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PREFACE
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has been included at the end of the thesis reviewing the recent advances in 

the development of orally active iron chelators intended for clinical use.



ABSTRACT 

"The Biological Development of Hydroxypyridinone Iron Chelators

by

M. Gyparaki

The object of this study was to screen a series of hydroxypyridinones 

for their potential as oral iron chelators and to detemine the properties of such 

compounds necessary for oral efficacy.

The hydroxypyridinones are water soluble neutral bidentate ligands that 

have high specificity for iron which they coordinate at a 3:1 ratio under 

physiological conditions. A protocol for screening these compounds involved 

in vitro studies using monolayer cultures of isolated rat hepatocytes and in 

vivo studies using iron-overloaded mice and non-iron-overloaded mice and 

rats.

In the cell culture model, hepatocytes were isolated by collagenase 

perfusion of livers from adult male Wistar rats. After differential centrifugation, 

hepatocytes of greater than 90% purity were plated onto collagen-plated 

sterile dishes. After overnight culture at 37°C, the non-adherent cells were 

washed away leaving a hepatocyte monolayer of greater than 95% viability. 

These were pulsed for a variable time with human ^^Fe-transferrin before 

further washes and incubation with the test chelator. Release of ^^Fe was 

then measured over a known time period. Cell toxicity was determined at the 

end of the experiment by measuring the release of lactate dehydrogenase into 

the incubation media.

In the in vivo studies with mice, the latter were iron over-loaded with 

iron dextran. After an equilibration period the stores were labelled with human 

^^Fe-lactoferrin given intravenously. Autoradiographic studies have shown
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that the majority of the ^^Fe labelled the hepatocytes. Following a further 

equilibration period, the test chelators were administered either orally or 

intraperitoneally at variable doses. Excretion of ^^Fe was measured daily in 

urine and faeces. Residual radioactivity in body organs and carcasses was 

also measured.

In a second in vivo model the hepatic iron stores of adult female rats 

were labelled with ^^Fe-ferritin. After 90 mins, by which time the ^^Fe was at 

maximum availability, the test chelators were administered either orally or 

intramuscularly at a dose equivalent to the iron binding capacity of 40mg of 

desferrioxamine. ^^Fe was measured in urine, faeces and body organs 4 

hours after chelator administration, by which time chelating activity would be 

complete. In some experiments the bile duct of the rats was cannulated and 

the radioactivity of hourly fractions of bile was compared with total biliary iron 

excretion. The results obtained with the hepatocyte culture system paralleled 

in vivo data. The hydroxypyridin-4-ones that were most effective in the 

hepatocyte culture system were also the most active in the mouse and rat 

models. Their effectiveness by the oral route, in contrast to desferrioxamine, 

means that these compounds may have an important clinical role to play in the 

treatment of transfusional iron overload. The most lipophilic compounds, 

which were associated with the most lactate dehydrogenase release in the 

hepatocyte culture system, were associated with acute toxicity in mice at 

doses at which the most hydrophilic compounds showed no toxicity. These 

findings lead to the conclusion that a consideration of lipid solubility and iron 

binding constants is important in the overall design of iron chelators. Bidentate 

hydroxypyridin-4-ones with partition coefficients close to 1 represent 

compounds which are likely to be the most efficient in mobilising iron both at 

the cellular level and in vivo, as well as, being less toxic than compounds with 

high lipid solubility.
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LDH : Lactate dehydrogenase

CNS : Central nervous system

BBB : Blood-brain barrier

P.O. ; oral

i.v. : intravenous

i.m. : intramuscular

i.p. : intraperitoneal
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CHAPTER ONE 

GENERAL INTRODUCTION

1.1 Need for Highly Effective. Orally Active Iron Chelators

Iron chelating therapy is essential for the alleviation of the degenerative 

toxic effects caused by excess iron in the myocardium, liver and endocrine 

organs of patients with transfusional iron overload, iron loading anaemias or 

haemochromatosis [1,2,3]. The only iron chelating agent currently available 

for the treatment of such patients is Desferrioxamine (DFO) [4,5], a naturally 

occurring hexadentate trihydroxamic acid produced by Streptomvces pilosus. 

However, although DFO promotes the excretion of significant amounts of iron 

when given parenterally (i.p.), its clinical use has a number of serious 

limitations, such as lack of intestinal absorption, high cost and short duration 

of action due to a combination of rapid excretion by the kidneys and enzymatic 

breakdown. The most important drawback of DFO is that is inactive when 

given by mouth [6,7]. In order to remove excess iron and eventually achieve 

iron balance [8,9], it has to be adminestered either subcutaneously [8,9] or by 

intravenous infusion [9a] over 8-12 hours several times a week, which is 

difficult for patients to comply with . Moreover, when DFO was first introduced, 

it showed minimal toxic effects, because it was given in relatively low 

intramuscular doses of about 25mg/kg/day compared with doses used 

currently. Later, however, the introducton of more aggressive regimes aimed 

at reducing the iron burden in the body of multiply transfused patients, and the 

treatment of patients with minimal iron overload, resulted in the discovery of 

toxic effects, such as those on vision, hearing, growth, and infection with 

Yersinia [10]. For these reasons, the development of orally effective iron 

chelators is essential.
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Apart from the treatment of transfusional iron overload in, for example, 

the thalassaemia disorders, a new orally effective chelator may also find 

application in the treatment of a variety of other clinical conditions in which 

iron also exerts toxic effects. Such disorders are the sickle cell anaemia, 

chronic inflammatory diseases, such as rheumatoid arthritis [11,12,13], 

malaria [14,15,16], and cancer [17].

However, the most urgent and important need for the development of 

an orally effective iron chelating drug is for the treatment of transfusional iron 

overload.

1.2 Sites of Potential Iron Chelation in the Bodv

Body iron can be chelated either in the plasma or from within cells.

1.2.1 Chelation of Extracellular Iron:

One source of chelatable iron, is the small fraction of non-transferrin- 

bound plasma iron (NTBI) (2.7-7.IpM/l) that appears in the plasma of iron- 

loaded patients following saturation of transferrin (Tf) [18,19,20,21,22,22a]. 

NTBI is very toxic and can generate free radicals, thus causing lipid 

peroxidation in cell membranes and, if it penetrates into the damaged cells, 

also of the lysosomes [13,23]. However, it can be easily chelated, since it is 

non-specifically bound [18].

Another major source of chelatable iron is the site of iron release from

reticuloendothelial (RE) cells to transferrin in the plasma, following the

breaking down of red cells. Most urinary iron mobilised by DFO [24,25,26], as

well as by other chelators, such as Diethylenetriamine pentaacetic acid

(DTPA) [27], is of RE origin, although it is not clear whether the chelators

mobilise iron extracellularly or from within the RE cells. Presumably, this
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depends on the degree of accessibility of the particular chelator to the interior 

of the cells. The amount of iron chelated from the RE cells may be related to 

the amount of red cell destruction [28,29].

Another possible source of chelatable iron is the site of iron release 

from transferrin to the red cell precursors. Although, DFO cannot inhibit the 

uptake of iron by the erythron, other chelators may be able to achieve this 

effect [30]. Iron could also be chelated from fractions of both transferrin-bound 

plasma iron and unbound plasma iron at the site of its release from transferrin 

to the hepatocytes [31,32,33,34].

1.2.2 Chelation of Intracellular Iron:

In conditions of iron overload, iron accumulates in the parenchymal 

cells, namely the hepatocytes [35], where it is stored either as water soluble 

ferritin or as the partially degraded, insoluble lysosomal haemosiderin [36]. 

Ferritin, the major storage molecule of reusable iron, is found in almost all cell 

types. It can accommodate up to 4500 iron atoms into its core [37]. However 

this fraction of iron is very difficult to mobilise directly by chelators [38,39]. Iron 

released from ferritin during the regular turnover of the protein is transiently 

available for chelation, and constitutes the so called cellular labile iron pool. 

Apart from hepatocytes [40], this pool also exists in erythroid cells, Chang 

cells and peripheral blood leucocytes [41]. Although the way iron is liganded 

in this pool is controversial [41], it is maintained in a form that does not 

generate hydroxyl radicals. However, if the pool becomes too large, the iron 

may be toxic to cells [42]. An important property, therefore, of new chelators 

should be to have access to this pool.

In summary, to achieve iron balance, in conditions of iron overload, a 

chelator should have access to all the various iron pools described, without 

inhibiting the synthesis of iron-containing proteins which are essential to the
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normal metabolism of the cell. Extracellular, as well as intracellular chelation 

is necessary, since the efficacy of a compound capable of extracellular 

chelation only, will be limited to the degree of red cell breakdown and the 

NTBI in the plasma.

1.3 Essential Properties of Iron Chelators. Suitable for Clinical Use

An iron chelator should retain the advantages of natural siderophores, 

without possessing their main disadvantage, the ability to deliver iron to 

bacteria. The following are, in summary, the most important properties 

required by such an iron chelator:

1.3.1 Oral Activity.

Oral activity is of first priority, because there is already a proven 

parenteral chelator, DFO. Thus, the chelator should have a high stability and 

resist break down by the acid in the stomach. The chemical structure and the 

number of side groups that are attached covalently to the chelator, also 

influence the stability of the metal complex.

1.3.2 High Chelating Efficacy.

The chelator should have a high chelating efficacy in vivo, a slow rate 

of metabolism in order to increase the chelating efficacy of a given dose, and 

should be able to permeate biological membranes, particularly those of the 

epithelium of the intestine, the liver, and the heart. Moreover, the chelator 

should mobilise and remove iron from multiple tissues, particularly those at 

high risk of toxic damage, i.e. from the heart, liver and endocrine organs.
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1.3.3 Low Toxicity.

The chelator should cause no immediate or long term toxicity. For 

reduced toxicity, the chelator should possess high specificity for iron (III), but 

low affinity for other cations of biological importance, such as Ca^+, Zn^*, 

Cu2+_ Mg^'*’, Mn^"^, etc. Unfortunately, chelators with high specificity for iron, 

are also selective for other metals, e.g. carboxylate-containing ligands are 

selective for zinc. Natural siderophores, like DFO, are highly selective for iron, 

and this may be one reason accounting for their low toxicity. Furthermore, the 

chelator should not interact with the active sites of iron-dependent enzymes, 

and the iron-chelator complex formed should be extremely strong so that 

participation in hydroxyl radical production is prevented. This will also reduce 

the tendency of iron redistribution within the body, i.e. from non-toxic storage 

depots to more vulnerable tissues, such as the heart.

The relative solubilities of the free and complexed forms of chelators 

(Kpart) are also important in terms of toxicity, as they affect iron redistribution. 

The relatively more lipophilic chelators are more likely to cause toxic effects, 

such as CMS toxicity by crossing the blood-brain barrier.

The ideal iron chelator should permit a net removal of iron from iron- 

loaded patients to reduce iron overload and prevent further iron buiW-up and 

related tissue damage. It should be sufficiently active to achieve iron balance 

in mildly loaded patients. The efficacy of the chelator in mobilising iron is 

reduced as the iron overload of the patient is reduced. Thus, a new iron 

chelator needs to have increased efficacy so that lower doses will be required 

for reduction of iron overload, and also to reduce toxicity.

Following intracellular chelation, the iron-chelator complex should be 

promptly excreted in a non-toxic form in the urine and/or faeces. Iron excreted 

into the bile should not be reabsorbed from the gut.
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The chelator-iron complex should be unable to encourage bacterial 

growth. DFO and other hexadentate chelator complexes are known to 

encourage infections in patients by donating iron to a variety of fungi and 

enteric bacteria [43,44,45,46,47]. Thus, a new iron chelator intended for 

clinical use should form an iron complex that will not deliver iron to bacteria.

1.3.4 Cost.

Finally, the chelator should be inexpensive, since many patients with 

iron storage disorders, such as thalassaemia, require life-long treatment. 

Moreover in poorer countries, such patient are now not treated due to the high 

cost of DFO, and these would benefit from a cheaper drug.

1.4 The Development of Iron Chelators

Over the last decade, an extensive amount of work has been directed 

towards the design and synthesis of new iron chelating drugs. (For review see 

references 47a,47b, 47c). Several hundred compounds have been screened 

up to date in a variety of in vitro and/or in vivo models in an attempt to identify 

iron chelators of possible clinical usefulness. The general chemical structure 

of the major types of iron chelators is shown on Table 1. The most outstanding 

of these compounds can be classified as follows:

1.4.1 The Hydroxamic Acids

The hydroxamates are a class of iron chelators with a high affinity for 

iron (III), the most successful member of which is DFO [Fig.1]. DFO possesses 

many of the characteristics of an ideal iron chelator and has, therefore, been 

extensively used for clinical purposes. DFO is a naturally occuring 

siderophore produced by the fungus Streptomvces pilosus [6 ]. It is an 

hexadentate ligand, i.e. it provides and shares six oxygen atoms with ferric
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NH

HO

CH,OH HO

Desferrioxamine

FIGURE 1: The structure of DESFERRIOXAMINE (DFO).

Note the three iron binding hydroxamate groups making it an hexadentate 
chelator. Note also the charge on the terminal nitrogen, which makes it 
hydrophilic and hinders its intestinal absorption and penetration into cells 
(taken from ref. 224)
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iron, which it binds in a 1:1 ratio. A unique advantage of DFO as an iron 

chelator is its high specificity for iron (stability constant lO ^ I) and its relatively 

low affinity to other metal ions, such as Zn^*, Cu^*, Ca^'*', and Mg^'*’. Both 

the free ligand and the iron complex have a net charge of +1. DFO is able to 

interact with a number of cell types, such as liver, spleen, kidney, brain 

[6,48,49,50,51], heart cells [52,53], and monocytes [54], although direct 

evidence for its cellular uptake is available only in hepatocytes [51]. A number 

of observations indicate that storage iron may represent the main source of 

DFO-induced iron excretion [6,55,56,57,58]. Several studies employing 

selective radio-iron-labelled probes have suggested that DFO obtains iron for 

chelation by:

a) interaction with hepatocellular iron and subsequent biliary excretion 

[31,55,59] and

b) chelation of iron derived from red blood cell catabolism in the RE

system, with subsequent urinary excretion [24,26]. The nature of the

chelatable iron pool has been the subject of a number of studies. These

studies suggested that autophagy of cytosolic ferritin may greatly facilitate the

chelation of ferritin iron by DFO due to the acidic pH and the presence of

hydrolytic enzymes in lysosomes, and that this may represent the chelatable

intracellular iron pool [50,51]. Whether RE-derived iron is chelated by DFO

within the cell or following its release is at present unclear, although the ability

of DFO to mobilise iron directly from peritoneal macrophages has been clearly

demonstrated in vitro [54]. Because of its relatively low lipophilicity, the DFO-

iron complex, ferrioxamine (FO), is distributed in the extracellular space and is

unable to penetrate cells [6 ]; thus, redistribution of iron by DFO in the body is

limited. Moreover, ferrioxamine is an extremely stable compound, which is

resistant to enzymatic degradation [60]. DFO, however, also possesses

several disadvantages which are typical of the hydroxamates in general. It is a

charged molecule and is orally inactive due to its susceptibility to breakdown

in the gastrointestinal tract [6,7]. Although a slight, but consistent increase in

urinary iron excretion has been shown following oral DFO treatment, the cost-
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effectiveness of such an approach is very low [61]. Moreover, it has a very 

short half life of 5-10 minutes, so in order to maintain adequate plasma levels 

the drug has to be given by continuous subcutaneous or intravenous 

infusions, and even then DFO is still less than 10% efficient (47a).

In an attempt to minimise the above mentioned disadvantages, a 

number of prodrugs of DFO have been synthesised [62]. Some of them have 

been shown to be orally active, but none has been proved to have comparable 

activity to DFO when given to animals i.p. [63].

Rhodotorulic acid (RA) [Fig.2], also a naturally occurring hydroxamic 

acid [64], and Cholylhydroxamic acid [Fig.3], a synthetic hydroxamate [65,66], 

have shown no or doubtful oral activity in animal studies [26,66] and produced 

adverse effects when administered to patients [66,67].

A variety of hydroxamic acid-containing polymers with longer plasma 

half-lives than DFO [68,69], such as polyacryloyl p-alanine, have been 

synthesised. Their oral efficacy, however, is doubtful.

1.4.2 The Catecholates

Catechols are produced by a variety of bacteria and possess an 

extremely high affinity for iron (III) [70]. Due to the large size and the charge of 

the complex they form with Fe(lll), they can not efflux from cells. They are also 

susceptible to oxidation under acid conditions, especially in the presence of 

Fe(lll) under acid conditions [71,72]. Unlike the hydroxamates, catechols form 

a mixture of complexes with Fe(lll) [71], in which the iron atom is not fully 

protected from the solvent and can therefore generate hydroxyl radicals. 

Furthermore, most of the naturally occurring catechols are susceptible to 

hydrolysis.
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CH

0

0 OH '•N-CCH
NH

FIGURE 2: The structure of RHODOTORULIC ACID

Note the two hydroxamate groups. The compound is uncharged with a poor 
hydrophilicity.
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FIGURE 3: The structure of CHOLYLHYDROXAMIC ACID.

This compound has a single iron binding hydroxamate group making it a 
bidentate chelator. It is relatively lipophilic and it is absorbed from the 
intestine. The iron complex excreted in the bile is more hydrophilic and is not 
reabsorbed. Although this compound appeared promising in some animal 
studies, it caused diarrhoea in humans and could not be developed further.
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The best known catechols are (a) enterobactin [Fig.4], a natural 

catechol with the highest affinity for iron known in nature and is unlikely to 

have oral activity because of its susceptibility to hydrolysis, and 

(b) 2,3-dihydroxybenzoic acid (2,3-DHB) [Fig.5], a synthetic catechol that has 

been shown to have a low and variable activity when administered to 

thalassaemic patients [73,74].

MECAM (triaminoethylbenzene-tris (2,3 DAB)), another orally active, 

synthetic catecholate [Fig.6 ] was shown to be associated with systemic 

bacterial infections when administered i.p. [75].

1.4.3 Polyanionic Amines (Amino Carboxylates)

All polyanionic amines are synthetic compounds easily synthesised at 

low cost; thus, although they do not have a high selectivity for iron, they have 

been used clinically. Because they are charged, they are not orally active. The 

most interesting chelators of the group are:

Ethylenediamine tetraacetic acid (EDTA) [Fig.7] and Diethylenetriamine 

pentaacetic acid (DTPA) [Fig.8 ]. These compounds possess a relatively high 

affinity for Ca^^, Mg^'*’ and Zn^* ions, and are orally inactive. Despite 

these disadvantages, Ca-DTPA has been clinically useful in treating patients 

with auditory toxicity due to treatment with DFO. However, large amounts of 

zinc have to be given to prevent the development of zinc deficiency and its 

toxic effects [76,77]. Ethylenediamine-N,N'-bis (o-hydroxyphenylglycine), 

EHPG (also termed EDHPA) [Fig.9] [78] and N,N'-bis (o-hydroxybenzyl) 

ethylenediamine-N, N'-diacetic acid (HBED) [Fig. 10] [79,80], are both very 

powerful ferric iron ligands. However, because of their negative charge at 

neutral pH, they are not well absorbed [Table 1]. Thus, EHPG has shown 

excellent intramuscular [81], but ambiguous oral activity when given to rats 

and mice [81,82]. Its use in animals has been associated with significant acute

34



H N OH

HO

HO

FIGURE 4: The structure of ENTEROBACTIN.

This compound has three catechol moieties and forms an hexadentate ligand 
with iron. It has a very high iron binding constant. Its susceptibility to 
hydrolysis limits oral activity.
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CO OH

FIGURE 5: The structure of 2,3-Dihydroxybenzoic acid (2,3-DHB).

This compound is a bidentate synthetic catecholate. There is some intestinal 
absorption but, in a clinical study, only very little iron excretion could be 
achieved in iron overloaded thalassaemic patients using a dose of 
100mg/kg/24h; it has, therefore, been discarded.
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FIGURE 6: The structure of MECAM.

This is a synthetic catecholate, which has caused faecal iron excretion in rats 
after oral administration, but was associated with septicaemia, presumably 
due to its ability to deliver iron to certain bacteria.
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H0 0 CCH2  /CH2 COOH
NCH2 CH2 N 

H0 0 CC'H2  'CH2 COOH

FIGURE 7: The structure of Ethylenediamine tetraacetic acid (EDTA).

This is a charged molecule, which is not absorbed. It has very low selectivity 
for iron and has not been used clinically in iron overload.
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H00CC{;}2 CHgCOOH CHgCOOH
NCH2CH2NCH2CH2N 

HOOCCH2  CH2 COOH

FIGURE 8: The structure of Diethylenetriamine pentaacetic acid (DTPA).

This compound is another charged aminocarboxylate. It is not absorbed, but 
causes significant iron excretion when given parenterally. It suffers from a low 
selectivity for iron, and regular administration is associated with the 
development of overt zinc deficiency. This compound has been used in 
patients with DFO sensitivity and in patients with deafness due to DFO, but 
large doses of oral zinc have also to be given. However, desensitisation is 
possible, and in patients with hearing impairment adjustment of the dose of 
DFO may be more appropriate.
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HO"^V V ^OH

HOOCCH /CHCOOH

NHCH2CH2NH

FIGURE 9:
The structure of Ethylenediamine-N-N*-bls(o-hydroxyphenylglycine) 
(EHPG).

This compound is charged and thus, not well absorbed from the 
intestine. It has not been developed for clinical use, because of the significant 
toxicity it has caused to animals.
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NCH2 CH2 N
HOOCCH2 ‘CH2COOH

FIGURE 10: The structure of
N,N'-bis (o-hydroxybenzoyl) ethylenediamine-N,N'-diacetic acid (HBED).

HBED forms an hexadentate ligand with iron and is less toxic compared to 
EHPG. Because of its charge it lacks oral activity. This compound has been 
produced as a "prodrug", the dimethyl ester, which has significant oral activity. 
However, the low selectivity for iron of this class of compounds, has lead to 
zinc depletion, similar to that found with DTPA. Further development of this 
compound is presently going on (see Chapter 7).
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Catecholate
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0
.OH

■R,I
R2

Desferrioxamine 
Rhodotorulic acid

Mixed phenoiate and H B E D  
amino carboxylate

CICI) (L i ;  
C I'5I

Enterobactin 3 '
2,3-dihydro\yben/.uie acid (>'

Diethylene triamine penla- 2" 
acetic acid (D T P A )

Ethylene diamine tetra- 1" 
acetic acid (E D T A )

Isonicotinvl hvdrazone 1'
(P IH ) ■

Desferrilhiocin 1‘

5 - ,  2̂  

4-. 2’

Table 1: The structures an6 functional groups of various types of iron 
chelators with examples and net charges at pH 7.4 (modified from ref. 47a)

42



and subacute toxicity [83]. HBED is much less toxic, but still not significantly 

orally active [84,85].

