilic of the 3-hydroxypyrid-
4- and -2-one derivatives, were ineffective at iron de-
livery. The iron delivery from the 3-hydroxypyrid-2-one
derivatives (L2, L2NEt, L2NPr) was greater than the
analogous less lipophilic 3-hydroxypyrid-4-one deriva-
tives (L1, LINEt, L1NPr). Maltol, 8-hydroxyquinoline
and tropolone were also effective iron donors. Table 2
shows that, while cell uptake of transferrin iron was
only a small percentage of the total, uptake from some
of the chelators was significantly higher than transfer-
rin.

In four experiments (one on bone marrow, two us-
ing K562 cells and one on pure erythroblast fractions
from human bone marrow) the intracellular distribu-
tion into haem or into haem and ferritin of the radioac-
tive iron subsequent to its uptake was measured (Tables
1 and 2, Fig. 2) and compared with that of transferrin
iron. Except for those chelators which show an in-
creased proportion of *’Fe in the stroma (L2, tetracy-
cline and maltol) and a consequently decreased propor-
tion in ferritin and haem, the proportion of **Fe in fer-
ritin was very similar irrespective of the source of
*Fe.

All the chelators which delivered iron to the cells in
measurable amounts also managed to deliver iron to
haem with variable efficiency (Tables 1 and 2). Effi-
ciency here relating to the percentage iron delivered to
the cell that was incorporated into haem. When com-
pared with transferrin this proportion was in most cases
low.
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Fig. 2. Chelator iron uptake by erythroblasts. Iron uptake per
1 x 108 erythroblasts from (A) mimosine/*°Fe, (B) 8-hydroxyqui-
noline/*°Fe, (C) tetracycline/**Fe, (chelator:iron 24:1; *Fe=2.4
umol/l) and (D) transferrin/*°Fe; (transferrin=10.0 pmol/1;
*Fe=7.0 umol/1)

Since some of these chelators are so effective at de-
livering iron to cells a much larger amount of iron
could be delivered to both ferritin and haem than by
transferrin (Table 1, Fig. 2). Those chelators delivering
most iron to haem in the bone marrow cells are the
most lipophilic of the 1-alkyl-3-hydroxy-2-methylpyrid-
4-one and 1-alkyl-3-hydroxypyrid-2-one series, the neu-
tral maltol, 8-hydroxyquinoline and tropolone. These
same chelators were found to deliver most iron to ferri-
tin and haem in K562 cells. Out of the four chelators
tested for their effect on iron uptake from transferrin by
bone marrow cells (Table 3), tropolone was found to
decrease the amount of iron incorporated into haem by
over 40% and 8-hydroxyquinoline by over 80%. On the
other hand, desferrioxamine and tetracycline made lit-
tle difference (Table 3).

Table 3. The effect of chelators on the uptake of **Fe from trans-
ferrin by bone marrow cells

Chelator 5°Fe uptake into

cells (cpm) haem (cpm)

A B A B
Tetracycline 3240 1410 1199 984
8-Hydroxyquinoline 2676 1002 174 182
Tropolone 2436 870 709 590
Desferrioxamine 1956 1818 1051 1116
None (control) 2076 1614 1121 1062

(A) 3x10° or (B) 4 x 10° nucleated bone marrow cells incubated
for 1h at 37°C in the presence of 83 pmol/1 (A) or 91 umol/1 (B),
chelator and transferrin/*°Fe (6 umol/1 **Fe; 8.3 umol/1 transfer-
rin)
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Discussion

In this study we have shown that chelators differ in
their ability to donate iron to erythroid cells, with sub-
stantial amounts of iron taken up from neutral/lipo-
philic chelator iron complexes in contrast to neutral/
hydrophilic or charged complexes. In all the cases of
°Fe uptake by cells the *’Fe supplied in the form of
chelator/*°Fe became incorporated into haem and fer-
ritin, demonstrating that the *Fe was not simply con-
fined to the cell membrane and extracellular or intra-
cellular vesicles.