The dimethyl ester of HBED has shown significant oral activity and has 

proved to be an effective agent for the excretion of iron [85,86]. The di

isopropyl ester of HBED, was found to be the most effective iron chelating 

derivative in hypertransfused rats [86], but also has high affinities for Zn "̂*", 

Ca^'*' and Mg '̂*', due to the presence of two carboxylic functions in HBED 

[80]. Thus, HBED esters may have similar side-effects to those caused by 

DTPA.

N,N'-dipyridoxyl-ethylene diamine-N,N'-diacetic acid (PLED), is a 

synthetic iron chelator, based on the HBED model [Fig.11] [78,87]. It was 

shown to be non-toxic in mice and almost as effective as DFO when given i.p. 

to iron-loaded mice [78]. There is as yet no further information available.

1.4.4 The Ortho-Substituted Phenolates

This class of compounds includes the aryl hydrazones and 

desferrithiocin.

1.4.4.1 The Aryl Hydrazones are inexpensive and easy to make 

synthetic iron chelators, able to bind both Fe(lll) [88] and Fe(ll) [89]. Binding 

of ferrous iron could, however, cause the complex to redox cycle, thus 

generating free radicals. Moreover, they bind Cu^'*', Zn "̂*", Co "̂*" and Pb^'*’ 

[90], but the respective stability constants are not known. The aryl hydrazones 

are susceptible to hydrolysis due to the "Schiff base link" they contain, and 

would, therefore, be destroyed in the gastrointestinal tract. They are 

uncharged at neutral pH and their partition coefficient can be controlled by 

modifying the aromatic acyl function.
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FIGURE 11: The structure of PLED.

PLED is another carboxylate, which forms an hexadentate ligand with iron. It 
is active in mice when given i.p., but no further studies are available.
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Pyridoxal isonicotinoyl hydrazone (PIH) [Fig.12], the most prominent 

compound of the group, has been shown to mobilise iron from ^^Fe-labelled 

reticulocytes [30,91], Chang cells [92], and hepatocytes [93], without causing 

any apparent cell toxicity. The mechanism and site of intracellular chelation is 

not clear. Although unexpected, PIH was also shown to be orally active in 

short term animal studies [90,94], but not in longer ones, possibly due to 

inactivation of the drug by the gut contents in non-fasted animals [92]. PIH is 

able to mobilize both RE and liver parenchymal iron, the vast majority of which 

is excreted through the bile [90,94,95,96]. Earlier animal studies and short

term clinical trials have shown no significant toxicity of PIH, but also, iron 

balance could not be achieved in regularly transfused patients [97,98].

Pyridoxal benzoyl hydrazone (PBH), one of four pyridoxal analogues 

currently under evaluation, was shown to be more effective in rats than the 

relatively more hydrophilic PIH [92,96]. Although early long term studies were 

disappointing [92], it was recently shown that these analogues, ap^art from 

mobilising hepatocyte iron more effectively than PIH, also enhanced biliary 

iron excretion in rats, with no signs of toxicity [99]. The chelating efficacy of 

other hydrazones studied was not found to be related to their lipophilicity [93]. 

The use of PBH for therapeutic purposes is doubtful, however, due the 

presence of the potentially toxic benzoyl group.

Pyridoxal-2-pyrimidinyl ethoxy-carbonymethbromide (PPEM), binds iron 

in a 2:1 ratio [100]. Tested in animal models, it was shown to have an oral 

efficacy exceeding that of injected DFO [101]. Preliminary toxicity studies in 

rats were encouraging, but formal ones are still required [101].

1.4.4.2 Desferrithiocin (DFT) [Fig. 13], a naturally occurring siderophore 

[102] of unique structure (tridentate molecule), forms a 2:1 complex with ferric 

iron, for which it has a similar high affinity and selectivity to that of DFO [62]. It
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FIGURE 12: The structure of Pyridoxal Isonicotinoyl hydrazone (PIH).

PIH is an aryl hydrazone and two molecules are needed to form a complex 
with Fe(lll). It is an uncharged molecule and although susceptible to 
hydrolysis in the gastrointestinal tract, it has shown unexpected oral activity in 
short term animal studies. It was also orally active in iron-loaded humans, with 
no signs of toxicity. This compound and several analogues are still under 
development.
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COOH

FIGURE 13: The structure of Desferrithiocine (DFT).

DFT is a bacterial siderophore and forms a 2:1 iron complex with iron(lll). 
Although it is orally active, its toxicity precludes its further development. At 
present, several analogues are being evaluated.
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has, however, also high affinity for other metals, especially Cu "̂*" [103]. It was 

shown to be much more effective than DFO or PIH in reducing hepatocyte iron 

in vitro [104]. Both DFT and its ferric complex ferrithiocin (FT) can permeate 

red blood cells [105] and hepatocytes [104,106]. However, there is evidence 

of structural damage to the cell membrane by FT [104,105]. DFT is orally 

active with significant efficacy in promoting iron excretion in rats and monkeys 

[104,107,108,109]. The site and mechanism of DFT action are not known. 

Overall, the results from animal studies are puzzling and it appears that the 

efficacy of DFT varies markedly between different species and between 

different iron loading models within one species. Although oral DFT could give 

iron chelation comparable to subcutaneous DFO, its clinical application at the 

present cannot be considered, because of serious toxic effects caused in 

hepatocyte cultures [104] and in animals [62,104,107,108]. Currently, studies 

are carried out using analogues of DFT, which have improved tolerability 

compared to the parent compound [110].

1.4.5 The Hydroxypyridinones

This group of compounds form the subject of this thesis.

Bearing in mind the properties of an ideal iron chelator, Hider et al [39, 

111,12,113] synthesised a class of synthetic iron chelators, the 

hydroxypyridinones [Fig. 14], some of which have been used in the studies 

described in this thesis. The hydroxypyridinones have been designed in an 

attempt to achieve optimal intestinal absorption leading to improved oral 

efficacy for the treatment of conditions involving iron overload. This work has 

stemmed from the recognition that, although both the hydroxamate and 

catechol functions possess a marked selectivity for ferric iron, none of these 

or other molecules with a negative charge are absorbed from the intestine.
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Pyrid in-4-one Pyrid in-2-one

FIGURE 14:
The pyridinones are bidentate ligands with high selectivity for iron(lll). 

The pyridin-4-ones have a higher iron binding constant than the pyridin-2- 
ones. A series of compounds with different lipophilicity have been synthesised 
by varying the R i and R2 groups. These compounds form the study reported 
in this thesis.

The only pyridin-2-one used in this thesis, CP02, has an ethyl moiety at 
position R2 This compound has a partition coefficient of 0.5, with an iron 
binding constant of 10^2 .
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The hydroxypyridinones are bidentate ligands, i.e. they provide and 

share two oxygen atoms with ferric iron. They possess high specificity for 

ferric iron, which they coordinate in a 3:1 ratio, and have a stability constant 

(iron-binding constant) of 10^^, i.e. higher than that of DFO (10^3). Also, they 

lack any measurable affinity for Ca^* and Mg^*’’ [114]. The

hydroxypyridinones and the hydroxamates are the only iron specific ligands 

that bear no charge in both the free and the iron complexed forms under 

physiological conditions [Table 1]. Due to the way electrons are delocalized 

over the ring, the pyridinones are extremely stable in acid and are not, 

therefore, cleaved in the stomach. Consequently, it was anticipated that they 

would be orally active. Moreover, because of the inert nature of their iron 

complex, they do not readily generate hydroxyl radicals [115] [Fig. 15]. Finally, 

because of the simple nature of the molecule and their low molecular weight, 

the hydroxypyridinones are relatively easy to synthesise and, thus, a large 

range of related analogues can be prepared at a relatively low cost.

The three major analogues of hydroxypyridinones are:

the 3-hydroxypyridin-2-ones [39], the 1 -hydroxypyridin-2-ones [111] and the

3-hydroxypyridin-4-ones [112,113]. The affinity constant for Fe(lil) of the

pyridin-4-ones is the highest of the series (10^®), [116,117], and that of the

1 -hydroxypyridin-2-ones the lowest (10^^) [116]. Other disadvantages of the

1 -hydroxypyridin-2-ones as compared to the 3-hydroxypyridinones is the

negative (-1) charge they bear at pH 7.4, due to the pKa of their hydroxyl

function which is 6.0 compared with the much higher value of 9.0. possessed

by the pyridin-4-ones. This feature of the 1 -hydroxypyridin-2-ones, prevents

their prompt oral absorption and also reduces their selectivity for Fe(lll) over

Ca^"'’ and Mg^'*’. All three classes of chelators can be incorporated into

hexadentate ligands [113] [example in Fig. 16], but the simpler bidentate 3-

hydroxypyridin-4-ones, which have the highest affinity for ferric iron have been

selected for systematic investigation in this thesis. It is anticipated, however,

that the relatively hydrophilic analogues of the hexadentate ligand, will have
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FIGURE 15:
This shows the structure of the complex iron-hydroxypyridin-4-one 

(taken from ref. 117). Iron is bound to six oxygen atoms and three pyridinone 
molecules arrange themselves to envelope the central metal completely; thus, 
hydrogen peroxide and oxygen do not have ready access to the iron atom and 
consequently, hydroxyl radical formation is unlikely.

51



OH

HN

NH

FIGURE 16:
The structure of CP130, an hexadentate pyridin-2-one. Note the long 

connecting hydrocarbon chains between the central nitrogen and the 
pyridinone nitrogen, allowing the binding moieties to arrange themselves 
arround the iron(lll) to form a stable complex.
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an advantage over the bidentate chelators of retaining a high affinity for ferric 

iron at low concentrations (<1nM), thus mimicking the naturally occurring DFO 

molecule, while also retaining the stability of the bidentate compounds [70].

The 3-hydroxypyridin-4-ones form neutral complexes with Fe(lll) over 

the pH range of 5.0-9.0. Substitution at the R'\ and R2 positions [Fig. 14] with 

aliphatic hydrocarbon chains of variable length or aromatic groups, results in 

the synthesis of hydroxypyridinones with a wide range of partition coefficients 

[Fig. 17]. The ligands can penetrate cell membranes, since the pKa of the free 

compound is close to 9.0 and the chelator is neutral over the pH range of 5.0- 

8.0. In the work described in this thesis a series of 3-hydroxypyridin-4-ones 

with aliphatic hydrocarbon chain substitutions of variable length at the R2 

position were used [Fig. 17].

The iron mobilising efficacy of a number of hydroxypyridinones has 

been demonstrated in vitro and in vivo. In vitro they effectively chelate iron 

from hepatocytes in primary cultures [this thesis, 34,118, 119] and myocardial 

heart cells [120]. In vivo they have been tested in mice [this thesis, 

121,122,123,124,125], rats [this thesis, 126], rabbits [127] and monkeys [128] 

and they have shown significant oral efficacy. Other results indicate that some 

hydroxypyridinones exhibit an anti-malarial effect [129,132]. This is 

presumably due to interaction with the intracellular iron pool [129] and 

perhaps their iron complexes also have anti-proliferative properties, unlike 

ferrioxamine [130,131]. Some also exhibit anti-inflammatory properties [132].

Up to date, only LI (CP20) of the 3-hydroxypyridin-4-ones has been

tested clinically. (See also Chapter 7). It has been given to about 200 patients

suffering from transfusional iron overload associated with thalassaemia, as

well as patients with myelodysplasia, myelofibrosis. Diamond Blackfan

syndrome, pyruvate kinase deficiency, rheumatoid arthritis, and patients

undergoing renal dialysis [133,134,135,136]. LI has been shown to promote
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Partition Coefficient, 
(Kpart)

Name R i R2 Free
ligand

Iron
complex

CP20 CH3 CH3 0.21 0.0009

CP21 CH3 CH2CH3 0.4 0.03

CP22 CH3 (CH2 )2CH3 1.35 0.65

CP23 CH3
^ C H 3

1.45 0.20

CP24 CH3 (CH2 )3CH3 1.98 7.7

CP25 CH3 (CH2 )5CH3 >20 >20

FIGURE 17:
The structure of the various 3-hydroxypyridin-4-one iron chelators used in the 
studies reported in this thesis, with their respective partition coefficients in the 
iron free and complexed forms (Ref. 39).
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iron excretion comparable to that caused by DFO. In rodents iron is mainly 

excreted in the faeces [this thesis, 122,123,127], but little or no faecal 

excretion is seen in man [137]. Clinical studies indicate that LI has variable 

ability in decreasing serum ferritin concentrations (as a measure of body iron 

stores). Overall, it appears that the efficacy of LI depends on the dose and 

time of administration. Increased compliance with LI compared to that with 

DFO has been reported [135,136]. However, a factor diminishing its efficacy is 

its rapid conversion to an inactive (non-iron-binding) metabolite [138]. 

Moreover, adverse toxic effects including agranulocytosis, musculoskeletal 

pains and zinc deficiency have been reported for a number of patients using 

the drug [139,140].

1.5 The Evaluation of Iron Chelators

The evaluation of potential iron chelators for clinical use begins with the 

determination of some critical chemical properties of the chelators, followed by 

the screening of their chelating efficacy in a variety of cellular and animal 

models. Finally, clinical trials are performed, after acute and long-term toxicity 

studies of the prospective compounds have been performed in animals.

1.5.1 The Evaluation of the Chemical and Physical Properties of New 
Iron Chelators

The pKa value of a chelator determines whether the latter possesses 

zero charge at physiological pH. This value can be determined either 

spectrophotometrically or potentiometrically [117].

The Kpart (partition coefficient), i.e. the solubility of the free ligand 

between the lipid (n-octanol) and aqueous (water) phases at pH 7.4, gives an 

indication of how rapidly the chelator will diffuse through cell membranes, as 

well as of its likely distribution when administered orally or parenterally.
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Similarly, the Kpart of the iron-chelator complex gives an indication of the 

readiness by which the complex will efflux from cells and will be excreted.

The determination of a chelator's ability to remove iron from transferrin 

[141] and ferritin [142], can be carried out either spectrophotometrically or by 

using ^^Fe, at amounts that are applicable to in vivo situations, i.e. 10-50|liM.

Methods used for the determination of the affinity constants of chelators 

for Fe(lll) and other metals include the use of EDTA [143] or direct 

spectrophotometric titration [117].

Iron is stable when bound to six oxygen atoms. Ligands which provide 

and share two oxygens with iron are bidentate chelators and ligands which 

share six oxygens with iron are hexadentate ones [Fig. 18]. The chelation of 

iron by an hexadentate ligand is a simple process given by the equation:

+ L H , >[FeL] + 3H^

Bidentate ligands, however, chelate iron in a more complex sequence 

with three equilibrium constants corresponding to the reactions below:

+ L H < r - ^ [ F e - i f *  -\-H* (i)

[Fe- L]  ̂+ L H < ^ [F e - L^J + hr (ü)

[Fe-L2Y+LHir^[Fe-L^]+hr (iii)

The relative concentrations of the species, [Fe-L]2+, [Fe-L2 ]‘*' and [Fe- 

L3], under physiological conditions should be accurately determined in order

to estimate the efficacy of the complexes to be cleared in vivo. The K-|, K2 and
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OH

O H
O
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NH

H N N H

CP20(L1) CP130

FIGURE 18: Comparison o f bidentate and hexadentate iron ligands.

Iron(lll) is stable when bound to six oxygen atoms. If the molecule 
shares two oxygens with iron, it is a bidentate ligand and three molecules are 
required to satisfy one iron atom forming a 3:1 complex as shown in Fig. 15. 
These complexes can dissociate to form 2:1 and 1:1 complexes. Analogous 
hexadentate compounds can be formed, but the connecting hydrocarbon 
chains must be flexible and long enough to assume the correct orientation 
around the iron. One such compound is CPI 30 (Fig 16). With such an 
hexadentate ligand, once iron is bound, it is difficult to dissociate even in 
dilute solutions.

57



K3 values should be such, that the predominant species over the pH range of

5.0 - 8.0 is [Fe-L3], which is neutral and, thus, the least likely to generate 

hydroxyl radical formation. The latter can be investigated using various 

methods, such as that based on aromatic hydroxylation [115], or using 

expensive instrumentation [144]; care should be taken that the method 

selected should not be influenced by trace quantities of other metals besides 

iron, that may be present in the samples.

Once the chemical properties of a potential iron chelator have been 

established, further studies using various biological models are carried out.

1.5.2 Experimental Models used for the Biological Screening of 
New Iron Chelators

A variety of biological models have been employed for the evaluation of 

efficacy, mechanism of action and possible toxicity of new iron chelating 

agents. These broadly fall into two groups: models using isolated cells and 

whole animal models.

1.5.2.1 Models of Iron Chelation using Isolated Cells

Cells can be isolated either from freshly killed animals or from cell lines. 

Such experimental models have the advantage that they are inexpensive and 

efficient and can be used for the initial screening of a large number of 

potentially useful iron chelators in a relatively short time. Comparisons of the 

relationship of the structure of various chelators to their intracellular mode of 

action can be made and some initial data on the cellular toxicity of the 

compounds studied can be obtained. The disadvantage of these models over 

whole animal ones, is that other sources of chelatable iron, such as the RE 

system may be missed [145]. DTP A, for example, is unable to penetrate the 

hepatocyte, but is able to promote urinary iron excretion in whole animals
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similar to that of DFO [24,26,27], deriving its iron from the reprocessing of 

senescent red blood cells in the RE system. Also, prodrugs, such as 2,3-DHB 

or dimethyl HBED, which must undergo in vivo metabolic conversion before 

exhibiting chelating efficacy, will not be identified. Moreover, orally effective 

chelators will not be differentiated from those which have to be used 

parenterally. Intestinal absorption, which is one of the most important features 

of the new generation of iron chelators cannot be studied in an in vitro cellular 

system. Finally, long term toxicity studies necessary before trials in humans, 

cannot be performed in isolated cells, but some toxic effects on cells can be 

measured.

Three systems of isolated cells that have been used for the evaluation 

of new iron chelators are;

(i) cell suspensions, such as red cell suspensions [39,146], reticulocytes [91] 

and hepatocyte cell suspensions [147];

(ii) cell lines, such as the Chang (hepatic) cell line [148,149,150];

(iii) primary cell cultures, such as primary hepatocyte cell cultures [this thesis, 

93,118,119,150a].

The first group is convenient as a preliminary screen to assess ability of

all iron chelators to move iron across cell membranes. It suffers from the

drawback that red cells and reticulocytes only play a minor role in in vivo iron

mobilisation. Studies using hepatocyte cell suspensions [150] have been

found to be unreliable, because of the variable amount of cell damage during

their preparation and consequent high background iron release. The second

group, cell lines, has also been used for such initial iron mobilisation studies,

and also to study the nature of the hypothetical intracellular low molecular

weight iron pool [150,150b]. The majority of the work described has

investigated the effect of chelators on cellular iron uptake, ferritin synthesis,

and iron incorporation into ferritin. This model, however suffers from the

drawback that the Chang cells differ considerably in their iron metabolism from

. 59



normal hepatocytes. For this reason, the third group, has been found more 

useful for the study of the main properties of chelators, needed for iron 

mobilisation from the cells [this thesis, 93,118,119], the chelation mechanism 

of DFO and its analogues [50,51,151], and for cell toxicity studies with a 

variety of compounds [152]. Since the hepatocyte is an important site of drug 

metabolism, it can also be used to investigate the metabolism of the 

compounds under investigation in liver cells. The viability of hepatocytes in 

primary cell cultures is high [118] and the system gives highly reproducible 

results. Other cell cultures that have been used in the study of iron chelators 

are those of reticuloendothelial cells, which represent a major site of iron 

turnover and release. These have been used to investigate the effect of DFO 

on iron mobilisation from cells [153]. A more physiological model [154] in 

which mouse peritoneal macrophages are labelled with 59Fe- 

transferrin-antitransferrin immune complexes prior to studying iron release to 

transferrin, may be useful in comparing the mode of action of new chelators. 

Finally, myocardial cells, which are of the most important cells affected in 

clinical iron overload, have been used. Heart muscle cells in culture have 

features that resemble closely those of the intact heart [52,155,156]. 

Myocardial cell cultures can be used not only for the study of iron uptake and 

mobilisation by chelating agents [52,157], but also to study the effect of acute 

iron loading on their contraction [158]. Moreover, the effect of various 

chelators on lipid peroxidation can also be investigated in these cells [53,159].

1.5.2.2 Whole Animal Models

Whole animals allow the acquisition of valuable information about a 

great number of aspects of iron chelation: oral against parenteral efficacy; 

dose-response relationships; routes of excretion and mode of action of various 

chelators. Valuable information on the toxicity and metabolism of various 

compounds can also be obtained. Furthermore, the iron specificity of the
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chelators can be investigated by monitoring the excretion of trace elements in 

the urine.

1.5.2.2.1 Small animals

Mice and rats have been used extensively for the in vivo study of iron 

chelators, mainly because of their low cost and ease of handling. They offer a 

simple, reproducible system in which several compounds can be studied in 

parallel. However, the lack of a universal animal model has caused difficulties 

in assessing the relative activity of new iron chelators being studied in various 

laboratories. Normally, only a very small fraction of total body iron is available 

for chelation, and thus a variety of techniques, such as hypertransfusion 

[24,82,160,161,162,163], or chemical iron loading [this thesis, 90, 107, 

122,123,164] have been used to increase the effectiveness of iron chelation 

by mimicking the clinical condition of transfusional iron overload. A method 

used to increase the sensitivity and specificity of the in vivo models is the use 

of radioiron (59pe) probes. By the specific targeting of the various iron pools, 

the site of action of chelators can also be studied [this thesis, 24,26,27,55].

Results from any particular animal species should always be confirmed 

in a second species, since basal iron excretion, the proportion of iron chelated 

in the faeces as compared with urine, and the metabolism of the compound 

being investigated might vary between species [165].

1.5.2.2.2 Large animals

Pharmacokinetics and long term toxicity studies should be undertaken

before proceeding to clinical trials with potentially useful iron chelators. Dogs

have been used to study the pharmacology of DFO [6,48,166]. Also, Cebus

monkeys [167] have been useful, since their metabolism resembles that of

humans. Larger animals could be employed to study a number of useful
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parameters: the possible redistribution of iron in the body, from relatively 

harmless sites, such as the liver to more toxic sites, such as the heart. The 

possibility of a chelator given by mouth enhancing iron absorption should also 

be investigated. For this reason, iron balance studies should be carried out. 

Another use of larger animals is to study the toxic effects of chelators and the 

acute neurotoxic effects resulting from penetration of the blood-brain barrier. 

The high cost of large animals, however, makes their use as an alternative to 

rodents impractical for the screening of large numbers of candidate iron 

chelating compounds.

1.6 Preclinical Toxicitv Studies

These should follow the guidelines of the DHSS or FDA, e.g. Medicines 

Act MAL2, Medicines Act MAL62. Prior to these formal toxicity tests, screening 

of toxicity/efficacy tests should be carried out and the best compound selected 

for further study. Preclinical toxicity studies include:

1.6.1 Determination of the LD50

A modified LD50 should be determined to comply with modern animal 

experimental procedures and regulatory requirements.

1.6.2 Administration of the Compound to Two Species of Animals.

One of the two species used should not a rodent. Treatment is given for 

30 days (for 7 day human trials) to groups of male and female animals as well 

as to controls. Three dose levels given by the proposed route, i.e. oral, should 

be used; the lowest at the proposed clinical dose, the highest selected to 

cause the death of some animals, and one in between. The weight and well 

being of each animal is monitored during the study. At the end of 30 days the 

animals are sacrificed and blood taken for biochemistry and haematology. A
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full post mortem including histology is then carried out. Acute toxic effects of 

high doses on the blood pressure and heart and respiration are investigated in 

cats.

1.6.3 Excretion of Other Metals.

Chelation and consequent excretion of, other than iron, biologically 

important metals in both iron-overloaded and normal animals. Although the 

drugs will be used only on iron-overloaded individuals, results of studies on 

normal animals, which have been shown to be more susceptible to the toxic 

effects of iron chelating agents [168], should be considered for possible 

toxicities in preclinical trials.

1.6.4 Drug Interactions

Possible undesirable interactions of the chelators with other drugs. The 

neurotoxicity of DFO, for example, seems to be potentiated by drugs that allow 

penetration of the blood-brain barrier (BBB) into the cerebrospinal fluid [169]. 

It has also been shown that compound CP20 (L I) has an unexplained 

interaction with barbiturates in animals [168].

1.6.5 Acute Administration

Acute administration to cats to follow blood pressure, heart rate and 

respiration is carried out to try and predict such reactions in human trials.

1.7 Clinical Trials

1.7.1 Selection of Volunteers

Because both animal studies and human studies have shown protection

against the toxic effects of chelators by iron overload, only iron-overloaded

patients should be used. Patients should be adults and generally well. Those
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with serious heart complications, etc. will be excluded, as well as ovulating 

females.

Two types of studies will be carried out initially:

1.7.1.1 Dose Ranging Studies

In this study the initial dose given will be 1/10 of the intended clinical 

dose, then 1/4, then 2/3 and finally the therapeutic dose. Each time full 

biochemical and haematological work up will be carried out. Urinary iron 

excre" tion, pharmacokinetics and metabolic products formed will also be 

studied. Effect on the heart, eg. EGG, and respiration will also be monitored 

according to a detailed protocol, to make sure that iron is not redistributed by 

the chelators from liver to more toxic sites, such as the heart.

1.7.1.2 Iron Balance Studies

Iron balance studies are used to test the efficacy of the compound. All 

iron intake and output, urinary and faecal, will be measured over a number of 

days, first during a 3 day control period and then during a 3 day "test period" 

when the drug will be taken. Both urinary and faecal iron excretion should be 

monitored and correlated to the degree of iron overload, transferrin saturation, 

and transfusional regime of the patients, since all these are critically important 

in determining the size of chelatable iron pools and relative amounts of iron 

excreted in urine and faeces [29]. These results will indicate whether any drug 

is at all promising clinically.

1.8 Conclusion

The review of the development of iron chelators given above, makes it 

obvious that, at the moment, there is no orally effective iron chelator which 

can be immediately used to replace DFO in clinical practice. Cumulative
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experience with DFO provides with an increasing body of evidence that iron 

chelation improves the quality of life and reduces the mortality associated with 

iron overload.

Extensive research currently undertaken, is encouraging in that we 

could, in the near future, have a clinically useful orally active iron chelator. 

Clinical application of new orally active chelators, however, requires very 

expensive, time consuming formal toxicity studies, which are beyond the 

means of individual scientists and can only be undertaken by industrial 

institutions. Drug industries should take a broad interest in the development of 

new iron chelators, since such ligands will not only be employed by the limited 

number of thalassaemic patients, but could also be proved to act effectively in 

reducing the severity of other clinical conditions. For example, they could 

possible play an important role in inflammatory conditions where damage is 

caused by hydroxyl free radicals.

1.9 Aim of this Work

The aim of this work was to screen a series of hydroxypyridinone 

compounds and evaluate their clinical potential as oral iron chelators.

The screening protocols described in this thesis, involve in vitro studies 

using monolayer cultures of rat hepatocytes and in vivo studies using iron- 

overloaded mice and non-iron-overloaded mice and rats.

By using the rat hepatocyte culture system, I studied the effect of the 

hydroxypyridinone iron chelators on hepatocellular iron release and I 

investigated the relative contribution of two important physicochemical 

properties in determining iron mobilisation: the lipid solubilities (membrane 

permeability) of the hydroxypyridinones and their binding constant for iron (III).
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Moreover, the effect of the chelators on cellular toxicity, also assessed by 

measuring release of lactate dehydrogenase into the incubation media.

The in vivo studies with mice and rats were designed to identify ligand 

properties responsible for iron excretion after oral administration, and also the 

most active compound. Moreover, the iron mobilisation efficacy of the 

hydroxypyridinones after intraperitoneal or intramuscular administration was 

compared to that of DFO. From these studies I could identify the most 

promising compound.
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CHAPTER TWO 

MATERIALS AND METHODS 

2.1 THE HYDROXYPYRIDINONES

This group of iron chelators has been synthesised by Hider et ai 

[39,111,112,113,170], Some of these compounds have been used in the 

studies described in this thesis, in an attempt to identify those with sufficient 

oral activity for further development aiming to the future treatment of 

conditions involving iron overload. As mentioned earlier, in Chapter 1, the 

hydroxypyridinone iron chelators have high specificity for ferric iron, which 

they coordinate in a 3:1 ratio with a higher iron binding constant than that of 

DFO. They bear no charge in both the free and the iron complexed forms 

under physiological conditions. Moreover, because of the inert nature of their 

iron complex, they do not readily generate hydroxyl radicals. Finally, because 

of the simple nature of the molecule and their low molecular weight, the 

hydroxypyridinones are relatively easy to synthesise at a relatively low cost.

2.1.1 Synthesis of Chelators

This work was carried out by Hider et al [39,111,112,113,170] and only 

an overall description of it is given here.

2.1.1.1 The Bidentate 3-hydroxypyridin-4-ones

The preparation procedure for the bidentate 3-hydroxypyridin-4-ones is 

based on the general method of Mohrle and Weber [171]. Benzylmaltol was 

treated with a range of amines in alkaline aqueous ethanol solution (pH 12.5) 

for periods between 6 hrs and 3 weeks, the length of time depending on the
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size of the amine, bulky amines requiring longer reaction times. The resulting 

benzylpyridinones were isolated as hydrochloride salts, and hydrogenated in 

the presence of Pd-charcoal. The 3-hydroxypyridin-4-one hydrochlorides were 

recrystallised from aqueous ethanol. The six compounds CP20 (L1) to CP25 

thus synthesised and used in the studies described in this thesis, are shown in 

Figure 17.

2.1.1.2 CPI30, The Hexadentate N,N,N-tri[3-(3-hydroxy-2-oxopyridin-1- 
ylacetamido)]ethylamine

The hexadentate, CPI 30, [Fig.16] was prepared by conjugation of 

tris(2-aminoethyl)amine with 3-benzyloxy-1 -succimiloxycarbonylmethyl-pyrid- 

2-one using the corresponding N-hydroxysuccinimide ester. The benzyl- 

protecting groups were removed by hydrogenation over a Pd-charcoal 

catalyst. The ligand was recrystallised from ethanol.

2.1.2 Purity of Compounds

The purity of the compounds was established to be greater than 99% 

by elemental analysis and proton nuclear magnetic resonance.

2.1.3 The Determination of Partition Coefficients and Stability Constants 
of the Chelators

This work was carried out by Hider et al [39]. The partition coefficient 

(Kpart) was measured as the ratio of the concentration of the compounds 

between n-octanol and Tris HCL (20mM, pH 7.4) at 20°C; the concentration of 

free ligands was 10"^M and that of the neutral 3:1 (ligand:iron) complexes was 

10“^M. These values were determined spectrophotometrically (270-290nm) in 

the case of the free ligands and in the case of the complexes by both 

spectrophotometry (400-600nm) and ^^Fe counting. Measurements were
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performed in quadruplicate. The iron binding constants (stability constants) 

for Fe(lll) were determined as previously described [116].

2.1.4 Structure-Function Relationship of the Hydroxypyridinone Iron 
Chelators

The synthesis of the hydroxypyridinone iron chelators was carried out 

with two objects in mind;

a) a range of bidentate ligands were prepared [Fig. 17], such that the 

^  Kpart values (water^octanoly at pH 7.4) of both the free ligand and the

corresponding iron (III) complex, covered a wide range, namely 0.05^20.0. 

This was achieved by introducing suitable substituents on the nitrogen ring of 

the pyridinone structure.

b) the preparation of hexadentate molecules [example in Fig. 16], based 

on the hydroxypyridinones, which have the advantage over the bidentate 

ligands of retaining a high affinity for iron(lll) at low concentrations (10"^- 

10‘^M), thus mimicking the naturally occuring desferrioxamine molecule, while 

retaining the stability of the bidentate compounds.

The majority of excess iron in patients suffering from iron overload is

stored intracellularly. Both the affinity constant for ferric iron and the partition

coefficient of free and complexed forms of iron chelators may influence and

determine net mobilisation of cellular iron. Partition coefficients are known to

have a profound effect on the distribution of molecules in tissues. As already

mentioned, by increasing the alkyl function substitution on the N ring atom of

the 3-hydroxypyridin-4-ones, a variety of compounds with increasing

lipophilicity (hydrophobicity), but similar iron(lll) stability constants are

produced [Fig. 17]. Since the hydroxypyridinones have similar affinity for

iron(lll), but different Kpart, and hence variable membrane permeability, this

series provides a good model to study the effect of ligand lipophilicity on
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cellular iron mobilisation. It is anticipated that a balance between efficacy and 

toxicity should be aimed for, as the more hydrophobic chelators would be 

expected to cross the blood-brain barrier.

2.2 The Preparation of Â Fe-labelled Proteins

2.2.1 ^^Fe-Lactoferrin Preparation

^^Fe-citrate (7.1|ig iron/ml, 100pCi/ml), containing 1% w/v sodium 

citrate dihydrate and made isotonic with doubly strong phosphate saline, was 

incubated at room temperature with cold ferric chloride and a 20-fold excess 

of tri-sodium citrate for 30 minutes.

Commercial human lactoferrin was added to the solution (1.4pg iron/mg 

lactoferrin), as well as sodium bicarbonate (10mM). The addition of the 

sodium bicarbonate into the solution facilitates the binding of the iron onto the 

protein, and the 20-fold excess of the tri-sodium citrate used speeds up the 

reaction [172]. The ^^Fe-lactoferrin (^^Fe-Lf) thus prepared was 100% 

saturated with Fe(lll). The solution was made up to the desired volume by the 

addition of phosphate saline buffer (PBS). The ^^Fe-Lf solution was 

subsequently eluted through a PD-10 Sephadex G-25M column, which had 

been previously equilibrated with 50ml PBS. Eluates of 1ml were collected 

and counted (LKB Wallac 1282 Compugamma, Universal Gamma Counter). 

Two radioactive peaks were seen. The fractions corresponding to the higher 

molecular weight containing the ^^Fe-Lf were pooled together for subsequent 

labelling of the test animals.
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2.2.2 ^®Fe-Transferrin Preparation

^^Fe-Tf (human, 98% pure) was prepared using the same method as 

for ^^Fe-Lf described above.
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CHAPTER 3 

IRON MOBILISATION FROM HEPATOCYTE MONOLAYER CULTURES

3.1 INTRODUCTION

The liver parenchymal cells, the hepatocytes, are the major site of 

excess iron accumulation in conditions of iron overload, as well as an 

important site of drug metabolism. Therefore, hepatocytes are more 

appropriate for studies on iron metabolism than cultured fibroblasts [172a], or 

Chang cells [173].

Primary hepatocyte cell cultures and hepatocyte cell suspensions have 

been used in a number of studies, to test:

(i) the toxicity caused by various compounds to the liver cells [152],

(ii) the effect of chelators on transferrin iron uptake [174,175], and

(iii) the intracellular distribution and mobilisation of labile and storage 

iron [50,51,118].

The primary culture hepatocyte system is reliable, with a high cell 

viability, and is, therefore, preferable to hepatocyte cell suspensions, which 

often give unreliable results due to the variable iron release from damaged 

cells [147].

I have used monolayer cultures of rat hepatocytes to study the efficacy 

of a series of hydroxypyridinones in mobilising storage iron, in connection to 

their binding constant for iron(lli) and their lipid solubilities (Kpart). Cellular 

toxicity has also been studied.
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3.2 THE EXPERIMENTAL PROCEDURE

The procedure is outlined in Fig. 19.

3.2.1 Isolation of Rat Hepatocytes

The method we used for hepatocyte isolation and oxygenation is that 

described by Berry and Friend [176], as modified by Young [177].

Adult male Wistar rats, weighing approximately 200-400g, were 

anaesthetised with 0.5mg/kg Hypnorm; a dose of 0.5mg/kg Valium was also 

administered for muscle relaxation. The portal vein was then cannulated using 

a heparinised catheter (0.5 G18 Luer) and the liver was dissected out. The 

liver was then perfused for 10 mins with calcium and magnesium free, 

bicarbonate-buffered Hanks' balanced salt solution containing phenol red (pH 

7 .4 ) to remove any blood in the liver vessels and ensure uniform buffer flow, in 

order to achieve a high yield of cells [178]. The perfusion medium was 

equilibrated by gassing with 5%C02-95%02 and was warmed to 37°C 

immediately before perfusion, to prevent blood clotting.

After 10 mins the perfusate was changed. The new perfusate consisted 

of Hank's solution (100ml) as before, containing 50mg collagenase, 5mg 

DNAase, 5mg RNAase, lOmg soybean trypsin inhibitor, and 200|liM CaCl2 . 

Collagenase digests intracellular junctions without seriously affecting the 

structure of the membrane [178]. DNAase and RNAase reduces cell clumping 

in the final preparation [179]. The soybean trypsin inhibitor reduces proteolytic 

activity caused by contaminants in the collagenase [178,179], which could 

result in damage to the cell membrane. This medium was perfused through 

the liver for 15 min at a constant rate of 5ml/min.

73



FIGURE 19

Scheme Of Hepatocyte Preparation And Testing Iron Release With 
Various Hydroxypyridinones
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Following perfusion, the liver was removed and minced in a sterile 

beaker. The resulting cell suspension was then centrifuged at 40xG for 5 mins 

three times in Hanks' perfusion medium to remove non-parenchymal cells. 

The supernatant was filtered through a 250^m, SSpim and GS^m nylon mesh 

respectively, following each centrifugation. The cells were resuspended in 

sterile culture medium (RPMI 1640 containing 10% foetal calf serum (PCS), to 

maintain cell viability [178], penicillin 100 U/ml, gentamycin 50pg/ml and 

insulin 12|o/ml), resuspended and centrifuged again.

Cell viability was examined under fluorescent microscopy, using 

ethidium bromide (4mg/ml) and acridine orange (0.1% solution) [180] in order 

to estimate the relative percentage of live and dead cells. In the following 

experiments I have only used suspensions that contained more than 95% 

viable cells, since suspensions with less than 80% live cells resulted in 

insufficient cell numbers after primary adherence.

3.2.2 Hepatocyte Culture

Liver hepatocyte cell suspensions in culture medium were adjusted to a 

final concentration of 0.3x10^ cells/ml. 3 ml of liver cell suspension was 

poured into 60mm collagen plated plastic plates (Primeria Falcon 3802). The 

plates were incubated at 37°C in an atmosphere of 5% 0 0 2 -95% air. After 

primary adherence, the plates were washed four times with RPMI (containing 

L-Glutamine and 25mM Hepes) to remove non-viable, non-adherent cells. The 

viability of the adherent cells at this stage was greater than 95% and could be 

maintained for over 48 hours.

3.2.3 Radiolabelling of Cells using ®^Fe-Transferrin

After the isolation and the adherence of the hepatocytes onto the 

culture plates, the cells were pulsed for 1 -16  hours with human diferric ^^Fe-
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labelled transferrin (saturated to 90%-100%) in culture medium (2ml/culture 

plate, 10O^g/ml Tf, 1|iCi ^^Fe/ml).

At the end of the pulsing period the plates were washed four times with 

RPMI, as in section 3.2.2. Then, fresh culture medium was added, consisting 

of RPMI containing 1% bovine serum albumin (BSA), with or without the test 

chelator. The BSA was added to improve cell viability, since it competes for 

proteolytic enzymes and is thought to have a protective action against 

mechanical stress [179,152].

3.2.4 Measurement of the ®^Fe Release

In order to measure ^^Fe release, the prepared plates were flooded 

with RPMI containing the test chelator and incubated at 37°C in a CO2 

incubator. ^^Fe release was monitored at regular intervals by removing the 

medium for ^^Fe counting and replacing with 2ml of fresh medium.

Each experiment with each chelator was carried out in duplicate, and in 

some experiments in triplicate. Control cells were incubated only with RPMI in 

parallel with each experiment.

At the end of each release experiment the medium was decanted and 

adherent cells were removed from the plates using lOOmM EDTA (2ml/plate). 

The remaining radioactivity in the cells was measured (LKB Compugamma 

1282 Counter). The cell viability was again examined by fluorescent 

microscopy after staining with ethidium bromide (4mg/ml) and acridine orange 

(0 .1% solution); live cells were stained green and dead ones, orange. 

Furthermore, cell damage was monitored by measuring release of lactate 

dehydrogenase (LDH) into the incubation medium [181].
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3.2.5. Measurement of Lactate Dehydrogenase Release

At the end of each iron release experiment, following removal of the 

hepatocytes from the culture plates by the use of lOOmM EDTA, cell damage 

was estimated by the release of lactate dehydrogenase (LDH) into the 

incubation medium [181]. 50pl of NADH (7.8mg in 0.5M sodium phosphate 

buffer, freshly prepared) were placed in 2.95ml of 0.05M sodium phosphate 

buffer (pH 7.4) containing 6.9mg of pyruvate. The mixture was warmed in a 

water bath (25°C) for 5mins. Then 50pl of sample (kept on ice) were added to 

the substrate-buffer, mixed quickly by inversion and immediately measured 

against a pyruvate substrate-buffer blank at 340nm in a thermostatted Unicam 

SP 1805 Spectrophotometer (chart speed 20secs/cm, absorbance range 0.1). 

A control (100% dead cells) was also measured. This was prepared by 

sonicating the cells for 30secs and subsequently treating them with 0.1% 

Triton.

3.2.6 Statistical Analysis

The significance of differences in the release of ^^Fe caused by the 

various test chelators, was determined using the paired student t test.

3.3 RESULTS

3.3.1. GGpe Release from Monolayer Hepatocyte Cultures using the 
Hydroxypyridin-4-one Iron Chelators

In Fig. 20, the time course of ^^Fe release for CP22, DFO and control 

are shown. During the first two hours there was some release of ^^Fe from the 

control cells, but the addition of the chelator caused a rapid increase in ^^Fe 

release. The effect of CP22 was significantly greater than that of DFO. After 

the first two hours there was a further steady release of ^^Fe above
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FIGURE 20: Time course of 59pe release from hepatocyte monolayer 
cultures. Hepatocytes were pulsed for 1 hour with human diferric 59pe- 
transferrin before the addition of control medium with or without DFO or CP22 
at 500|^mol/l. ^^Fe release is expressed as a percentage of cellular 59pe at 
time zero (To). Values shown are means of ±1SEM of triplicate 
determinations.
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control release, but the effect of CP22 and DFO over this period appeared to 

be the same. Similar experiments were carried out with a number of chelators 

and the results are summarised in Fig.21. All the 3-hydroxypyridin-4-ones 

tested caused increased ^^Fe release above that of the control. The kinetics 

of S^Fe release were similar with all the compounds and the largest difference 

in the release rate occurred in the first minutes after incubation with the test 

chelator.

The duration of the hepatocyte pulsing with ^^Fe-transferrin did not 

appear to influence the efficacy of the chelators. Using 6 hour [Fig.21] and 16 

hour [Table 2] pulses similar patterns of activity were obtained.

In agreement with findings of previous liver perfusion studies and 

hepatocyte cultures [50,182], I found that the percentage of ^^Fe release was 

inversely related to the elapsed time following hepatocyte labelling.

Cell viability was assessed by measuring the release of LDH into the 

culture medium in both the control and the test samples. LDH release was 

found to be a more sensitive method than fluorescence microscopy in 

detecting diminished cell viability at an early stage. With all the 3- 

hydroxypyridin-4-ones studied there was no LDH release into the supernatant, 

above that of the control up to six hours of incubation. However, with higher 

chelator concentrations and longer incubation times, the more lipophilic 

compounds were shown to be associated with increased LDH release into the 

supernatant, in agreement with findings of other workers [50]. Thus, CP24 and 

CP25 were not toxic to cells at the concentration of lOOpM, following a six 

hour incubation, but they were toxic at 500pM following a 2 hour incubation 

[118].
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FIGURE 21: 59pe release from hepatocyte monolayer cultures. Hepatocytes 
were pulsed for 6 hours with human diferric ^^Fe-transferrin, before the 
addition of control medium (1% BSA) with or without chelator at 100pmol/l. 
Release at 6 hours is expressed as a percentage release above control 
medium (called 100%). Data shown are the means ±1SEM of six 
determinations.
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Partition Coefficient (Kpart) ®®Fe release

Name «2 Free ligand Iron complex Logp3 2h -  8h

CP20 CH3 CH3 0 . 2 1 0.0009 36 178±25(n=5) 181±10(n=6)

CP21 CH3 CH2 CH3 0.4 0.03 36 314±17(n=6) 323±21(n=6)

CP22 CH3 (CH2 )2 CH3 1.35 0.65 36 402±9(n=6 388±10(n=6)

CP23 CH3 C H 3

C H  <

C H 3

1.45 0 . 2 0 36 372±35(n=3) 403±14(n=3)

CP24 CH3 (CH2 )3 CH3 1.98 7.7 36 - see Fig.21

CP25 CH3 (CH2 )5 CH3 > 2 0 > 2 0 36 - see Fig.21

3-Hydroxypyrkiin-2-one

CP02 CH2 CH3 0.5 1.06 32 see Fig 23 -

Other chelators

Desferrioxamlne 0 . 0 1 0.03 33{Ki ) - see Fig.21

Table 2: Structure, Partition Coeficients, Stability Constants and S^Fe Release Data for the Hydroxypyridinones tested in Hepatocyte 
Monolayer Cultures.

The hydroxpyridinones studied are shown with their respective iron (III) binding constants (log p3) and their partition coefficients (Kpart) between n-octanol and Tris-HCI (pH 7.4, 20m M ) 
in their iron-free and complexed states.