The purification of the erythroid cells and their sep-
aration into different density fractions allowed for the
investigation of homogeneous populations. In the ex-
periments described here, these cells had a very low ca-
pacity for *’Fe incorporation into haem. Nevertheless,
the results from their use confirmed the findings from
K562 cells that much larger amounts of **Fe can be in-
corporated from chelator/*°Fe into erythroblast ferritin
and haem than from partially saturated transferrin and
even, in the case of ferritin at least, from that expected
from fully saturated transferrin. Several of these chela-
tors can therefore be used as iron donors independently
or in conjunction with transferrin.

That two of the lipophilic chelators which were ex-
cellent iron donors could also inhibit iron incorpora-
tion into haem or cells from transferrin had previously
been shown to be the case for pyridoxal isonicotinoyl
hydrazone and other lipophilic chelators (Ponka et al.
1979; Forsbeck et al. 1987). Such chelators may per-
form a dual role of iron removal from certain pathways
and indiscriminate iron loading. Such a diversion and
redistribution of iron may lead to toxicity as previously
shown in studies with leukaemic cells (Kontoghiorghes
et al. 1986) and matured red cells (Kontoghiorghes
1988). In contrast, desferrioxamine and L1, which are
hydrophilic and not good iron donors, have compara-
tively lower toxicity, i.e. higher median lethal doses in
rats, than the more lipophilic LINEt and L1NPr (Kon-
toghiorghes and Sheppard 1987; Kontoghiorghes
1987b).

The interactions of some chelators with erythroid
cells observed in this study may have relevance to their
effects in vivo. For example, increased absorption and
body incorporation of iron was observed following the
intragastric administration of neutral, lipophilic, sol-
uble, iron complexes to mice. In all cases, the absorbed
iron was delivered to the erythroid cells of the bone
marrow and utilised primarily for the synthesis of hae-
moglobin (Kontoghiorghes 1990). In another study,
where L1 was used in clinical trials with anaemic rheu-
matoid arthritis patients, there was an apparent in-
crease in the production of haemoglobin (Vreugdenhil
et al. 1989). This increase may be associated with the
mobilisation of iron from the reticuloendothelial sys-
tem by L1 its exchange with transferrin and its utilisa-
tion for the production of haemoglobin.

In conclusion, chelators can donate iron to all ery-
throid cells to a different extent depending on their 1i-
pophilicity. Those chelators delivering iron to erythroid

cells in significant amounts can deliver iron to both
haem and ferritin and should be useful in the investiga-
tion of intracellular iron metabolism although none
showed exclusive delivery to, or rejection of, a particu-
lar pathway.

Acknowledgement. We thank the UK Thalassaemia Society for fi-
nancial support.

References

Ali FMK, May A, McLaren GD, Jacobs AJ (1982) A two step pro-
cedure for obtaining normal peripheral blood T-lymphocytes
using continuous equilibrium density. J Immunol Methods
49:185-191

Barnekow A, Winkelman G (1978) Use of iron from transferrin
and microbial chelates as substrate for heme synthetase in
transform and primary erythroid cell cultures. Biochim Bio-
phys Acta 543:530-535

Bottomley SS, Wolfe LC, Bridges KR (1985) Iron metabolism in
K562 erythroleukemic cells. J Biol Chem 260:6811-6815

Cavill I (1971) The preparation of **Fe-labelled transferrin for fer-
rokinetic studies. J Clin Pathol 24:472-474

Forsbeck K, Nillson X, Kontoghiorghes GJ (1987) Variation in
iron accumulation, transferrin membrane binding and DNA
synthesis in the K562 and U937 cell lines induced by chelators
and their complexes. Eur J Haematol 39:318-325

Hemmaplardh D, Morgan EH (1974) The mechanism of iron ex-
change between synthetic iron chelators and rabbit reticulo-
cytes. Biochim Biophys Acta 373:84-99