The monolayers were pulsed for 16 hours with human diferric ^^Fe-Tf Release after 2 and 6  hours incubation with the chelators at lOOpM is expressed as the percentage above control 
(called 100%). Values for ^^Fe release are means ±1SEM  for the number of determinations shown in parentheses.
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3.3.2 The Effect of the Partition Coefficient (Kpart) of the 
Hydroxypyridin-4-ones on Iron Mobilisation from Cultured Hepatocytes

All the 3-hydroxypyridin-4-ones I have tested (CP20 through to CP25, 

Table 2), caused significant ^^Fe mobilisation from hepatocytes, over control 

values (p < 0.007, n=6 ). Their relative efficacy to mobilise hepatocyte iron at 

the concentration of 100|aM, is shown in Figure 21. CP20, which is the most 

hydrophilic compound of the series, was the least effective at 6h (p < 0.005, 

n=6 ), followed by CP21. CP22 was shown to be significantly more effective 

than CP20 and CP21 (p < 0.007, n=6 ). The relatively more lipophilic 

compounds CP24 and CP25 (Kpart >1 ) were less active than CP22 and CP23, 

the latter being compounds with intermediate lipid solubility, but this difference 

was not significant. CP22 and CP23 were significantly more effective than 

DFO (p < 0.003, n=6 ).

Similar patterns of relative efficacy were obtained in other experiments; 

when the cells were pulsed with ^^Fe-transferrin for Ih r and release was 

measured after 2 hours incubation using a chelator dose of SOOpM [Fig.22], or 

using cells which had been pulsed with ^^Fe-transferrin for Ghrs and 

measuring release after 2 hours of incubation using a dose of lOOfiM of 

chelator [Table 3].

These experiments show that the relationship of hydrophilicity to 

release was present over a wide range of experimental conditions.

3.3.3 The Effect of the iron Binding Constant of Chelators on Iron 
Mobilisation from Cultured Hepatocytes

In another experiment, the efficacy of CP02, a hydroxypyridin-2-one, 

[Table 2], to mobilise hepatocyte iron, was compared with that of the 

hydroxypyridin-4-ones.
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CP20 CP21 CP22 CP23 CP24 CP25

FIGURE 22: 59pe release from hepatocyte monolayer cultures. The cells 
were pulsed for 1 hour with human diferric ^^Fe-transferrin. Release with 
chelators at SOO îmol/l, is expressed as a percentage above release with 
control medium (called 100%) ±1SEM, at 2 hours.

83



Partition coefficient (Kpg^ )

1 (between n-octanol and H2O pH 7.4)

Chelator (100^M) R2 Iron free Iron complex (% above 
control)

CP20 CH3 0 . 2 1 0.0009 148±14

CP21 CH2 CH3 0.4 0.03 212±13

CP22 (0 1 4 2 )2 ^ 1 4 3 1.35 0.65 275±12

CP23 CH3

CH<

CH,

1.45 0 . 2 0 226±10

CP24 (CH2 )3 CH3 1.98 7.7 248±11

CP25 (CH2 )5 CH3 > 2 0 > 2 0 225±8

Desferrioxamlne 0 . 0 1 0.03 191±11

TABLE 3: Relationship between lipid solubility of hydroxypyridinone iron 
chelators and 59pe mobilisation from hepatocyte cultures.

Hepatocyte monolayer cultures (0.8x10® cells/plate) were pulsed for 6 hours 
with human diferric ®^Fe-transferrin and were subsequently challenged with 
hydroxypyridinones at lOOpM. ®^Fe release after 2 hours is expressed as the 
percentage of cellular ®^Fe released above the control (called 100%). Data 
shown are the mean release ±1SEM for two sets of experiments performed in 
triplicate.

R2 is the alkyl substitution on the ring N atom of each 3-hydroxypyridin-4-one.
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The hydroxypyridin-2-ones, like the hydroxypyridin-4-ones form neutral 

3:1 complexes with iron(lll) at physiological pH [116,117]. Their stability 

constant for iron, however, is lower than that of the hydroxypyridin-4-ones. 

CP22 (a 4-one) and CP02 (a 2-one) are two such chelators which possess a 

similar Kpart, but differ in their iron binding constants (Table 2). They were 

used in a dose-response study at a range of concentrations between 33-1000 

|iM. CP02 released very little iron at concentrations of less than 100|iM, but at 

SOOjiM there was considerable release (similar to that of DFO, i.e. about 3 

times above control), with a small further increase at lOOOpM. With the 4-one 

CP22, there was considerable iron mobilisation at concentrations of less than 

lOOpM, about 2.5 times that of the control. By lOOpM, CP22 released more 

than 4 times the control value and release was maximal at 500pM (5.5 times 

above control). [Fig.23].

Thus, results showed that the 4-one was more effective in mobilising 

hepatocyte iron over the whole range of concentrations. This difference, 

however, was particularly marked at low chelator concentrations (<100|nM) 

[Fig.23].

3.3.4 59pe Release from Cultured Hepatocytes using DFO

The dose-response curve for DFO [Fig.23], showed that this compound 

is less effective than the hydroxypyridin-4-one CP22 in mobilising hepatocyte 

iron, over a wide concentration range. Figures 20 and 21 show the difference 

in efficacy at concentrations of 500|iM and lOOfiM respectively. However, 

DFO was shown to be more effective than the hydroxypyridin-2-one CP02 at 

low concentrations, but not at the highest ones (600-1 GOOpM) [Fig.23].
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FIGURE 23: Time course of 59pe release from hepatocyte monolayer cultures 
measured over 2 hours, following incubation of cells with control medium (1% 
BSA) with or without DFO, CP22, or CP02 at the range of concentrations 
shown. Pulsing time with human diferric ^^Fe-transferrin was 4 hours. 59pe 
release is expressed as a percentage above release with control medium 
(called 100%). Data shown are means ±1 SEM of triplicate determinations.
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3.4 DISCUSSION

I have studied the relative efficacy of a series of hydroxypyridin-4-ones 

and a 2-one in mobilising iron from monolayers of cultured hepatocytes and 

compared this to the efficacy of DFO. All the 3-hydroxypyridin-4-ones used 

possess similar same stability constants for iron(ill), but have different 

partition coefficients (Kpart) between lipid and aqueous phases, and therefore, 

variable membrane permeability. Thus, this series provides a good model to 

study the effect of ligand lipophilicity on cellular iron mobilisation. The method 

used gave reliable and reproducible results. The cultures maintained cell 

integrity, and viability at the end of each experiment was high, as shown by 

cell staining and failure to detect any lactate dehydrogenase release into the 

incubation media.

The results indicate an interesting relationship between the iron 

chelating efficacy and the Kpart of the chelators between lipid and aqueous 

phases. The alkyl 3-hydroxypyridin-4-ones, CP20-CP25, have shown a 

significant efficacy in mobilising hepatocyte iron [Fig.21]. These compounds 

possess similar stability constants, but have different Kpart [Table 2]; it is, 

therefore, suggested that they should also have variable ability to permeate 

cell membranes. The longer the length of the R2 substituent on the ring 

nitrogen, the more lipophilic the chelator becomes [Fig. 17]. With increasing 

lipophilicity, the relative mobilisation of iron from hepatocytes also increases 

[Fig.21]. Thus, the most hydrophilic compound of the series, CP20, was shown 

to be also the least effective. These results imply that the more hydrophilic a 

chelator is, the less able it is to penetrate into cells and is, therefore, less able 

to increase transit of iron across hepatocyte membranes. Although previous 

studies claim the opposite [51], it seems that the ability of chelators to 

mobilise iron is associated with their ability to permeate cell membranes. This 

is also supported by the observation that apotransferrin does not increase iron 

release from hepatocytes in this culture system [183]. Apotransferrin has no
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appreciable affinity for the transferrin receptor [179], and thus it remains 

extracellular, unless the integrity of the cell membrane is lost. The most 

effective chelator of the series was shown to be CP22. This has a propyl 

group at position R2 and, therefore, has a Kpart close to 1 in both the iron-free 

and the complexed forms. A Kpart close to unity seems to be optimal in 

determining iron release from rat hepatocytes. The Kpart of the iron- 

complexed form of the chelators appears to be less critical than that of the 

free ligand in determining hepatocyte iron release. Compounds with Kpart 

from 0.03 to >0.6 showed almost identical 59pe release, about 3-4 times 

above that of the control [Table 2j.

It is known that the bile canaliculi reform after 24 hours of hepatocyte 

culture [184], and that active excretion and conjugation of drugs in hepatocyte 

isolates may also occur by that time [185]. These mechanisms can possibly 

influence the relationship between lipid solubility and membrane permeation 

and they may also account for the fact that the Kpart of the iron complex does 

not seem to be critical to iron release. Other cells which require the removal of 

excess iron clinically, such as the myocardial cells, may not possess such 

mechanisms and in these cells the influence of the Kpart of the iron- 

complexed chelator on iron mobilisation may be of some importance.

Relatively more lipophilic chelators (Kpart > 1 in the iron-free and 

complexed forms) are able to partition into cell membranes. However, no 

increase in iron release was observed with the more lipophilic CP24 and CP25 

over that observed with compounds possessing Kpart close to 1 [Fig.21]. 

Moreover, CP24 and particularly CP25 which is highly lipophilic in both the 

free and the iron-complexed forms [Table 2], caused increased release of LDH 

into the culture medium, when used at the concentration of SOOpM, this being 

an indication that the compounds are toxic to cells. It is, therefore, suggested 

that an ideal iron chelator should possess a Kpart close to unity for optimal 

activity, i.e. in order to be able to partition into cell membranes in the iron-free
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form and also to be able to exit cells in the iron-complexed form without 

causing cell damage.

Iron mobilisation from within cells may also be influenced by the 

stability constant of a chelator for iron(lll). The dose-response curves of the 

hydroxypyridin-4-one CP22 as compared to a similar 2-one in terms of Kpart 

(CP02), showed that the 2-one, which has a lower iron binding constant than 

the 4-one, was less effective; i.e. CP02 was effective over a wide 

concentration range, but it was less effective than the 4-one CP22 on a molar 

basis [Fig.23]. At concentrations below lOOpM the differences in relative 

efficacy are greater, but at higher concentrations (above SOOpM) there is a 

little increase in net iron mobilisation between these two compounds. This 

finding is consistent with the concept of a limited, rapidly chelatable iron pool 

been present in the cells [51,149,184,186]. The fact that the hydroxypyridin-4- 

ones are more active at low concentrations, suggest that a high stability 

constant is essential for efficient iron mobilisation and that the hydroxypyridin- 

4-ones will be considerably more efficient at concentrations that can be 

attained clinically. The stability constant is, therefore, an important factor in 

determining intracellular iron mobilisation, particularly at low chelator 

concentrations, although the Kpart is critical in determining chelator access to 

the interior of cells.

DFO has been extensively studied in vitro and in vivo in animals as well 

as clinically, and is, therefore, an important reference compound when 

screening new iron chelators. DFO is an hexadentate iron chelator that 

coordinates iron(lil) in a 1:1 ratio, whereas the bidentate 

hydroxypyridin-4-ones or 2-ones bind iron(lll) in a 3:1 ratio. Therefore, when 

comparing the activity of the hydroxypyridinones to that of DFO on a molar 

basis, DFO possesses three times more ironbinding capacity than the 

hydroxypyridinones. Despite of this, we have consistently observed a greater 

hepatocyte iron release with CP22 than with DFO [Figs.20,21,23 and Table 3].
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There are several possible explanations for the greater efficacy of the 

hydroxypyridin-4-ones as compared to that of DFO;

(i) The 4-ones may enter cells at a greater rate, or the availability of the 

intracellular iron to the 4-ones may be greater than to DFO. It has been shown 

that, unlike ferrioxamine, DFO can enter cells and promotes faecal excretion 

which is mainly of hepatocellular origin [187]. Also, in rats, biliary iron 

excretion caused by DFO is specifically derived from intrahepatic stores 

[6,24,26]. Because of its low Kpart (0.01), however, it is suggested that DFO 

will enter hepatocytes slowly, by simple diffusion; the possibility of some 

facilitated uptake has also been suggested [151]. Our finding that the 

maximum difference in S^Fe release occurs in the first two hours [Fig.20], 

supports the hypothesis that the relatively higher efficacy of the 

hydroxypyridin-4-ones to mobilise hepatocyte iron is partly because these 

chelators enter cells more rapidly than DFO.

(ii) Once inside the cell, the hydroxypyridin-4-ones may have further 

advantages over DFO, either by having access to intracellular iron pools not 

available to DFO, or because of their higher iron binding constants. The latter, 

however, may not be important since DFO is an hexadentate chelator and is 

thus more efficient at low concentrations than the bidentate ligands. The 

hypothetical low molecular weight cytoplasmic iron pool [149,150b, 186,188] 

will be, therefore, equally accessible to both the hydroxypyridinones and DFO, 

provided they are both present at equal concentrations in the cytoplasm.

The low Kpart of DFO may also reduce the rate at which DFO enters 

lysosomes, where a significant amount of iron is found [189,190,191]. 

labelled methyl and acetyl DFO derivatives have been shown to accumulate 

into lysosomes at a relatively slow rate [51]; at 1 hour the majority of these 

derivatives is still in the cytoplasm and can be detected at appreciable 

amounts in the lysosomes only after 16 hours incubation. Thus, the
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intracellular distribution of DFO may be a limiting factor to the drug's 

accessibility to the available iron pools.

(iii) The ability of the chelators directly to remove iron from the ferritin 

core, may also be an important factor for intracellular iron mobilisation. When 

monolayers of cultured hepatocytes were incubated with ^^pe-transferrin, the 

majority of the 59pe was incorporated into ferritin within 10 minutes [50]. 

Unlike DFO, the hydroxypyridinones are small molecules and it is, therefore, 

possible that they can penetrate into the ferritin core and remove iron that is 

not available to DFO [192]. The in vitro mobilisation of iron from ferritin by the 

hydroxypyridinones is approximately 10 times the rate achievable with DFO 

[39], but the process is too slow [38] to account for the differences seen in the 

hepatocyte cultures. Thus, the differences in hepatocyte iron mobilisation 

observed with DFO and the hydroxypyridin-4-ones can be mainly attributed to 

their different Kpart, and this may be more profound in other types of cells in 

the body.

(iv) Finally, cellular iron mobilisation may also be influenced by the 

metabolism of the ligands. The degree of metabolism of the hydroxypyridin-4- 

ones in these liver cell preparations is not known. However, DFO is known to 

be metabilised by serum [6] and CP20, in both rat and man, undergoes 

extensive metabolism in the liver, where it is rapidly converted to non

chelating metabolites [192a]. Moreover, some chelators are metabolised by 

human liver or serum in a different way to the rat hepatocytes [192a]. In order 

to minimise such metabolism, foetal calf serum was not used in the incubation 

media in the experiments described in this chapter.

3.5 CONCLUSION

It can be concluded, therefore, that my results indicate that the 

hepatocyte culture system is a useful model for the initial screening of iron
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chelators; cellular iron release, comparison of the efficacy of the different 

chelators and cellular toxicity can be assessed simultaneously. The results 

further show, that the Kpart and the stability constants of the ligands are 

important considerations in the designing of new iron chelators of potential 

clinical usefulness. The Kpart value is critical in determining chelator access 

to the interior of cells, and hydroxypyrid-4-ones with Kpart values close to 1.0 

in both the iron-free and complexed forms are the most effective in mobilising 

iron in this in vitro system, as well as the least toxic to the cells. The results 

also suggest, that the stability constant is an important factor in determining 

intracellular iron mobilisation. The fact that the hydroxypyridin-4-ones have a 

high stability constant for iron(lll) and are more active at low concentrations, 

suggests that they will possibly show considerable efficacy at concentrations 

that can be attained clinically.
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CHAPTER 4 

ANIMAL STUDIES: PART I: EXPERIMENTS USING A MOUSE MODEL 

4.1 INTRODUCTION

Because of the serious limitations intrinsic to the in vitro screening 

systems, discussed in Chapter 1, research on the development of chelating 

agents of potential clinical usefulness has necessitated the use of in vivo 

models.

Proceeding from in vitro studies on hepatocytes to in vivo studies in 

intact animals in order to evaluate the effect of the hydroxypyridinone 

chelators on iron release, I utilised a modification of a mouse model for 

measuring iron excretion previously used in this laboratory [193]. In all the 

experiments, we have followed the Home Office (Cruelty to Animals Act 1876) 

guidelines to minimise harm and suffering of the experimental animals.

4.1.1 Outline of Experiment

The mice were iron-loaded using parenteral iron dextran and after a 

period of equilibration their liver iron stores were labelled with human ^^Fe- 

lactoferrin. After labelling, a further period of equilibration was allowed before 

the test chelators were administered to the animals. Excretion of ^^Fe was 

monitored daily in separately collected urine and faeces [194]. This screening 

system although time consuming, was chosen because of its simplicity, 

reproducibility and relative low cost. The model has also been used in rabbits 

[127], and for the determination of toxicity:effectiveness ratios reflecting the 

therapeutic safety levels of chelators [195]. Dose-response relations and 

toxicity of chelators by measuring the LD50 can also be assessed using the 

above model.
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4.2 PRELIMINARY EXPERIMENT

Human ^^Fe-lactoferrin has been previously shown to deliver the iron 

predominantly to the liver [196,197,198,199]. It was not clear, however, to 

what extent lactoferrin is taken into the hepatocytes and RE cells. Some work 

[200] suggests that hepatocytes are responsible for the elimination of 

lactoferrin, while other studies [201,202,203] claim that both endothelial and 

Kupffer cells are almost exclusively responsible for lactoferrin uptake by the 

liver, and that lactoferrin distribution is restricted to the sinusoidal cells and 

the endothelium of the central veins. Little work is available, however, on the 

final distribution of iron in the various cells in the liver after equilibration over a 

few weeks. As I used lactoferrin to label the liver in my mouse model, for the 

study of novel hydroxypyridinones, the cellular distribution of ^^Fe-lactoferrin 

needed to be known in order to identify the site of action of these chelators. 

For this reason, I investigated the cellular distribution of radioiron-labelled 

lactoferrin in the mouse liver, by autoradiography. Autoradiographic studies 

with S^Fe are difficult, because of the high energy of the particular isotope, 

which leads to indefinite localisation of the silver precipitates. ^^Fe, another 

isotope of iron, has suitable properties for autoradiography. These studies 

were, therefore, carried out using ^^Fe labelled protein. Furthermore, the liver 

distribution of the protein itself was studied using ^^^l-lactoferrin.

4.3 MATERIALS AND METHODS

4.3.1 Experimental Procedure Associated with the Distribution of ^^Fe- 
Lactoferrin in the Mouse Liver

4.3.1.1 Preparation of ^^Fe-Lactoferrin and ®®Fe-Transferrin

^^Fe-chloride in 0.1ml MCI (1.17mCi/ml, O.SSmg iron/ml) was used to 

fully saturate lactoferrin and transferrin in a similar way to that described for
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the preparation of ^^Fe-lactoferrin and ^^Fe-transferrin (Chapter 2). 

Lactoferrin and transferrin were incubated for three hours at room temperature 

with ^^Fe-chloride, a 20-fold excess of trisodium citrate and 1QmM sodium 

bicarbonate (pH 7.4).The solutions were subsequently dialysed for 24 hours in 

PBS containing 1CmM sodium bicarbonate; during dialysis the medium was 

changed once. Following dialysis, the solutions were passed through a PD-10 

Sephadex G-25M column (Pharmacia). 1ml eluates were collected and 

counted. The eluted fractions containing the radioactively labelled proteins 

were pooled together for subsequent use.

4.3.1.2 Preparation of Cold Iron-Saturated Lactoferrin and Transferrin

Human apolactoferrin and apotransferrin were completely saturated 

with cold iron (FeClg) using the method described for the preparation of ^^Fe- 

lactoferrin and ^^Fe-transferrin [Chapter 2].

4.3.1.3 Procedure for Protein lodination

Cold iron saturated lactoferrin and transferrin were subsequently 

iodinated with ^^^1 (sodium iodide in NaOH solution, pH 7-11) using the solid 

phase radioPodiine reagent lodo-gen (1,3,4,6-tetrachloro-3a, 6a- 

diphenylglycouril) for the rapid mediation of the reaction [204]. 20ml dry glass 

tubes were coated with lodo-gen dissolved in chloroform and were thoroughly 

dried by evaporation at room temperature under a stream of dry nitrogen gas. 

1ml of each cold iron protein preparation was then spread uniformly by stirring 

over the area of the lodo-gen coated tubes (lOpg lodo-gen/1 OOpg of protein) 

and were incubated for 15 minutes at room temperature with ^^^l-Na (5mCi 

^^^l/mg protein). Following iodination, the protein preparations were applied 

to a PD10 Sephadex G-25M column to remove any unbound ^^^1 and the 

radioactive fractions were pooled together. This work was carried out in the 

special radioactive unit in the department of Clinical Biochemistry at UCL.
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4.3.1.4 Animal Work

Iron-overloaded mice and non-overloaded mice were injected via the 

tail vein with human ^^Fe-lactoferrin (0.6330mg lactoferrin labelled with 

2.6|iCi ^^Fe or 0.3165mg lactoferrin labelled with 1.3|iCi ^^Fe per mouse) 

and were sacrificed at 30 mins, 2 or 4 hrs and 24 or 27 hrs following injection. 

Two animals injected with ^^Fe-lactoferrin were sacrificed at 21 days.

To follow the lactoferrin distribution, non-iron-overloaded animals were 

injected with ^^^l-lactoferrin (0.90mg lactoferrin labelled with 4.5pCi ^^^1 or 

0.45mg lactoferrin labelled with 2.25pCi ^^^1 per mouse) and were sacrificed 

at 30 mins, 2 hrs, 4 hrs and 27 hrs following injection.

Control iron-overloaded and non-iron-overloaded animals were 

injected with ^^Fe-transferrin and ^^^l-transferrin and were sacrificed at 24 or 

27 hrs following injection.

When the animals were sacrificed, their livers were perfused with 

heparinised PBS through the portal vein using a 21G butterfly. Subsequently, 

the livers were dissected out and put in a fixative solution of 4% formaldehyde 

diluted in PBS at 4°C. The ^Spe and ^^^1 distribution in liver sections was 

studied by autoradiography.

4.3.1.5 Autoradiographic Method

This work was carried out in collaboration with Dr D. Katz. The 

specimens were processed by his laboratory in the Department of 

Histopathology of the University College and Middlesex School of Medicine as 

outlined in Figure 24 [205a]. After being embedded in paraffin blocks, sections 

of livers were cut and floated onto glass slides. The slides had been pre

washed in deionised distilled water, dipped in chromic acid solution containing 

1% gelatin and dried at 37°C.
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AUTORADIOGRAPHY OF MOUSE LIVER SECTIONS

Embed sections in parafilm blocks

Cut and float into glass slides

Deparafinise and stain with 
hematoxylin

Leave no longer than 30 mins in 
distilled water and dip in K5 

photographic emulsion for 10 secs

Leave coated slides to dry in the 
dark for 30 mins, place in light-tight 

boxes containing dessicant and 
leave stored at -72° C for 72 hrs.

Warm boxes at room temperature, 
open in the dark and place slides in 

KOI 9 developer for 1 min.

4̂

Place slides in 1 % acetic acid for 
10 secs, fix in Ampfix for 1 min, and 

restain in hematoxylin.

Examine autoradiographs by xlOO 
oil immersion microscopy.

FIGURE 24: Scheme for autoradiography of mouse liver sections after 
labelling with either ^^Fe-lactoferrin or 'l^^l-lactoferrin.
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The sections were deparaffin I sed and stained with haematoxylin to 

ensure that adequate material was present for examination. The stained 

sections were kept in distilled water for not longer than 30 minutes before 

dipping into the photographic emulsion.

K5 emulsions (Kodak) were used for all the studies described. The 

emulsion was diluted 1:4 in deionised distilled water pre-heated to 40°C. The 

slides were dipped in the emulsion at the same temperature three times for 10 

seconds and then left to dry in the dark for 30 minutes. Next, the coated slides 

were placed in light-tight boxes containing dessicant and stored at -70°C for 

72 hours.

After this, the boxes were warmed to room temperature while sealed, 

and then opened in the dark.The slides were placed directly in a standard 

solution of KD19 developer for 1 minute. Slides were then transferred to 1% 

acetic acid for 10 seconds and fixed for 1 minute in freshly prepared Amfix 

diluted 1:3 in deionised distilled water. The sections were restained in 

haematoxylin.

The autoradiographs were examined under the microscope with a xlOO 

oil immersion lens using a grid system to quantitate the number of 

autoradiographic dots per unit area in the parenchymal and non-parenchymal 

cells, as well as in the intracellular spaces. The sections were first examined 

under xIO magnification in order to select the areas that had been developed 

best. Background radiation was counted for every sample in an area of 

emulsion well away from the specimen and was subsequently subtracted from 

the total counts in the specimen area.

98



4.3.2 Experimental Procedure Associated with the Evaluation of the 
Hydroxypyridinones in Mice

4.3.2.1 ®®Fe-Lactoferrin Preparation

^^Fe-lactoferrin was prepared as described in Chapter 2.

4 3.2.2 Preparation of the Test Chelators

The bidentate 3-hydroxypyridin-4-ones tested, as well as the oligomeric 

hexadentate pyridin-2-one CP130, were kindly provided by Prof. R. C. Hider 

and were prepared as previously described [39,170, Chapter 2]. The purity of 

the compounds was greater than 99% as established by elemental analysis 

and proton nuclear magnetic reasonance.

The test chelator solutions were prepared immediately prior to 

administration to the test animals. The hydroxypyridinones are water soluble 

molecules, however, there was some difficulty in dissolving the most lipophilic 

compounds of the series, particularly the hexadentate CP130. The latter had 

at some instances to be given to the animals partially dissolved. Efforts are 

currently made to improve its solubility and other properties.

4.3 2.3 Iron Loading and Labelling of the Mice and Profile of ^^Fe- 
Excretion

The experimental procedure followed is outlined in Figure 25.

Iron overload was induced in male albino weanling T.O. mice by four 

weekly injections of a total of 8mg iron dextran (Imferon, SOmg iron/ml solution 

in the form of a complex of ferric hydroxide with a low molecular weight 

dextran fraction) administered intraperitoneally (i.p.). This iron corresponds to 

the overload found in multiply transfused patients.
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4 weekly injections of iron dextran 
2mgs intraperitoneally

:

Leave 2 weeks 

:

Inject 59pe Lactoferin i.v.

Leave 2-3 weeks

Measure background iron excretion 
for 3 days

I

Iron excretion test 

2 days rest

Iron excretion test

:

etc

FIGURE 25: Scheme of iron loading and labelling mice and measurement of 
iron excretion following administration of hydroxypyridin-4-ones.

100



After a two weeks equilibration period, the mice were warmed under an 

infrared lamp for 5 minutes and were then injected via the tail vein with 0.2ml 

^^Fe-lactoferrin (2pCi ^^Fe, 1mg lactoferrin per mouse). This procedure 

occasionally led to some ^^Fe-lactoferrin loss during the injection, as well as 

a little bleeding in some cases. For this reason the total counts per animal 

were somewhat variable. However, this variation in S^Fe loading would not 

affect the results, since the latter were expressed as per cent increases of 

S^Fe excretion above baseline excretion. The mice were then left to rest for at 

least 2-3 weeks to allow for equilibration of the radioactive iron in the body. 

This treatment had been previously shown to preferentially label the liver iron 

stores in rats [196] and the autoradiographic studies described above have 

shown that ^^Fe-lactoferrin mainly labels the hepatocytes. Thus by using this 

procedure the ^^Fe mobilised by the test chelators was thought to be 

associated with liver storage iron and in particular with hepatocyte iron.

The 59pe excretion profile of the mice was followed for 2-3 weeks 

following the injection of the ^^Fe-lactoferrin, during which period there was 

no chelator administration. Urine and faeces of each mouse were collected 

daily and the radioactivity was measured. The level and pattern of ^^Fe 

excretion of the individual mice was variable, but in all cases there was a short 

initial high, spontaneous ^^Fe excretion lasting for 4-5 days followed by a 

gradual decrease to a low ^^Fe excretion level about a week after 

administration of the ^^Fe-lactoferrin [example in Fig.26].

After a further equilibration period of 2-3 weeks, when ^^Fe excretion 

had reached a plateau, [Fig.26], the mice were individually placed into plastic 

cages [194^ and the test chelators were administered either orally or i.p.. For 

the experiments where the chelators were administered i.p. I used the same 

dose in mg for all the compounds tested. For the oral administrations I used 

jequimolar amounts of the chelators (0.056 and 0.11 mmols, pH 7,4), except; of 

DFO where I used 1/3 of that [amount , thus taking into account that DFO
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is an hexadentate iron chelator. Faeces and urine were collected separately 

on a daily basis and the ^^Fe excretion was monitored.

In this mouse model we have tested the ability of the bidentate 

3-hydroxypyridin-4-ones CP20 through to CP25, CP49 and CP50 (3- 

hydroxypyridin-4-one esters) and of the hexadentate oligomeric pyridin-2-one 

CP130 [Fig 16] in promoting increased iron excretion. Control animals were 

injected with PBS (pH 7.4) or they were not injected at all.

At the end of one experiment in which the chelators CP20, CP21, 

CP22, CP23, CP24, CP25, and desferrioxamine (DFO) had been given to the 

mice orally at doses equivalent to lOmg, 20mg, and 40mg of CP20, the mice 

were sacrificed. Their livers were perfused with 20ml PBS through the portal 

vein to remove blood. Subsequently, the body organs (heart, lungs, liver, 

spleen, kidneys, gut, femur, i.e. bone marrow, a blood sample (1ml) and 

carcass) were put into separate universal tubes and were counted for 

remaining radioactivity. The total counts in blood were calculated assuming 

1ml of blood per lOg of body weight. With the small number of counts 

remaining in the blood, this approximation appears satisfactory.

4.4 RESULTS

4.4.1 Uptake of ^^Fe-Lactoferrin into the Mouse Liver

Following the injection of ^^Fe-lactoferrin, the majority of the iron was 

shown to accumulate into the hepatocytes within 30 minutes, while very little 

could be demonstrated into the non-parenchymal liver cells or the extracellular 

spaces [Tables 4 and 5]. Non-iron-overloaded and iron-overloaded mice 

showed similar patterns of ^^Fe distribution with time. Once within the 

hepatocytes, the majority of the ^^Fe was shown to remain associated with 

the hepatocytes up to 21 days following the i.v. injection.
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TABLE 4: Incorporation of into the liver cells of non-iron-overloaded mice, following i.v. injection of ^^Fe-lactoferrin, measured as
described in text. Incorporation of ^^Fe-transferrin was measured as a control.

Mouse No Radioprotein Dose/mouse Time %
incorporation 
of ®®Fe into 
hepatocytes

% incorporation 
of SSpe into 

non- 
parenchymal 

cells

%
incorporation 
of 55pe into 
sinusoids

1 55pe- Lf 2.6pCi,0.G330^ig 30 min 90 5.2 4.8

2 55pe- Lf 1.3uCi, 0.3165ug 30min 73 11.0 16.0

3 SSpe- Lf 2.6pCi.0.6330ng 4 h 89 1.0 10.0

4 55pe- Lf 1.3uCi, 0.3165ug 4h 88 4.0 8.0

5 55pe- Lf 2.6pCi,0.6330ng 24 h 85 11.0 4.0

6 55pe- Lf 1.3uCi, 0.3165ug 24 h 87 0.1 12.9

7 55pe- Lf 2.6pCi,0.G330pg 21 days 86 6.5 7.5

8 55pe- Lf 1.3uCi, 0.3165ug 21 days 83 5.0 12.0

9 55pe- Tf 1.3pCi, 0.3165pg 24 h 91 4.5 3.5
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Mouse No Radioprotein Time Total counts in 
hepatocytes

Total counts in 
non- 

parenchymal 
cells

Total counts 
in sinusoids

Counts/
hepatocyte

counts/non-
parenchymal

cell

1 55pe- Lf 30 min 186 11 10.0 18.6 1.20

2 55pe- Lf 30min 199 30 44.0 9.95 1.15

3 55pe- Lf 4 h 611 7 69.0 55.5 0.9

4 55pe- Lf 4h 398 18 36.0 28.0 1.0

5 55pe- Lf 24 h 320 41 15.0 53.0 5.0

6 55pe- Lf 24 h 573 0.6 79.4 27.0 0.05

7 55pe- Lf 21 days 404 30.5 35.5 50.5 3.05

8 55pe- Lf 21 days 417 25.0 61.0 21.0 2.0

9 55pe- Tf 24 h 5.1 2.5 2.5 4.6 3.05
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TABLE 5: Incorporation of 55 pe into liver cells of iron-overloaded mice following i.v. injection of 55 Fe-lactoferrin,

measured as described in text. Incorporation of 55 Fe-transferrin was measured as a control.

Mouse No Radioprotein Dose/mouse Time %
incorporation 
of 55pe into 
hepatocytes

% incorporation 
of 55pe into non- 
parenchymal cells

%
incorporation 
of 55pe into 
sinusoids

1 55pe- Lf 2.6|iCi.0.6330pg 30 min 96 4 0

2 55pe- Lf 2.6pCi.0.6330pg 2 h 87 1 12

3 55pe- Lf 1.3uCi, 0.3165ug 2h 85 2 13

4 55pe- Lf 2.6pCi,0.6330pg 27 h 82 0.5 17.5

5 55pe- Lf 1.3uCi, 0.3165ug 27 h 80.5 5.0 14.5

6 55pe- Lf 1.3pCi, 0.3165pg 21 days 80 4.0 16

7 55pe- Tf 2.6pCi,0.6330pg 27 h 91 0 9.0

105a



Mouse No Radioprotein Time Total counts in 
hepatocytes

Total counts in 
non-parenchymal 

cells

Total counts 
in sinusoids

Counts/
hepatocyte

counts/non-
parenchymal

cell

1 55pe- Lf 30 min 167 0 7 7 0

2 55pe- Lf 2 h 222 2 28 18.5 0.2

3 55pe- Lf 2h 127 3 19 10.0 0.2

4 55pe- Lf 27 h 138 1 29.0 9.0 0.1

5 55pe- Lf 27 h 57 3.5 10.5 5.0 0.4

6 55pe- Lf 21 days 62 3.0 13.0 5.0 0.4

7 55pe- Tf 27 h 1.8 0 0.2 0.13 0
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TABLE 6: Incorporation of into liver cells of non-iron-overloaded mice following i.v. injection of '^25|.|actoferrin

(measured as described in text). Incorporation of ^^l-transferrin was measured as a control.

Mouse No Radioprotein Dose/mouse Time %
incorporation 
of 12̂ 1 into 
hepatocytes

% incorporation 
of into non- 

parenchymal 
cells

%
incorporation 

of Into 
sinusoids

1 125|_Lf 4.5pCi,0.90|iQ 30 min 91 3 6

2 125|.Lf 2.25uCi,0.45ug 30min 55 3 42

3 125|.Lf 4.5pCi,0.90|iQ 2 h 87 8 5

4 125|.|_f 2.25uCi.0.45ng 2h 81 7 12

5 125|.Lf 4,5|iCi,0.90pg 4h 73 4 23

6 125|_Lf 2.25uCi,0.45ug 4 h 72 14 14

7 125|_Lf 4.5pCi,0.90pg 27h 69 0 31

8 125|_Lf 2.25uCi.0.45^g 27h 71 0 29

9 125|.xf 4.5pCi,0.90pg 27 h 82 15 3

10 125|.jf 2.25nCi,0.45ug 27h 90 0 10
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Mouse
No

Radioprotein Time Total counts in 
hepatocytes

Total 
counts in 

non- 
parenchy
mal cells

Total counts 
in sinusoid

Counts/
hepatocyte

Counts/non-
parenchymal

cell

1 125|_Lf 30 min 748 26 46 44 2

2 125|_Lf 30min 226 10 172 20 1

3 125|_Lf 2h 657 57 40 21 4

4 125|.Lf 2h 364 32 54 21 2

5 125|.|_f 4 h 228 14 71 19 1.2

6 125|_Lf 4 h 106 21 21 13 0.8

7 125|.|_f 27h 20 0 9 1.8 0.7

8 125|_Lf 27h 6 0 2 0.8 0.0

9 125|.xf 27 h 29 5 1 3.0 0.0

10 125|_Tf 27h 6 0 7 0.7 0.7
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Control animals injected with ^^Fe-transferrin showed that very little 

radioactivity was taken up by the liver 24 or 27 hours following injection 

[Tables 4 and 5).

4.4.2 Uptake of ^^^l-Lactoferrin into the Mouse Liver

The ^^^l-lactoferrin, like the ^^Fe-lactoferrin, was taken up 

predominantly into the hepatocytes. Very little radioactivity could be detected 

in the non-parenchymal liver cells or the extracellular spaces at all time 

intervals. However, unlike the ^^Fe, the ^^^1 declined rapidly and at 27 hours 

it was approximately 4% of the amount present per hepatocyte at 30 minutes 

[Table 6].

In the control animals injected with ^^^l-transferrin, very little 

could be detected 27 hours following injection [Table 6].

4.4.3 Distribution of after i.v. Injection of ^^Fe-Lactoferrin

This is shown in Figure 27. It shows that about 70% of iron remains 

in the liver after 21 days of equilibration.

4.4.4 Conclusion

The results above (4.4.3) indicate that about 70% of iron after i.v. 

injection of iron-1 actoferrin is taken up by the liver. The results in section

4.4.2 show that the iron-lactoferrin is taken up by the hepatocytes and that this 

iron largely stays in these cells is shown in section 4.4.1.
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4.4.5 Analysis of Results Associated with the Evaluation of the 
Hydroxypyridinones in Mice

4.4.5.1 Iron Excretion

The basal excretion of ^^Fe was calculated from the mean ^^Fe 

excretion of 3-4 days before the administration of the chelators. This excretion 

was defined as 100%. The increase in ^^Fe excretion obtained with the 

various test compounds was calculated in relation to this, i.e. 200% is twice 

the basal excretion. This allowed the comparison of results obtained between 

animals, although the total radioactivity of each individual mouse showed 

considerable variation.

The iron excretion caused by various doses of each compound were 

plotted and a linear regression calculated for each set of experiments with the 

line constrained to pass through the control value, which was defined as 

100%. The correlation between dose and excretion was calculated. The 

slopes of the lines were compared using a one-tailed t distribution.

The bidentate hydroxypyridinones CP20-CP24 all caused significant 

^^Fe excretion when administered either orally or intraperitoneally (i.p.) to 

iron-overloaded mice [Figs.28 and 29].

Oral administration of compounds CP20, CP21, CP22, CP23, and 

CP24 was found to enhance total excretion of ^^Fe in urine and faeces 

[Fig.28, Table 7]. Some delayed ^^Fe excretion was observed with CP20 and 

CP21 at the highest dose of 40mg/mouse; with the more lipophilic compounds 

CP22 and CP23 this was seen at all doses. The amount of iron excreted was 

clearly proportional to the oral doses administered and the dose-response 

relationships obtained were linear over the dose range 0-20mg. A typical 

graph of such a dose-response curve for CP23 is given in Figure 30. DFO, as 

expected, was inactive by the oral route [see Fig.34]. The most orally active
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Chelator No of 
experiments

Fe excretion ±SEM, 
% increase/mg chelafor

r (correlation 
coefficient)

CP20 9 16.9 ±2.8 0.80

CP21 6 25.7 ± 0.5 0.59

CP22 4 48.1 ±0.1 0.05

CP23 6 26.5 ±2.4 0.75

CP24 7 27.7 ±2.0 0.80

TABLE 7: The effect of 3-hydroxypyridin-4-one iron chelators on ^^Fe 
excretion, following oral administration to iron-overloaded mice, labelled with 
^^Fe-lactoferrin.

The percentage increase/mg chelator was calculated from dose-response 
curves of the type shown in Fig.30; dose range 0-20mg (except for CP20 and 
CP24, 0-40mg).
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compounds at doses 10 and 20mg were shown to be CP21 and CP22, which 

caused a significantly higher ^^Fe excretion than that obtained with CP20 .

With the oral mode of administration of the hydroxypyridinones, the 

amount of ^^Fe excreted in the urine increased as the total excretion of ^^Fe 

increased [Figs.28 and 31]. For example, the amount of urinary ^^Fe 

excretion promoted by CP23 increased from 2-3%baseline to 12% of total iron 

excretion [Fig.28]. Similar relationships were observed for the other 

pyridinones [Table 8]. When comparing the percentage increase in urinary 

^^Fe excretion caused by each chelator in relation to the urinary baseline 

(instead of total baseline) excretion [Fig.32], the same trend can be seen.

When the compounds were given i.p. CP21, CP22, and CP23 caused 

significantly greater ^^Fe excretion than that observed with CP20 [Fig.29, 

Table 9]. The amount of iron excreted was clearly proportional to the doses 

administered and the dose-response relationships obtained with all four 

compounds were again linear. The total ^^Fe excretion caused by compounds 

CP21, CP22, and CP23 was not higher than that caused by DFO [Table 9], 

but the differences were not significant if one takes into account that the 

doses administered were not equivalent in molar terms; thus, while one 

molecule of DFO chelates one atom of iron, three molecules of a 

hydroxypyridinone are required to achieve equivalent chelation.

The i.p. administration of compounds also caused increased ^^Fe 

excretion in urine with increasing dose, [Figs.29 and 33], but the proportion of 

urinary ^^Fe was less than that observed following oral administration.

Comparison of the oral with the i.p. dose-response curves for the 

hydroxypyridinones showed that dose for dose the i.p. route of administration 

was in all cases more effective in causing increased ^^Fe mobilisation [Tables 

7 and 9].
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FIGURE 31: Relationship between total ^^Fe excretion and excretion in the 
urine, following oral administration of CP23 to iron-overloaded mice. ^^Fe 
excretion is shown as percentage above baseline excretion (=100%).
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Chelator No of experiments Percent Fe 
excretion in urine per 

total

r (correlation 
coefficient)

CP20 9 0.034 ± 0.002 0.98

CP21 6 0.032 ± 0.003 0.86

CP22 4 0.640 ±0.190 0.19

CP23 6 0.128 ±0.050 0.49

CP24 7 0.045 ± 0.003 0.91

TABLE 8: Excretion of in the urine of iron-overloaded mice labelled with 
^^Fe-lactoferrin, following oral administration of 3-hydroxypyridin-4-one iron 
chelators; represented as a percentage of total excretion.
Data correspond to slope of line in Fig.31.
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FIGURE 32: Percentage increase of ^^Fe excretion in the urine of iron- 
overloaded mice, following oral administration of hydroxypyridin-4-one 
chelators. ^^Fe excretion is represented as an increase in relation to baseline 
^^Fe urinary excretion.

Vertical axis: Percentage increase in ^^Fe excretion in urine and faeces, in 
relation to urinary and faecal baselines respectively.

Baseline = mean of previous 3 days' excretion = 100%.

Horizontal axis: Dose (mg) of chelator given per mouse.

n = number of experiments.
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Chelator No of 
experiments

Fe excretion ± 
SEM, % increase/mg 

chelator

r (correlation 
coefficient)

CP20 8 45.5 ±0.3 0.93

CP21 4 54.2 ±6.9 0.73

CP22 4 69.5 ±8.1 0.60

CP23 4 85.3 ±3.1 0.91

DFO 12 89.5 ±7.1 0.64

TABLE 9: The effect of 3-hydroxypyridin-4-one iron chelators on ^^Fe 
excretion, following intraperitoneal administration to iron-overloaded mice 
labelled with Fe-lactoferrin.

The percentage increase/mg chelator was calculated from dose-response 
curves of the type shown in Fig.30; dose range 0-20mg except for CP20 and 
DFO, 0-40mg).
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FIGURE 33: Percentage increase of ^^Fe excretion in the urine of iron 
overloaded mice, following intraperitoneal administration of hydroxypyridin-4- 
one chelators. 59pg excretion is represented as an increase in relation to 
baseline ^^Fe urinary excretion.

Vertical axis: Percentage increase in ^^Fe excretion in urine and faeces, in 
relation to urinary and faecal baselines respectively.

.Horizontal axis: Dose (mg) of chelator given per mouse.

Baseline = mean of previous 3 days' excretion = 100%

0 = number of experiments.
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Compounds CP49 and CP50 were not found to cause any significant 

^^Fe excretion when administered either orally or i.p. [Figs.34 and 35]. These 

compounds are esters and, when given orally, are broken down by the acidic 

environment of the stomach. There may also be metabolic breakdown 

preventing iron binding. Thus, these compounds were ineffective.

CP130, the oligomeric hexadentate pyridin-2-one, was also effective in 

promoting increased ^^Fe excretion when given either orally or i.p. to iron- 

loaded mice [Figs.36 and 37]. Oral doses of 1.7mg (n=2) and 2.5mg/mouse 

(n=2) have caused a 280% and 596% increase of total ^^Fe excretion over 

baseline respectively [Fig.36]. The amount of excretion caused by 2.5mg 

CP130 is comparable to that caused by 20mg doses of CP23 and CP24. ^^Fe 

excretion in the urine, compared to urinary ^^Fe baseline, increased with 

increasing dose [Fig.38]. Intraperitoneal doses of 2.5mg (n=2), 5mg (n=2), and 

10mg (n=2 ) per mouse have caused an average increase in total ^^Fe 

excretion of 475%, 525%, and 714% over baseline respectively [Fig.37]. This 

amount of excretion is again comparable with that caused by CP23. By taking 

into account that CPI 30 is an hexadentate chelator, as opposed to the other 

bidentate ligands used, it can be assumed that, dose for dose, CPI 30 causes 

a much higher ^^Fe excretion. Iron excretion in the urine also increases with 

increasing dose, and the amount of iron excreted in the urine, as compared to 

the urinary iron baseline [Fig.39], increases in a similar fashion as with the 

bidentate pyridinones.