Hodgetts J (1984) A study of human erythroid bone marrow cells
and their iron metabolism. MSc Thesis, University of Wales

Hoy T, Humphreys J, Jacobs A, Williams A, Ponka A (1979) Ef-
fective iron chelation following oral administration of an ison-
iazid-pyridoxal hydrazone. Br J Haematol 43:443-449

Kontoghiorghes GJ (1982) The design of orally active iron chela-
tors for the treatment of thalassaemia. PhD Thesis, University
of Essex. British Library Microfilm D66194/86

Kontoghiorghes GJ (1986) Orally active a-ketohydroxypyridine
chelators: studies in mice. Mol Pharmacol 30:670-673

Kontoghiorghes GJ (1987a) Iron chelation in biochemistry and
medicine. In: Rice-Evans C (ed) Free radicals, oxidant stress
and drug action. Richelieu Press, London, pp 277-303

Kontoghiorghes GJ (1987b) Orally active ¢-ketohydroxypyridine
iron chelators: effects on iron and other metal mobilisation.
Acta Haematol 78:212-216

Kontoghiorghes GJ (1988) Structure/red blood cell permeability
activity of iron(IIT) chelator complexes. Inorg Chim Acta
151:101-106

Kontoghiorghes GJ (1990) Chelators affecting iron absorption in
mice. Arzneim-Forsch (in press)

Kontoghiorghes GJ, Sheppard L (1987) Simple synthesis of the
potent iron chelators 1-alkyl-3-hydroxy-2-methylpyrid-4-ones.
Inorg Chim Acta 136:L11-L12

Kontoghiorghes GJ, Piga A, Hoffbrand AV (1986) Cytotoxic and
DNA inhibitory effects of iron chelators on human leukaemic
cell lines. Haematol Oncol 4:195-204

Kontoghiorghes GJ, Aldouri M, Sheppard L, Hoffbrand AV
(1987a) 1,2-dimethyl-3-hydroxypyrid-4-one. An orally active
chelator for the treatment of iron overioad. Lancet 1:1294-
1295

Kontoghiorghes GJ, Aldouri MA, Hoffbrand AV, Barr J, Wonke
B, Kourouclaris T, Sheppard L (1987b) Effective chelation of
iron in f-thalassaemia with the oral iron chelator 1,2-dimethyl-
3-hydroxypyrid-4-one. Br Med J 295:1509-1512

Landschulz W, Thesleff I, Ekblom P (1984) A lipophilic iron che-
lator can replace transferrin as a stimulator of cell prolifera-
tion and differentiation. J Cell Biol 98:596-601



Lawson AAH, Owen ET, Mowat AG (1967) Nature of anaemia in
rheumatoid arthritis. VII. Storage of iron in rheumatoid dis-
ease. Ann Rheum Dis 26:552-559

May A, DeSouza P, Barnes K, Jacobs A (1982) Erythroblast iron
metabolism in sideroblastic marrows. Br J Haematol 52:611-
621

Ponka P, Borova J, Neuwrit J, Fuchs O, Necas E (1979) A study
of intracellular iron metabolism using pyridoxal isonicotinoyl
hydrazone and other iron-chelating agents. Biochim Biophys
Acta 586:278-297

187

Ponka P, Schulman HM (1985) Acquisition of iron from transfer-
rin regulates reticulocyte heme synthesis. J Biol Chem
260:14717-14721

Vrengdenhil G, Swaak AJG, Kontoghiorghes GJ, Van Eijk HG
(1989) Efficasy and safety of oral iron chelator L1 in Anaemic
rheumatoid arthritis patients. Lancet IT 1398-1399

Yamamoto RS, Williams GM, Frankel HH, Weisburger JH (1971)
8-Hydroxyquinoline: chronic toxicity and inhibitory effects on
the carcinogenicity of N-2-fluorenylacetamide. Toxicol Appl
Pharmacol 19:687-698