In the same experiment, CPI 30 and DFO were also administered to 

normal mice at the doses of 2.5, 5, and lOmg [Fig.37]. ^^Fe excretion in the 

iron-loaded mice was significantly enhanced with both hexadentate chelators, 

as expected, and the amount excreted was comparable for both ligands. 

Moreover, increasing dose of chelator caused increased ^^Fe excretion 

[Fig.37] and the same trend was observed for ^^Fe excretion in the urine as 

compared to urinary baseline ^^Fe excretion [Fig.39]. However, DFO, caused
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FIGURE 34: excretion in urine and faeces, following oral administration
of hydroxypyridin-4-ones to iron-overloaded mice (see text methods).

Vertical axis: Percentage increase of total (urine and faeces) excretion.

Horizontal axis: Dose (mg) of chelator given per mouse.

Baseline = mean of previous 3 days' excretion = 100%.

Shaded areas represent iron excretion in the faeces.

Clear areas represent iron excretion in the urine.

n = number of experiments.
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FIGURE 35: 59pe excretion in urine and faeces, following intraperitoneal 
administration of hydroxypyridin-4-ones to iron-overloaded mice (see text 
methods).

Vertical axis: Percentage increase of total (urine and faeces) 59pe excretion. 
Horizontal axis: Dose (mg) of chelator given per mouse

Baseline = mean of previous 3 days' excretion = 100%.

Shaded areas represent iron excretion in the faeces.
Clear areas represent iron excretion in the urine.

n=number of experiments.
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FIGURE 36: 59pe excretion in urine and faeces, following oral administration 
of the hexadentate hydroxypyridin-2-one CP130 to iron-overloaded mice (see 
text methods).

Vertical axis: Percentage increase of total (urine and faeces) 59pe excretion. 
Horizontal axis: Dose (mg) of chelator given per mouse.

Baseline = mean of previous 3 days' excretion = 100%.

Shaded areas represent iron excretion in the faeces.
Clear areas represent iron excretion in the urine.

n = number of experiments.
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FIGURE 37; 59pe excretion in urine and faeces, following intraperitoneal 
administration of the hexadentate hydroxypyridin-2-one CP130 and DFO to 
iron-overloaded and non-iron-overloaded mice (see text methods).

Vertical axis: Percentage increase of total (urine and faeces) 59pe excretion. 
Horizontal axis: Dose (mg) of chelator given per mouse.

Baseline = mean of previous 3 days' excretion = 100%.

Shaded areas represent iron excretion in the faeces.
Clear areas represent iron excretion in the urine.

n=number of experiments.
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FIGURE 38: Percentage increase of 59pe excretion in the urine of iron- 
overloaded mice, following oral administration of the hexadentate 
hydroxypyridin-2-one CP130. 59pe excretion is represented as an increase in 
relation to baseline 59pe urinary excretion.

Vertical axis: Percentage increase in 59pe excretion in urine and faeces, in 
relation to urinary and faecal baselines respectively.

Horizontal axis: Dose (mg) of chelator given per mouse.

Baseline = mean of previous 3 days' excretion = 100%.

n=number of experiments.
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minimal excretion when administered to normal mice; CP130, on the 

other hand, caused enhanced iron excretion, increasing with increasing dose, 

but nevertheless lower than that observed with the iron-loaded mice.

4.4.S.2 Toxic Effects

None of the chelators CP20, CP21, CP22, and CP23 caused any 

apparent toxic effects to the mice when given orally at doses up to 500mg/kg. 

CP49 and CP50 were not toxic at oral doses up to 31 mg/kg, and 125mg/kg 

respectively. Intraperitoneal administration of CP21, CP22, CP23, CP49 and 

CP50 also caused no apparent toxicity at doses up to 125mg/kg, while CP20 

seemed to be well tolerated at the doses of 500mg/kg (i.p.) and Ig/kg (p.o.). 

The relatively more lipophilic compounds of the series, CP24 and CP25, were 

lethal to mice at the oral doses of Ig/kg and 250mg/kg, respectively. Two out 

of three experimental animals died one day following CP24 administration at 

Ig/kg, while CP25 was lethal at all three animals given 250mg/kg. Oral 

administration of 1.25mg/mouse of CP25 had minimal effect, but enhanced 

excretion was observed at the dose of 2.5mg/mouse [Fig. 34]. Also, enhanced 

S^Fe excretion was observed with the i.p. dose of 1.25mg/mouse with both 

CP24 and CP25 [Figs.29 and 35]. CPI 30 caused no toxicity at doses up to 

62.5mg/kg (p.o.) and 250mg/kg (i.p.).

Compounds CP24, CP25, CP49 and CPI 30 were difficult to dissolve at 

the concentrations of 5 and lOmg. In particular, CPI 30, was administered 

partially dissolved on several occasions.

4.5 DISCUSSION

4.5.1 Lactoferrin Uptake by the Liver.

It has been reported that human lactoferrin injected into the tail veins of 

rats is very rapidly taken up in the liver [196] and that the hepatocytes are
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responsible for the elimination of lactoferrin [200]. Previous studies with 

isolated macrophages [205,206,207] and monocytes [208,209], however, as 

well as in vivo studies with mice [201 ,202], have claimed that human 

lactoferrin injected i.v. is predominantly taken up by the reticuloendothelial 

(RE) system.

My present studies indicate that there is little interaction of lactoferrin 

with the non-parenchymal liver cells. The majority of ^^^l-lactoferrin was 

shown to be accumulating in the hepatocytes. Similarly, the majority of the 

^^Fe-lactoferrin was also found in the hepatocytes, indicating that lactoferrin 

delivers iron selectively to the liver parenchymal cells. The differences in the 

distribution of  ̂̂ ^l-lactoferrin observed in my studies from previous ones, may 

be due to the methods used to remove excess plasma from the liver. In my 

studies, I perfused the liver through the portal vein and this may remove 

lactoferrin non-specifically bound to sinusoidal cells more efficiently than 

methods using perfusion through other vessels. Moreover, in previous studies 

[201], the animals were anaesthetised prior to the intravenous ^^^l-lactoferrin 

injection and they were anaesthetised again a few seconds prior to sacrifice in 

order to collect a blood sample from the orbital venous plexus for counting of 

radioactivity. It is possible that the anaesthetisation of animals may have 

interfered with the distribution of I-lactoferrin in the liver. The relative rapid

disappearance of ^^^l-lactoferrin from the hepatocytes, with retention of ^^Fe, 

suggests that the lactoferrin is being degraded or exocytosed by the 

hepatocytes, whilst iron is selectively retained. In contrast, as expected [196], 

iron delivered by transferrin does not accumulate in the hepatocytes or any 

other liver cells. The results of this study indicate that lactoferrin can be used 

to specifically iron-label liver hepatocytes. It is, therefore, concluded that this 

is a good model to use in the study of novel iron chelators in order to identify 

the site of action of such chelators.
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I subsequently used ^^Fe-iactoferrin as a label for the study of the 

relative efficacy of the hydroxypyridinones to promote iron excretion in mice.

4.5.2 59pe Excretion due to the Hydroxypyridinone Chelators

As all the hydroxypyridinone chelators possess the same affinity for 

iron (III), this efficacy can be related to the partition coefficients (Kpart) of the 

free ligands and the resulting iron complexes. It has already been discussed

(Chapter 3), that partition coefficients are very important in determining the

distribution of molecules within tissues. Novel chelators should be able to 

mobilise tissue iron, since the majority of the excess iron in patients suffering 

from iron overload is stored intracellularly.

The in vivo pattern of ^^Fe excretion promoted by the pyridinones in 

this mouse model was similar to that demonstrated in the short-term

hepatocyte culture model, described in Chapter 3, where it was shown that the 

most effective compounds possess Kparts that favour hepatocellular iron 

mobilisation. The increased S^Fe excretion caused by the pyridin-4-ones 

occurred in both the faeces and the urine, with the majority of the iron 

excreted in the faeces. Moreover, this mouse model showed that the

hydroxypyridinones which were less able to enter hepatocytes, like the 

relatively hydrophilic CP20 chelator, have caused proportionally less ^^Fe 

excretion by either the oral or the i.p. route [Figs.28 and 29, Tables 7 and 9].

Previous studies on the mode of action of DFO have shown that faecal 

iron excretion is of hepatocellular origin, while urinary iron excretion is 

possibly of RE origin and represents extracellular chelation [24]; the latter 

becoming significant only after transferrin saturation. It has been suggested, 

therefore, that compounds which were less able to enter the hepatocytes 

would cause proportionally less faecal excretion and as a result, relatively 

more would be found in the urine. Such a trend can be seen for the relatively
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hydrophilic chelator CP20 [Figs.28,29,32,33]. When given either orally or i.p., 

CP22 was found to be the most active pyridin-4-one over the dose range used 

in these experiments, causing significant faecal and urinary iron excretion. 

Overall, chelators CP21 and CP22 were shown to be the most promising 

compounds for clinical application. These results confirm the findings of the in 

vitro studies with isolated cultured hepatocytes described in Chapter 3 of this 

thesis. DFO, as expected had no significant effect when administered orally.

The toxicity of CP24 and CP25, which are the most lipophilic chelators 

of this series, may be associated with their ability to cross the blood-brain 

barrier. In fact, the acute toxicity of the hydroxypyridinones is lower than many 

other experimental chelators with the LD50 of these compounds in the range 

of 750-1 OOOmg/kg in non-iron-overloaded mice when given i.p.. In iron- 

overloaded animals, the LD50 was higher with all compounds including DFO 

[168]. Also, in longer term studies, no "ill effects" were observed in mice given 

the methyl (CP20), ethyl (CP21) or propyl (CP22) derivatives at approximately 

300mg/kg/24h for 24 days, although no post-mortem or histological results 

were reported [125].

The preliminary studies with the hexadentate chelator CPI 30, indicate 

that this may also have clinical potential. It was orally active and at low 

concentrations it showed higher iron chelating efficacy than the bidentate 

analogues. It also caused enhanced iron excretion when given 

intraperitoneally to normal mice, as opposed to DFO, which showed minimal 

effect at all doses administered. It has been suggested [210], that iron 

chelated in vivo is related to an increase in the size of an intermediate 

chelatable pool in equilibrium with the storage compounds ferritin and 

hemosiderin. This may explain the almost complete ineffectiveness of DFO in 

normal mice, where this pool would be very small. CPI 30, however, seems to 

chelate iron from alternative sources as well. Given intraperitoneally to iron- 

loaded mice, CPI 30 caused comparable iron excretion to that of DFO. Finally,
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as previously mentioned, there were problems with the solubility of CP130. 

These preliminary results suggest that the hexadentate chelators may 

possibly have greater clinical potential when the structure has been optimised 

in terms of hydrophilicity.

4.6 CONCLUSION

The results of the studies described above, indicate that the 3- 

hydroxypyridin-4-one chelators effectively mobilise hepatocellular iron when 

administered either orally or intraperitoneally to iron-overloaded mice. Most 

important, their significant oral activity as opposed to that of DFO, is an 

extremely promising property for their potential use in the management of 

clinical iron overload.
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CHAPTER 5

ANIMAL EXPERIMENTS: PART II EXPERIMENTS USING A RAT MODEL 

Mobilisation of Hepatocyte Iron by Chelators 

5.1 INTRODUCTION

The iron chelating efficacy of the 3-hydroxypyridin-4-ones was further 

tested in intact, non-iron-overloaded rats, using a radioisotope assay.

5.1.1 Principle of Assay

Hepatocytes in intact rats were labelled using i.v. ^^pe-ferritin. After 

90mins equilibration, the animals were given the appropriate chelator and the 

59pe excretion in the urine and gut+contents was measured over the next 4 

hours. After this, the animals were sacrificed and the residual radioactivity was 

measured.

The total iron (radioactive and cold) in the urine was also measured , 

as was that in the bile in some animal experiments (Fig.40).

5.1.2 Background

The main source of chelatable iron within the hepatocytes, was 

transiently labelled using ^^Fe-ferritin [211]. This method is particularly useful 

in monitoring iron excretion, especially when this is in the faeces, as is the 

case with Desferrioxamine (DFO) [26] and the^Sroxypyridinones, as already 

been seen in studies on normal (non-iron-overloaded) and iron-overloaded 

mice [Chapter 4]. Moreover, such a radioassay, not only reflects
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NORMAL FEMALE RATS 

:
Label by injecting ^^Fe-ferritin (7 .5^9 iron, 0.05-0.2|aCi SBpe per rat)

Equilibrate for 90 min.

Control (i.m. or p.o.) DFO* (i.m) Hydroxypyridinone chelators
(i.m or p.o)

Keep in metabolic cages for 4 hours and collect urine and faeces separately.

Sacrifice

Count radioactivity in urine, faeces and gut contents, liver, spleen, blood,
kidneys and carcass.

Measure total iron in urine.

*DFO was used as a "Benchmark" control to compare with previous results
[211].

FIGURE 40: Scheme of procedure for the evaluation of the hydroxypyridinone 
iron chelators in intact, non-iron-overloaded rats.
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total iron mobilisation, but also indicates possible differences in the sources 

and routes of excretion of chelatable iron.

In this study I used rats with normal iron stores, which appears to be 

a more satisfactory model for this assay than the iron-loaded animals, since it 

has been previously shown that isotope excretion in normal rats is a more 

sensitive measure of intrahepatic chelation [211].

These experiments can either be carried out by collecting (a) bile 

directly after cannulation of the bile tract, or (b) the intestines together with the 

faecal contents assuming that there is no reabsorption of any excreted ^^Fe- 

chelator complex. Therefore, before evaluating the hydroxypyridinone iron 

chelators using method (b) it was necessary to ensure that the iron-chelator 

complex formed in the liver and excreted in the bile was not reabsorbed from 

the rat's intestine. For this reason, prior to the main group of experiments, the 

absorption of various ^^Fe-chelator complexes was tested for.

5.2 EXPERIMENTS TO DETERMINE THE FATE OF THE ^^Fe-CHELATOR 
COMPLEX GIVEN BY MOUTH

5.2.1 Principle

A double isotope technique was employed, using ^^Fe and ^^Cr. 

^^Fe-chelator complex was given to rats together with ^^CrCIs by mouth

[212]. The latter was used as an inert, non-absorbed indicator [213]. If there 

was no absorption of the chelator complex, the ^^Fe/^^Cr ratio of the mixture 

in the faeces would be the same as that given. Alternatively, a whole body 

counter can be used, where the chromium loss from the body will represent 

the gut transit time, any absorbed ^^Fe lagging behind [214]; counting of the
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urine would give a furtk/indication of any intestinal absorption and urinary re

excretion of 59pe.

5.2.2 Preparation of the Test Compounds

Equimolar solutions [0.06M] of the iron complexes of compounds CP20, 

CP21, CP22, CP23 and DFO were prepared in distilled water using 

FeCl3 .6 H20 . The chelators were saturated with iron, at a ratio of 3 chelator 

molecules: 1 iron atom and were labeled with SpCi ^^Fe (in the form of 

^^FeCIs). The iron complex solutions were finally neutralised with 7mg Bis- 

Tris. Subsequently, 50pCi ^^Cr (in the form of ^^CrCIs) were added to the 

iron-chelator solutions. ^^Cr was used in this experiment as an inert, non

absorbable marker, because it had been previously established that CrClg, in 

contrast to Na2Cr04 , is practically not absorbed [213]. Also, ^^Cr was used at 

a 10-fold excess over ^^Fe, because it has been previously determined that to 

obtain an identical count rate the test dose in iron absorption studies should 

contain more than 7 times as much ^^Cr than ^^Fe [212].

The dose to be given was first measured as a point source with the 

whole body counter (counts A). It was then given to the rats. After 

administration the empty containers were also counted immediately to 

determine any remaining radioactivity (counts B). The difference of the 

radioactivity (^^Fe and ^^Cr), i.e. counts A - counts B, equalled the total 

amount (100%) of the radioactivity in the dose given.

5.2.3 Measurement of Radioactivity

S^Fe and ^^Cr activities were measured using a whole body counter, 

TN-1710 MCA. 59pe activity was measured under the photopeak area 1.095- 

1.292 MeV (ew2), and Or activity under 0.26-0.40 MeV (ewi ) (Fig. 41 ). The
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method of correcting the S^Cr counts in ew ifor 59pe counts in mixed samples 

is out lined in Figure 41. A ^^^Cs reference source was used, with a peak at 

0.662 MeV. All values were corrected for background radiation and 

radioactive decay.

The influence of geometric variations on the counting efficacy was also 

evaluated. Plastic tubes containing 50ml of a mixture of SpCi ^^Fe and SOpCi 

51Cr made up in distilled water were counted for 100 secs. It was found that 

the point sources (1 ml) corresponded best with the counts of the same amount 

of radioactivity counted in the 50ml solutions in the horizontal rather than the 

upright position [Table 10]. All the experimental samples were, therefore, 

counted in 50ml tubes placed at the horizontal position, with a counting time of 

400 secs. Background counts were also determined, using 50ml plastic tubes 

filled with distilled water and counted for 400 secs.

5.2.4 Experimental Procedure to Determine the Fate of the ^^Fe-Chelator 
Complex

Male Wistar rats with normal iron stores weighing approximately 

500gm, were used. A precounted dose (1ml) of ^^Fe-chelator 

complex/^^CrCIa, prepared as above, was given to the rats by mouth, using a 

thick metal canula. Remainders of the radioactive solutions were flushed out 

of the containers with a further 0.5ml of distilled water and were also given to 

the rats.

The animals were then whole body counted, using a whole body 

scanner. After this, the rats were individually housed in metal cages and their 

faeces and urine collected separately on a daily basis. Urine and 

homogenised faeces were put in plastic tubes, made up to 50ml with distilled 

water, and counted for ^^Fe and Or.
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counts

e w i

1-50-5 1-0

Figure 41: Composite ^'*Gr/^^Fe spectrum showing energy windows 
selected for counting. ew1 = ^'*Cr, ew2 = 59pe.

There were no 51cr counts in ew2, while some 59pe counts were found in 
ew1. When mixed samples were counted then

59pe counts = ew2

51ç r counts = ew1 - ew2*F

F = ratio of counts, ew1/ew2, when 59pe only was counted. With the geometry 

used F = 0.214.
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SAMPLE POSITION 51 Cr NET 
COUNTS

59pe NET COUNTS

1 ml upright 53486 32842

50 ml horizontal 51475 31447

50 ml upright 38105 26744

TABLE 10: Assessment of geometrical Variations on the Counting 
Efficiency of Whoie Body Counter for ^^Cr and S^Fe.

1ml of each 51Cr and 59pe solutions (5iaCi and 50|iCi 51 Cr) were 

counted as point sources in the upright position in a TN-1710 MCA whole 

body counter for 100 secs. This corresponded to the dose of radioisotopes 

administered to the rats. The solutions were then made up to 50ml with 

distilled water (volume in which the excreta were counted) and were counted 

again separately for 100 secs in the upright and horizontal positions, in order 

to determine the position corresponding best to counting accuracy between 

dose administered and radioactivity excreted.
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At the end of the study, the rats were sacrificed and the remaining 

radioactivity in the heart, lungs, gut, spleen, liver, femur (bone marrow) and 

blood was separately determined.

5.2.5 Results

The excretion profiles for ^^Fe and Cr are shown in Figure 42 (a-e). 

It can be seen that virtually all the radioactive iron had been lost from the 

animals by either day 3 or 4. There was no significant difference between the 

excretion of ^^Fe or ^^Cr. This was confirmed by counting the body organs at 

the end of the experiment, the maximum retained radioactivity being 2% 

(Tables 11 and 12). This slight retention of ^^Fe and ^^Cr can be attributed to 

the differences in the efficiency of estimating radionuclides in the various 

samples, ie. there is always some sample variability, although geometrical 

effects have been eliminated as much as possible and containers have been 

measured over the same time and same scanning distance for all the various 

samples.

It can be concluded, therefore, from this experiment, that less than 2% 

of 59pe bound to chelator is absorbed.

5.3 IRON MOBILISATION FROM INTACT RATS BY THE 
HYDROXYPYRIDINONES

Having established that the hydroxypyridinone iron-chelator complexes 

are not absorbed into the rat's body, the efficacy of the hydroxypyridinones in 

mobilising iron was tested in intact, non-iron-overloaded rats, followihtj either 

oral (p.o.) or intramuscular (i.m.) administration.
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FIGURE 42 (a-e): SSpe and excretion in the rat.

Vertical axis: total radioactivity excreted in both urine and faeces, represented 

as a percentage of the total initial radioactivity (=100%) given by mouth. 

bold line: 59pe 

dotted line: S^Cr

Horizontal axis: Time (collection days for excreta)

These figures follow on pages 141-145

140



■n
(5*c
o
roD)

I
Q.

<

Total radioactivity excreted (% of the 
total initial radioactivity (=100%) given 

by mouth)
-*■  M  CO è çn <7> ^  00 CO o

o o o o o o
o

ro

il

CM
T1

cn3

o>



CO
c
o

g

Total radioactivity excreted (%of the 
total initial radioactivity (=100%) given 

by mouth)

O O O O O O O O O §

N)

ro

H
I wa
Î

ro

cn

•n
<n



(Q
C
(D

roo

Total radioactivity excreted (% of the total initial
radioactivity (=100%) given by mouth)

W

o

to

o>

oi

o>



(Q
C
(D

roa

Total radioactivity excreted (%of the total initial
radioactivity (=100%) given by mouth)

t d
i
t



(O
c
o
ro
(D

Total radioactivity excreted (% of the total initial
radioactivity (=100%) given by mouth)

Ol

o

w

0>



Retention of 59pe (%)

Number of 
experiments 

(n)

Radiolabelled
chelator

Heart Lungs Gut Spleen Kidneys Bone
Marrow

Blood Liver

1 CP20 0 1 0 0 0 0 0 1

1 CP21 0 2 0 0 0 0 0 2

1 CP22 0 0 0 0 0 0 0 1

1 CP23 0 0 0 0 0 0 0 0

1 DFO 0 1 0 0 0 0 0 1

TABLE 11: Retention of 59pe in the rat

Remaining radioactivity (^9Fe)in the body organs of normal (non-iron-overloaded rats), six days after the administration 
of S^Fe-chelator complex/^'^CrClg solution. The 59pe retention values are expressed as percentage of the test dose 
(=100%).
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Retention of 51 Cr (%)

Number of 
experiments 

(n)

Radiolabelled
chelator

Heart Lungs Gut spleen Kidneys Bone
Marrow

Blood Liver

1 CP20 0 1 0 0 0 0 0 0

1 CP21 0 2 0 0 0 0 0 0

1 CP22 0 0 0 0 0 0 0 0

1 CP23 0 0 0 0 0 0 0 0

1 DFO 0 0 0 0 0 0 0 0

TABLE 12: Retention of ®'*Cr in the rat.

Remaining radioactivity (51 Cr) in the body organs of normal (non-iron-loaded) rats, six days after the administration of 
59Fe-chelator/complex/^1 CrCl3 solution.

The 51 Cr retention values are expressed as a percentage of the test dose (=100%)
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5.3.1 Principle

This is outlined in Figure 40.

After in vivo labelling of rat hepatocytes by the injection of ^^Fe-ferritin, 

the efficacy of the various hydroxypyridinone iron chelators was tested, by 

measuring the excretion of ^^Fe in urine and faeces and of total iron in the 

urine. The chelators were given intramuscularly (i.m.) or orally (p.o.) and their 

ability to mobilise hepatocyte iron was also compared with that of i.m. DFO.

5.3.2 Materials and Methods

5.3.2.1 Animals

Normal female Sprague-Dawley rats with an approximate weight of 

200gm were used. The rats were housed individually in stainless steel 

metabolic cages, which had first been washed with iron-free water and then 

sprayed with Teflon in order to minimise contamination of the urinary and 

faecal samples with iron. The night before each experiment food was 

removed, but free access by the rats to water was permitted.

Bile duct cannulation was performed in some studies under Innovar-Vet 

anaesthesia (0.4mg fentanyl and 20mg droperidol/ml), which was maintained 

during bile collection by the repeated (as necessary) injection of 0 .1ml of 

diluted Innovar (1:10) in water per lOOgm body weight. PESO tubing was 

inserted into the bile duct above the pancreas and fluid replacement equal to 

the bile drain was given by subcutaneous injections of Ringer's saline.

At the end of each experiment, the animals were sacrificed by 

exsanguination from the abdominal aorta. This was followed by perfusion with
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20ml of normal saline through the aorta, so that any ^^Fe in the blood was 

removed. The body organs were susequently removed for gamma counting.

5.3 2.2 Preparation of the ®®Fe-Ferrltln

This is outlined in Figure 43.

The ^^Fe-ferritin used in this study was kindly provided by Prof. M.J. 

Pippard. Its preparation was based on the method of Bjorklid and Helgoland 

[215]. Male rats weighing approximately 400g were injected intraperitonially 

with 12mg iron dextran. After one week they were given 2ml of packed red 

cells/1 OOg body weight and a further two days later they were injected 

intravenously with a trace amount of radioactive ferrous sulfate (200pCi of 

S^Fe in saline, pH 2.0). 24 hours after the injection of the radiolabel the 

animals were sacrificed by exsanguination from the abdominal aorta and the 

livers were removed for ferritin isolation. The livers were homogenised in

0.25M acetate buffer (pH 4.8) and exposed to 73°C for 10 mins, using half 

saturation with ammonium sulfate. The resulting ferritin precipitate contained 

in the supernatant of the heated liver homogenates was redissolved in acetate 

buffer and purified by ultracentrifugation (66,000g for 2 hrs, Beckman 

centrifuge. Model L). This was repeated twice, the second time the precipitate 

being dissolved in phosphate-buffered saline. Subsequently, the solution was 

incubated overnight in 3N HCI at 37°C, then the ferritin concentration was 

determined colorimetrically, as described below (Section 5.3.2.6.1). A dose of 

7.5|ig of ferritin iron (0.05-0.2|iCi of ^^Fe) was prepared by appropriate 

dilutions in phosphate-buffered saline.
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Single I.p. injection 12 mg (iron dextran per rat)

:
rest 1 week

Injection of 2 ml packed red cells/1 OOg body weight

:
rest 2 days

i.v injection of a trace amount of radioactive 
ferrous sulfate (200|iCi SGpe)

i
rest 24 hours

i
Sacrifice animals, remove livers for ferritin isolation

FIGURE 43: Scheme for Ferritin Preparation

(A1 Iron over loading and labelling of rat liver with ^QFeSP4
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Homogenise livers in 0.25M acetate buffer (pH 4.8) 

Incubate at 73°C for 10 min

Redisolve ferritin precipitate in acetate buffer;
Utracentrifuge:

Dissolve final precipitate in PBS

ultracentrifuge;
Incubate overnight in 3N HCI at 37°C

Determine ferritin iron concentration 

colorimetrically

FIGURE 43: Scheme for Ferritin Preparation 

(B) Liver 59pe ferritin isolation
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5.3.2 3 GBpe Labelling of the Hepatocytes

A dose of 7.5|ig of ferritin iron (0.05-0.2^Ci of ^^Fe) was administered 

via the tail vein to rats under transient ether anaesthesia. This particular 

ferritin radioiron dose was used, because previous studies [211] had shown it 

to be cleared rapidly, and also to incorporated into the liver and none was 

found in the circulation 2 hours after administration. Moreover, there is only a 

6% spontaneous loss of hepatic radioactivity over the following 24 hrs [211].

5.3.2.4 Preparation of Iron Chelators

The chelators were administered to the rats either by mouth (p.o.) or 

intramuscularly (i.m.), at doses, in terms of iron binding capacity, equivalent to 

40mg DFO. Suitable dilutions of all chelators were made in phosphate 

buffered saline (PBS) to give a volume of 0.5ml for each dose.

5.3.2 5 Processing the Samples for Gamma Counting

A scintillation spectrometer (Packard Autogamma Model 5330), was 

used to determine radioactivity in the liver, gut and contents, faeces, urine, 

blood, and bile. The gut was cut into six pieces and each was put into a 

separate counting tube. The liver was cut into two pieces. The tails were 

counted, in order to ensure that there had been no extravasation at the time of 

injection of the ^^Fe-ferritin. Radioactivity in the residual carcasses and tails 

was counted separately in a large volume counter (Packard Model 3004), 

corrections being made for differences in geometry. The counts in organs 

were expressed as a percentage of the total injected counts.
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S.3.2.6 Chemical (Total) Iron Determination

5.3.2.6.1 In Bile and Urine

A modification of the ICSH recommended method [216] was used for 

the determination of the urine and bile "cold" iron content.

The iron content of the chelator complex, as well as any proteins 

present in the bile or urine, were reduced by a mixed reagent consisting of 

thioglycolic (0.4mol/l), hydrochloric (I.Omol/l) and trichloroacetic (0.6mol/l) 

acids, and was measured colorimetrically using bathophenanthroline sulfonate 

as the chromagenic reagent. The samples were centrifuged to remove any 

protein precipitant and/or urinary sediment and two aliquots of the supernatant 

were removed. To one aliquot, chromagenic solution (1.5mol/l sodium acetate 

buffer containing 0.5mmol/l bathophenanthroline sulfonate) was added, and to 

the other aliquot, sodium acetate buffer alone was added (sample blank). The 

optical density of each sample, its blanks, suitable standards, and a reagent 

blank were measured at 535 nm.

5.3.2.6 2 In Liver

The determination of the liver non-haem iron content was carried out on 

tissue aliquots weighing 0.5-1 gm, using a modification of the HCI digestion 

method, followed by colour development using buffered bathophenanthroline 

sulfonate [217].

The tissue sample was placed in a 50ml conical flask containing 0.15ml 

of the acid mixture (1/1 mixture of 98% sulfuric acid and 70% acid) and was 

heated gently over a low flame for approximately 15 mins. A pale yellow, oily 

residue was obtained, which was allowed to cool. Then 0.15ml hydrogen
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peroxide (a 30% solution) was added to it. The sample was heated for a 

further few minutes until the residual solution became water clear. After 

cooling, 15ml of iron-free water were added, the mouth of the flask was tightly 

sealed with Parafilm, and the contents were thoroughly mixed by inversion. An 

acid blank was treated similarly.

The colour development was carried out in 10ml tubes. 1ml of sodium 

acetate buffer (3.3mol/l sodium acetate trihydrate, the pH of which had been 

adjusted to 4.75 with glacial acetic acid) was added to 5ml of suitably diluted 

sample digest and the acid blank. Finally, 0.2ml of chromagen solution (0.4 

mmol bathophenanthroline sulfonate containimg 14mmol of 97% pure 

thioglycollic acid) was added to the tubes. A reagent blank and suitable iron 

standards were also prepared. The samples were allowed to stand for 30 mins 

before measuring their absorbance at 535nm against distilled water.

5.3.2.T Experimental Procedure to Evaluate Iron Mobilisation in Intact
Rats by the Hydroxypyridinones

The assay procedure used in these studies was that of Prof. 

M.J.Pippard [211] for the rapid screening of the biological activity of potential 

iron chelators [Fig.40]. Groups of six non-iron-overloaded female Sprague- 

Dawley rats weighing approximately 200gm were fasted overnight. On the 

following morning, the rats were injected in the tail vein with ^^Fe-ferritin 

(7.5pg of iron). 90 minutes later, the test chelators were administered to the 

animals, either i.m. or p.o., at a dose equivalent to the iron binding capacity of 

40mg DFO (equivalent to 200mg/kg). This dose of DFO is sufficient for 

maximum chelation of hepatic radioiron in normal (non-iron-overloaded) rats 

[211]. The 90 mins interval between the ^^Fe-ferritin and the chelator 

administration had been previously found to be sufficient for maximum 

availability of the ^^Fe label for chelation [211].
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DFO was also administered at doses of 80mg and 20mg in one 

experiment in which the iron chelating efficacy of CP21 given i.m. at a dose 

equivalent to 20mg DFO was evaluated.

Two control rats were included in each assay: one not injected with 

chelator and used only to confirm the almost exclusive liver uptake of the 

^^Fe-ferritin; a second animal was given an i.m. injection of 40mg DFO, 90 

mins after the i.v. administration of the ^^Fe-ferritin, and was used as a 

standard when comparing chelator activity. DFO was administered only i.m., 

as it is known to be orally inactive. Compound CP20, given either i.m. or p.o., 

was used as a further control, since the chelator had been previously 

evaluated by this procedure [126].

Immediately after giving the chelator, the rats were placed in individual 

metabolic cages. 5 hrs and 30 mins after the ^^Fe-ferritin injection and 4 hrs 

after chelator administration, when chelation would be complete, the assay 

was terminated. The bladder of each animal was emptied by suprapubic 

pressure and the urines (and any faeces) collected from the metabolic cages; 

each specimen was assayed for both radioactive and total iron.

Finally, the rats were sacrificed by exsanguination from the abdominal 

aorta and were perfused with 20ml of isotonic saline; the various organs were 

removed and the 59pe content of the liver, gastrointestinal tract and its 

contents, spleen, kidneys, 1ml of blood, and residual carcass was determined 

by gamma counting. The total iron in the urine was also measured.
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5.3.3 Experiments

5.3.3.1 Experiments 1-4

In this series of experiments, the hydroxypyridinone iron chelators 

CP20, CP21, CP22, and CP23, were administered either orally or i.m., to 4 

groups, each of 4 non-iron-overloaded rats at doses equivalent to 40mg DFO. 

In each group of animals a DFO control was included and, in the first group, a 

saline control was also used. The radioactivity in liver, gut and contents, 

spleen, kidneys, blood, carcass, and urine, as well as total iron in the urine, 

were determined.

5.3 3.2 Experiment 5

In another experiment DFO was administered i.m. to the rats, at doses 

of 20mg, 40mg, and 80mg. CP21 was also given i.m. at a dose equivalent of 

20mg DFO. The animals were sacrificed at 5 hrs and 30 mins after the 

beginning of the assay and 4 hours after chelator administration. The 

radioactivity in the organs, blood, and urine, as well as total iron in urine, were 

determined at the end of the experiment.

5.3.3 3. Experiments 6-11: Isotope versus Total Biliary Iron Excretion 
using the Hydroxypyridinone Iron Chelators

Using the standard experimental procedure outlined in Figure 40 and 

section 5.3.2.7, but with bile duct cannulation and continuous anaesthesia, the 

efficacy of the hydroxypyridin-4-ones in mobilising iron was further 

investigated in studies in which the radioactivity of hourly fractions of bile was 

compared with the total biliary iron excretion. As per protocol, the chelators 

were given i.m. to the anaesthetised non-iron-overloaded rats, 90 mins after 

the injection of ^^pe-ferritin. The bile of the animals was collected hourly.
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Four hours after the administration of the chelators the assay was ended. The 

animals were sacrificed and the radioactivity of the liver, carcass and blood 

was counted. ^  Fe and chemical iron were measured in the hourly fractions of 

the bile as previously described. Urine was also collected and the ^^Fe, as 

well as total iron content, were measured.

5.3.4 Results

5.3.4.1 Experiments 1-4

The results of the radioactivity and "cold" iron excreted in faeces and 

urine, as well as the ^^Fe retained in the body organs and carcass, following

i.m. and p.o. administration of the hydroxypyridinones at a dose equivalent to 

40mg DFO, are shown in Tables 13,14,15 and 16. All values are expressed as 

the mean ±1SD.

(i) Radioactive Excretion

All the chelators tested caused a significant, 20 to 35-fold increase in 

gut ^^Fe exretion compared to control levels, when administered either i.m. or 

orally [Tables 13 and 14]. Even the least effective of the hydroxypyridin-4- 

ones (CP20), when given at an equivalent iron binding dose, produced an 

increase in ^^Fe excretion similar to that observed with DFO [Table 13]. In all 

the experiments, the majority of the ^^Fe was mobilised in the gut; the 

radioactivity in the urine never exceeded 1% of the total injected counts 

[Tables 13 and 14].

In parallel with the measured increase in biliary ^^Fe excretion, there 

was a reduction in the ^^Fe found in the liver [Fig.44]. CP21 and CP22
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Number of 
experiments 

(n)

Compound Dose (mg) SSpe excreted 
(% of injected dose)

Gut and contents Urine
4 CP20 31.59 36.60+6.64 0.33+0.13
4 CP21 34.11 51.40+1.44 0.50+0.20
4 CP22 36.63 51.30+1.97 0.70+0.30
4 CP23 36.63 47.10+0.79 0.72+0.013
4 DFO 40.00 37.90+5.31 0.35+0.17
4 Saline(control) 1.48+0.34 0.00

All values are expressed as mean ±1 SD 

TABLE 13: Results of experiments 1-4

Activity of the hydroxypyridin-4-one iron chelators in normal rats labelled with S^Fe ferritin. 

59pe excretion, following intramuscular administration at a dose equivalent to 40mg DFO.

158



Number of 
experiments 

(n)

Compound Dose (mg) 59pe excreted 
(% of Injected dose)

Gut and contents Urine

4 CP20 31.59 30.00+5.39 0 .21+0.12

4 CP21 34.11 51.80+3.20 0.40+0.14

3 CP22 36.63 49.50+3.43 0.30+0.16

3 CP23 36.63 42.60+9.79 0.26+0.13

All values are expressed as mean ±1SD 

TABLE 14: Results of experiments 1-4

Activity of the hydroxypyridin-4-one iron chelators in normal rats labelled with ^^Fe ferritin. 

SGpe excretion, following oral administration at a dose equivalent to 40mg DFO.
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FIGURE 44: Relationship between residual radioactivity (59pe) in liver and 
59pe excreted (in gut and contents) in non-iron-overloaded rats, following the 
administration of hydroxypyridinones, at doses equivalent to 40mg DFO. 
Vertical axis: Radioactivity remaining in liver and/or excreted, expressed as a 
percentage of the 59pe counts in the test dose administered.
Horizontal axis: Chelator administered.
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mobilised over 50% of the liver ^^Fe to the gut and CP23 somewhat less. 

Less than 7.5% of ^^Fe was found in other organs or in the carcass [Tables 

15 and 16].

(ii) Total Iron Excretion

The total iron excretion in this set of experiments was only measured in 

the urine and is given in Tables 17 and 18. Total iron excretion in urine was 2- 

to 4-fold greater with the hydroxypyridin-4-ones than with DFO, when the 

compounds were given i.m. With the hydroxypyridinones, the increase in 

urinary "cold" iron excretion was less marked with the oral than with the i.m. 

doses. The mean urine specific activities (^^Fe/pg of total iron) are also given 

in Tables 17 and 18. In all cases the mean urine specific activities were much 

lower than those found in the bile (Section 5.3.4.3,Table 25).

5.3.4 2 Experiment 5

A 20- to 27-fold increase in ^^Fe excretion over control values was 

obtained, following the i.m. administration of the various doses of DFO. There 

was no significant increase in ^^Fe mobilisation with 80mg DFO as compared 

to that of 40mg DFO [Table 19].

Compound CP21, administered i.m. at a dose equivalent to 20mg DFO, 

caused a 27-fold increase in ^^Fe excretion, similar to that observed with 

40mg DFO [Table 19].

The amount of radioiron excretion in urine obtained with 20mg CP21 

(0.48 ± 0.19%) was similar to that achieved with 80mg DFO (0.41 ± 0.06%) 

[Table 19]. Furthermore, compound CP21 (equivalent to 20mg DFO) caused a
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Number of 
experiments 

(n)

Compound Dose
(mg)

Remaining GBpe (% of injected dose)

Liver Spleen Kidneys Blood Carcass

4 CP20 31.59 56.80+6.93 0.37+0.12 0.09+0.02 1.12+0.12 4.50+0.57

4 CP21 34.11 39.80+1.53 0.20+0.03 0.06+0.03 0.90+0.07 4.60+0.38

4 CP22 36.63 40.60+3.21 0.30+0.05 0.07+0.02 1.30+0.26 5.80+0.88

4 CP23 36.63 45.70+1.32 0.27+0.08 0.05+0.02 1.20+0.34 4.80+0.70

4 DFO 40.00 55.50+5.44 0.38+0.10 0.08+0.03 0.93+0.51 4.80+0.87

4 Saline

(control)

92.20+1.61 0.38+0.03 0.07+0.03 1.31+0.61 4.40+0.88

All values are expressed as mean ±1SD

TABLE 15: Results of experiments 1-4. Activity of the hyciroxypyridin-4-one iron chelators in normal rats labelled with 

^^Fe-ferritin. Remaining radioactivity in the body organs, following intramuscular administration of the chelators at a dose 

equivalent to 40mg DFO.Remaining radioactivity in the body organs, following intramuscular administration of the chelators 

at a dose equivalent to 40mg DFO.

1 6 2



Number of 
experiments 

(n)

Compound Dose
(mg)

Remaining 53pe (% of injected dose)

Liver Spleen Kidneys Blood Carcass

4 CP20 31.59 63.30±6.06 0.37+0.03 0.07+0.02 1.13+0.22 4.32+0.61

4 CP21 34.11 41.32±2.78 0.26+0.04 0 .12+0.10 1.10+0.18 5.00+0.38

3 CP22 36.63 43.50+3.49 0.20+0.06 0.10+0.05 1.70+1.14 4.60+0.98

3 CP23 36.63 51.05+9.49 0.29+0.04 0.06+0.01 1.25+0.31 4.50+0.62

All values are expressed as mean ±1SD

TABLE 16: Results of experiments 1-4

Activity of the hydroxypyridin-4-one iron chelators in normal rats labelled with ^^Fe-ferritin. Remaining 
radioactivity in the body organs, following oral administration of the chelators at a dose equivalent to 
40mg DFO.
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Number of 
experiments 

(Û)

Compound Dose
(mg)

% 59pe
excreted in 
the urine

Total iron in 
urine (pg)

Urine iron 
specific activity 
(59Fe/pg of total 

iron)
4 CP20 31.59 0.33±0.13 26.52+10.27 0.012

4 CP21 34.11 0.50+0.20 32.30+6.06 0.015

4 CP22 36.63 0.70+0.30 28.30+6.22 0.025

4 CP23 36.63 0.72+0.13 36.99+1.31 0.019

4 DFO 40.00 0.35+0.17 10.88+1.17 0.032

4 Saline 
(control)

0.00 0.83+0.52 -

All values are expressed as mean +1SD.
TA B LE 17: Results o f  experim ents 1-4: Activity of the hydroxypyridin-4-one iron chelators in normal rats labelled with ^^Fe ferritin. Excretion of 

^®Fe in the urine, total iron in the urine, and urine iron specific activity, following intramuscular administration at a dose equivalent to 40mg D F O .
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Number of 
experiments 

(n)

Compound Dose
(mg)

%59Fe 
excreted in the 

urine

Total iron in 
urine(pg)

Urine iron specific 
activity 

(S^Fe/ng of total iron)

4 CP20 31.59 0 .21+0.12 13.95+6.89 0.015

4 CP21 34.11 0.40+0.14 22.90+4.39 0.017

3 CP22 36.63 0.30+0.16 16.20+7.83 0.024

3 CP23 36.63 0.26+0.13 21.4916.55 0.019

All values are expressed as mean +1SD.

TABLE 18; Results of experiments 1-4

Activity of the hydroxypyridin-4-one iron chelators in normal rats labelled with 59pe ferritin. Excretion of 
SGpe in the urine, total iron in the urine, and urine iron specific activity, following oral administration at a 
dose equivalent to 40mg DPO.
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Number of 
experiments

(n)

Compound Dose (mg) 59pe excreted (% of injected dose)

Gut and contents Urine
3 CP21 17.05 40.20±6.02 0.48+0.19

4 CP21 34.11 51.40+1.44 0.50+0.20

4 DFO 20.00 29.60+2.63 0.18+0.07

4 DFO 40.00 37.90+5.31 0.35+0.17

3 DFO 80.00 40.60+4.48 0.41+0.06

4 Saline(control) 1.48+0.34 0.00

All values are expressed as mean ±1SD.

TABLE 19: Results of experiment 5. Comparison of the chelating efficacy of CP21 and DFO in normal 
rats labelled with ^^Fe-ferritin.Excretion of ^^Fe in gut and contents, as well as in the urine, following 
intramuscular administration. DFO was administered at doses 20mg, 40mg, and 80mg. CP21 was 
administered at doses equivalent to 20mg and 40mg DFO.
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23-fold icrease in urinary total iron mobilisation, over control, whereas the 

maximum obtained with DFO was 13-fold, at the dose of 80mg [Table 20].

The urine iron specific activities observed with CP21 and the various 

DFO doses are also shown in Table 20.

The remaining radioactivity in the body organs, blood, and carcass, 

determined at the end of the experiment, are shown in Table 21. CP21 was 

considerably more effective than DFO in mobilising liver ^^Fe at all the doses 

tested [Tables 19, 20 and 21].

5.3.4 3 Experiments 6-11: Isotope versus Total Biliary Iron Excretion 
using the Hydroxypyridinone Iron Chelators

The most effective compound in causing total biliary iron mobilisation 

in the bile duct-cannulated rats was CP22, followed by CP23, DFO and CP21, 

whilst CP20 was the least effective [Table 22].

The corresponding ^^Fe excretion is shown in Table 23. The greatest 

radioiron exretion in the bile was caused by CP21, followed by CP23 and 

CP22. The least ^^Fe exretion was achieved with CP20 and DFO.

Comparisons of the patterns of total iron and ^^Fe excretion of the 

hourly post-chelator bile fractions for the hydroxypyridinones [Tables 22 and 

23], showed that the amount of iron excreted declined with time, presumably 

due to the decreasing availability of iron. However, "cold" iron exretion, 

although decreasing with time, was still continuing by the time the experiment 

was ended [Table 22]. Large differences in total iron excreted in the bile, as 

well as in the biliary specific activities, were found between the chelators 

tested [Tables 22 and 24]. The specific activities of the first post-chelator bile
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Number of 
experiments 

(n)

Compound Dose (mg) % 59pe
excreted in 

urine

Total iron in 
urine (pg)

Urine iron specific 
activity

(59Fe/ug of total iron)

3 CP21 17.05 0.48+0.19 18.88+6.3 0.025

4 CP21 34.11 0.50±0.20 32.30+6.06 0.015

4 DFO 20.00 0.18+0.07 5.57+1.28 0.032

4 DFO 40.00 0.35+0.17 10.88+1.17 0.032

3 DFO 80.00 0.41+0.06 11.05+1.52 0.037

4 Saline
(control)

0.00 0.83+0.52

All values are expressed as mean ±1SD.

TABLE 20: Results of experiment 5. Comparison of the chelating efficacy of CP21 and DFO in normal 
rats labelled with ^Spe-ferritin. Excretion of 59pe in the urine, total iron in the urine, and urine iron 
specific activity, following intramuscular administration. DFO was administered at doses 20mg, 40mg, 
and 80mg. CP21 was administered at doses equivalent to 20mg and 40mg DFO.
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Number o f 
experiments 

(n)

Compound Dose
(mg)

Remaining ®^Fe (% o f injected dose)

Liver Spleen Kidneys Blood Carcass

3 CP21 17.05 50.80+4.22 0.34+0.05 0.06+0.02 2.33+1.58 5.50+0.38

4 CP21 34.11 39.80+1.53 0.20+0.03 0.06+0.03 0.90+0.07 4.60+0.38

4 DFO 20.00 63.00+5.7 0.31+0.05 0.05+0.01 0.74+0.16 6.10+5.00

4 DFO 40.00 55.50+5.44 0.38+0.10 0.08+0.03 0.93+0.51 4.80+0.87

3 DFO 80.00 53.0+3.27 0.35+0.04 0.07+0.01 0.85+0.26 4.40+1.16

4 Saline

(control)

92.2+1.61 0.38+0.03 0.07+0.03 1.39+0.61 4.40+0.88

All values are expressed as mean ±1SD

TABLE 21: Results o f experiment S.Comparison of the chelating efficacy of CP21 and DFO in normal 
rats, labelled with ^^Fe-ferritin. Remaining radioactivity in the body organs, 4 hours after intramuscular 
administration. DFO was administered at doses 20mg, 40mg, and 80mg. CP21 was administered at 
doses equivalent to 20mg and 40mg DFO.
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Total Iron(pg) 
post-che

excreted in the hourly 
ator bile fractions

Number of 
experiments 

(n)

Compound 81 82 83 84 Total

1 CP20 29.29 23.65 10.31 3.98 67.23

1 CP21 25.76 29.29 26.57 22.34 103.96

1 CP22 50.02 47.31 45.69 27.88 170.90

1 CP23 36.43 43.48 31.90 20.93 132.74

1 DFO 64.54 46.48 6.00 3.00 120.02

1 Saline
(control)

1.53 0.97 0.80 0.40 3.70

TABLE 22: Results of experiments 6-11

Activity of the hydroxypjridinone iron chelators in bile-duct-cannulated normal 
rats. Total iron excreted in the hourly post-chelator bile fractions following 
intramuscular administration at a dose equivalent to 40 mg DFO.
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% SBpe excreted in the hourly post
chelator bile fractions

Number of 
experiments 

(n)

Compound 81 82 83 84 Total

1 CP20 29.40 12.60 3.29 0.77 41.56

1 CP21 28.90 20.60 8.42 3.15 61.07

1 CP22 25.80 15.30 7.00 2.20 50.30

1 CP23 24.70 17.10 7.13 2.60 51.50

1 DFO 24.10 13.00 1.63 0.32 39.05

1 Saline
(control)

0.18 0.17 0.11 0.08 0.54

TABLE 23: Results of experiments 6-11

Activity of the hydroxyplridinone iron chelators in bile-duct-cannulated normal 
rats. Excretion of S^Fe in the hourly post-chelator bile fractions, following 
intramuscular administration at a dose equivalent to 40 mg DFO.
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%5^Pe/pg of total iron excreted in 
the hourly post-chelator bile 

fractions

Number of 
experiment 

s(n)

Compound 81 82 83 84 Total

1 CP20 1.003 0.533 0.319 0.193 0.62

1 CP21 1.120 0.703 0.317 0.141 0.59

1 CP22 0.516 0.323 0.153 0.079 0.29

1 CP23 0.678 0.393 0.223 0.124 0.39

1 DFO 0.373 0.280 0.272 0.107 0.32

1 Saline
(control)

0.118 0.175 0.137 0.200 0.15

TABLE 24: Results of experiments 6-11

Isotope versus total iron excretion in the bile, following intramuscular 
administration of the hydroxypyridinone iron chelators to normal bile-duct- 
cannulated rats, at a dose equivalent to 40 mg DFO.
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fractions, following administration of CP21, CP20, CP23, CP22, and DFO 

respectively [Table 24], show significant differences in the mode of action 

between these chelators.

The percentage of radioiron and chemical iron excreted in the urine of 

the bile duct-cannulated animals, as well as the urine specific activities are 

shown in Table 25. The most effective chelator of the series was CP23 

followed by CP21 and CP22; the least effective were DFO and CP20.

The radioactivity retained in the liver, blood and carcass, as well as the 

liver non-haem iron content of the bile cannulated rats are shown on Tables 

26 and 27.

5.4 DISCUSSION

5.4.1 Iron Excretion

In these studies I have used a simple and rapid isotope model [211] to 

evaluate the biologic activity of the 3-hydroxypyridin-4-ones as potential iron 

chelators, in intact, non-iron-overloaded rats. With this model the excretion of 

the iron-chelator complex in the bile, was estimated by means of the 

cannulation of the bile duct, and the efficacy of the chelators in eliminating 

iron from the rat's body, as well as the excretion pathway of the iron-chelator 

complex, was evaluated and determined.

The main intrahepatic source of chelatable iron in the rat was 

transiently labelled using ^^Fe-ferritin, because it has been previously shown 

that rat ^^Fe-ferritin is cleared almost exclusively by rat liver parenchymal 

cells [55,218]. Previous work with dual labelled ferritin with ^^Fe and ^^C- 

leucine [218] has shown that the optimal time to challenge this transient iron
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Number of
experiments
(n)

Compound % 59pe 
excreted in 
urine

Total iron 
in urine (pg)

Urine iron specific 
activity
(59Fe/^g of total 
iron)

1 CP20 0.69 5.50 0.125

1 CP21 2.71 24.80 0.109

1 CP22 2.90 18.01 0.161

1 CP23 6.90 40.97 0.168

1 DFO 0.92 8.78 0.105

1 Saline

(control)

0.00 0.00 0.00

TABLE 25: Results of experiments 6-11

Isotope versus total iron excretion in urine following intramuscular 
administration of the hydroxypyridinone iron chelators to normal bile-duct- 
cannulated rats, at a dose equivalent to 40 mg DFO.
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% 59pe retention
Number of 

experiments (n) Compound Liver Blood Carcass

1 CP20 44.00 0.38 7.20

1 CP21 25.20 2.39 8.70

1 CP22 26.80 3.55 18.90

1 CP23 26.20 2.70 12.00

1 DFO 54.60 0.61 5.00

1 Saline
(control)

94.70 0.78 3.90

TABLE 26: Results of experiments 6-11

Activity of the hydroxypyridinone iron chelators in bile-duct-cannulated normal 
rats. Remaining radioactivity in liver, blood and carcass, 4 hours after 
intramuscular administration at a dose equivalent to 40 mg DFO.
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TABLE I T

A) Liver non-haem iron content

Number of 
experiments 

(n)

Compound Initial liver 
iron** (nli/I)

Final liver 
iron (nM)

Bile iron
(total excreted) 

(nM)

Urine iron
(total excreted) 

(nM)

% Iron
(total) 

excreted in 
bile

1 CP20 21247 20047 1200 98 6

1 CP21 17264 15408 1856 443 11

1 CP22 21608 18556 3052 322 14

1 CP23 17944 15574 2370 731 13

1 DFO 26001 23858 2143 157 8

1 Saline

(control)

18622 18556 66 0 0.3

"^Initial liver iron: liver iron content after the experiment + total (cold) iron excreted in bile. 

'See over for legend
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B) Liver Content

Fe excreted (%) SGpe retained (%)

Number of 
experiments 

(n)
Compound Bile (total) Urine Liver

Rest of body 
organs and 

carcass
1 CP20 42 1 44 13
1 CP21 61 3 25 11

1 CP22 50 3 27 20

1 CP23 51 7 26 16
1 DFO 39 1 55 5
1 Saline

(control)
0.5 0 95 4.5

TABLE 27: Results of experiments 6-11.Liver iron content (59pe and total iron) of 

bile-duct-cannulated normal rats, before and after a single dose of the hydroxypyridinone iron chelators, 

at a dose equivalent to 40 mg DFO.
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pool with iron chelators was between 1-2 hours after labelling. At that time 

SGpe is in transit within the hepatocyte and is most available to the chelators. 

Thus, the mobilisation of radioiron is a sensitive indicator of iron chelation 

from within the liver parenchymal cells. Bile radioactivity provides a measure 

of the amount excreted by this route. The latter can be easily determined by 

the radioactivity in the gut and its contents and indeed I have found a close 

agreement between the results obtained by measuring faecal plus gut iron 

and biliary iron [Tables 13,14 and 23]. Moreover, the preliminary experiment 

described above, where I used ^^Fe and ^"*Cr, showed that there is no 

significant gastrointestinal reabsorption of the bile ^^Fe-chelator complex.

All chelators caused significant ^^Fe excretion when given either i.m. 

or p.o. [Tables 13, 14 and 23]. More important, their oral efficacy was very 

similar to their i.m. activity [Tables 13 and 14]. Furthermore, compounds 

CP21-CP23 caused a significantly higher radioiron excretion than i.m. DFO 

[Tables 13 and 15], even when the latter was given at a very large dose 

[Tables 19 and 21]. As seen in experiments 1-4, orally administered CP21 at 

dose equivalent to 40mg DFO caused a similar radioiron excretion to the 

same dose of CP21 administered i.m. [Tables 13 and 14]. Full i.m. and oral 

doses of CP21 (equivalent to 40mg DFO) caused a 1.7-fold and 1.2-fold 

increase respectively in total urinary iron excretion over half dose i.m. CP21 

[Tables 18 and 20]. Compound CP20 caused a similar ^^Fe excretion with 

DFO [Tables 13 and 23].

The majority of the ^^Fe excreted by all the chelators tested, was found 

in the gut and its contents [Tables 13 and 14] or in the bile [Table 23], in 

experiments where the bile duct was cannulated; indeed a close agreement 

was found between these two measurements. This radioactivity was related
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reciprocally to the residual ^^Fe in the liver [Fig.44], Radioactivity excreted in 

the urine was in most cases less than 1% [Tables 17 and 25].

The total iron excretion observed following the administration of 

compounds CP21, CP22, and CP23 at doses equivalent to 40mg DFO, were 

considerably higher than that observed with DFO [Table 22], except of 

compound CP20, which is the most hydrophilic of the series. Compound CP20 

caused a similar radioiron excretion to DFO [Table 23], but a much lower total 

iron excretion than DFO [Table 22]. Moreover, large differences were 

observed in the first hour post-chelator bile specific activities [Table 24]. Thus, 

although all chelators appear to chelate from the same intrahepatic iron pool, 

the above findings indicate that there may be important differences in the 

degree of penetration of the physiologic pool by the different chelators; also, 

that different chelators may chelate iron preferentially from different liver cells. 

This may relate to the size, the charge, and the partition coefficient of the 

chelators and their iron complexes. The bidentate hydroxypyridinones are 

much smaller molecules than DFO and, in contrast to DFO, bear no charge. 

This, together with their relatively higher lipophilicity, may facilitate their 

penetration through the hepatocyte cell membrane and possibly the chelation 

of ferritin iron; DFO may be less evenly distributed within the hepatocyte and, 

consequently, certain parts of the chelatable pool may be unavailable to the 

drug. Alternatively, if the concept of "iron in transit" is really a graded 

phenomenon, iron from ferritin catabolism becomes steadily more available, 

but its availability declines progressively as it becomes reincorporated into 

new ferritin molecules. The hydroxypyridinones may then be active over a 

wider range of the spectrum of this transient iron, thus achieving greater 

chelation than DFO.
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Although, the majority of excreted was found in the gut and 

contents or in the bile, the determination of urinary total iron excretion, 

identified an additional, relatively small source of chelatable iron (6-14% of the 

total), that was not labelled by ^^Fe [Table 27A]. One possible candidate for 

this separate source of iron may be the RE cells, as previous experiments with 

radioiron-labelled heat-damaged red cells have suggested [26,219]. This may 

account for the urinary iron excretion with the relatively more hydrophilic 

compounds, like CP20. It is difficult, however, to interpret these studies, 

because of the redistribution to hepatocytes, occuring during the period of 

exposure to the chelator. Other sources for chelatable iron may be transit iron 

released during the exchange between transferrin and haemoglobin 

catabolism in the RE cells and perhaps also in the kidney itself [211].

5.4.2 Toxicity of the Chelators in these Experiments

No toxicity was observed with the hydroxypyridinones CP21-CP23, 

when given either orally or i.m. at a dose equivalent to 40mg DFO. Compound 

CP20, however, was noted to cause extreme hypersalivation. This effect was 

not seen in the experiments with mice, but has been observed in rats also by 

other workers [126].

5.5. SUMMARY AND CONCLUSIONS

These studies further confirm that the hydroxypyridin-4-ones are 

effective iron chelating agents when given by mouth to rodents and that they 

can mobilise iron from the parenchymal cells of the liver. The results of the 

above described studies can be summarised as follows;
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5.5.1. By transiently labelling the intrahepatic source of chelatable iron in the 

rat, it was shown that the hydroxypyridinones mobilise iron from the 

parenchymal liver cells.

5.5.2. All chelators caused significant iron excretion when given either i.m. or 

P.O.. Both radioiron and total iron excretion caused by compounds CP21-CP23 

were significantly higher than that caused by an equivalent dose of i.m. DFO. 

Compound CP20 caused a similar radioiron excretion to i.m. DFO, but a much 

lower total iron excretion than i.m. DFO.

5.5.3. Oral efficacy did not appear to vary significantly than i.m. activity with 

all the hydroxypyridinone iron chelators.

5.5.4. The majority of the radioiron excreted by all the chelators tested, was 

found in the gut and its contents or in the bile. The close agreement seen 

between faecal and gut iron and biliary iron, suggests that ^^Fe excretion 

reflects total iron mobilisation.

5.5.5 The large differences observed in the first hour post-chelator bile 

specific activities, suggest that, although all compounds appear to chelate iron 

from the same intrahepatic iron pool, there may be important differences in the 

degree of penetration of the physiologic pool by the different chelators and/or 

that different chelators may chelate iron preferentially from different liver cells.

5.5.6. The radioiron excreted in the urine was in most cases less than 1%. 

However, total iron excretion in the urine indicated an additional source of 

chelatable iron, possibly the RE cells.
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CHAPTER 6

GENERAL DISCUSSION

The 3-hydroxypyridin-4-ones [112,113] studied in this thesis, have 

been established as the most promising iron chelators of a series of bidentate 

iron ligands, as potential compounds for the treatment of iron overload by the 

oral route.

The hydroxypyridinones are bidentate ligands with high specificity for 

ferric iron, which they coordinate in a 3:1 ratio. They have a higher stability 

constant (iron binding constant) than that of DFO, lack any measurable affinity 

for calcium and magnesium ions [114] and are the only iron specific ligands 

that bear no charge in both the free and the iron complexed forms under 

physiologic conditions. Moreover, because of their extreme stability in acid, 

the hydroxypyridinones are not cleaved in the stomach and are consequently 

orally active. Also, because of the inert nature of their iron complex, they do 

not readily generate hydroxyl radicals [115]. Finally, they possess a simple 

molecular structure and a low molecular weight, and thus, they are easy to 

synthesise at a low cost. There are three major analogues of 

hydroxypyridinones:

(i) The 3-hydroxypyridin-4-ones [112,113], which possess the highest 

affinity for iron(lll) of the series; a number of analogues of this group of 

pyridinones has been selected for systematic in vitro and in vivo investigation 

by studies described in this thesis,

(ii) the 3-hydroxypyridin-2-ones [39], of which the CP02 analogue has 

been tested on primary hepatocyte monolayer cultures, and
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(iii) 1-hydroxypyridin-2 -ones [111], which possess the lowest affinity for 

iron(lli) of all pyridinones and also bear a negative (-1) charge at physiologic 

pH, which prevents their prompt oral absorption. All three classes of 

hydroxypyridinone chelators can be incorporated into hexadentate ligands 

[113], which bind ferric iron at a 1:1 ratio. CPI 30, is one such ligand, which 

has been studied in this thesis.

All the 3-hydroxypyridin-4-ones studied possess similar stability 

constants, i.e. similar affinity for iron(lll). However, they have different partition 

coefficients (Kpart) between lipid and aqueous phases, due to substitution on 

the ring nitrogen atom with aliphatic hydrocarbon chains of variable length. 

Kpart has a profound effect on the distribution of molecules in tissues. With 

increasing Kpart, the relative lipophilicity of chelators increases too, and also 

does their ability to cross cell membranes. As the majority of excess iron in 

patients suffering from iron overload is stored intracellularly, it was considered 

important to investigate the influence of Kpart on the ability of chelators to 

remove iron from the body. Since all the pyridin-4-ones possess the same 

affinity for iron(lll), any difference in efficacy of iron removal is likely to be 

associated with the Kpart of either the free ligand or the resulting iron 

complex.

In previous studies, the 3-hydroxypyridin-4-ones were shown capable 

of removing iron from transferrin [39], but the concentrations required to 

achieve this effect in vivo are prohibiting [219a]. Because of their relatively 

small size, the hydroxypyridinones, can also remove iron from ferritin at a 

significantly higher rate than larger ligands, such as DFO [39,192].
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In my studies using primary hepatocyte cultures, all the hydroxypyridin- 

4-ones, except of the more hydrophilic CP20, were shown more capable in 

mobilising iron than DFO at the concentrations of lOOpM and SOOpM. The 

results imply that the relatively more hydrophilic chelators are the least 

effective, because they are less able than the relatively more lipophilic ones to 

penetrate into cells and increase transit of iron across hepatocyte membranes. 

The 2-methyl-1-propyl-3-hydroxypyridin-4-one (CP22), as well as the 

isopropyl derivative CP23, were shown to be the most potent iron chelators of 

the series in terms of their ability to mobilise iron from animals. CP22 has a 

Kpart close to 1 in both the iron-free and the complexed forms, which seems 

to be optimal in determining iron release from rat hepatocytes. The Kpart of 

the iron-complexed form of the chelators, however, appears to be less critical 

than that of the free ligand.

Iron mobilisation from within cells may also be influenced by the 

stability constant of a chelator for iron(lll). For example, the hydroxypyridin-2- 

one the CP02, which possesses a lower stability constant for ferric iron than 

CP22, was effective over a wide concentration range, but it was less effective 

than the 4-one CP22 on a molar basis. In general, the hydroxypyridin-4-ones 

were more active at low concentrations, suggesting that a high stability 

constant is essential for efficient iron mobilisation, and that the hydroxypyridin- 

4-ones will be considerably more efficient in achieving significant iron 

chelation at concentrations that can be attained clinically. Thus, although 

Kpart is critical in determining chelator access to the interior of cells, the 

stability constant is an important factor determining intracellular iron 

mobilisation, particularly at low chelator concentrations.

Finally, the hydroxypyridinones, were also shown to improve cell 

viability in the hepatocyte monolayer cultures, while reducing lipid 

peroxidation at the concentrations used.
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The results obtained with the hepatocyte culture system were to a large 

extent confirmed in the two animal models described in this thesis: iron-loaded 

mice radiolabelled with ^^Fe-lactoferrin and rats pulsed with ^^Fe-ferritin. 

Other investigators have used iron-loaded rabbits for the screening of the 

hydroxypyridinones [127].

The relative efficacy of the hydroxypyridinones to promote iron 

excretion in mice was carried out using mainly iron-overloaded animals, 

whose liver parenchymal iron stores had been specifically labelled with ^^Fe- 

lactoferrin. Human lactoferrin injected into the tail veins of rats is known to be 

taken up very rapidly by the liver [196]. Because of the controversy in the 

literature as to which cell type is involved in lactoferrin uptake by the liver, I 

performed a series of mouse liver autoradiographic studies, which indicated 

that lactoferrin delivers iron selectively to the liver parenchymal cells. It was 

concluded, therefore, that this was a good model to be used in the study of the 

hydroxypyridinones, in order to identify their site of action.

The most potent hydroxypyridinones in mobilising iron when 

administered to mice, either orally or parenterally, were those whose Kpart in 

the free form was close to 1.0. These results are consistent with those 

obtained with the short term hepatocyte cultures (Chapter 3). The majority of 

the radioiron was excreted in the faeces. Since previous studies on the mode 

of action of DFO have shown that faecal iron excretion is of hepatocellular 

origin [24], the higher faecal ^^Fe mobilisation obtained with the more 

lipophilic of the compounds over the relatively more hydrophilic ones, 

suggests that the former have greater access to hepatocellular iron. It is also 

reasonable to suggest, that the degree lipid of solubility also influences 

gastrointestinal absorption of the compounds, thus contributing to the lower
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efficacy of the relatively more hydrophilic chelators, following oral 

administration.

Preliminary studies with the hexadentate chelator CP130, showed that 

this compound was orally active. Moreover, at low concentrations it showed 

higher iron chelating efficacy than the bidentate analogues. When 

administered intraperitoneally, it was shown to enhance iron excretion in both 

iron-overloaded and normal mice in contrast to DFO, which showed minimal 

effect on normal mice at all doses tested. It has been suggested that iron 

chelation in vivo is related to an increase in the size of the intermediate 

chelatable pool in equilibrium with storage iron [210]. In normal mice this pool 

would be very small and this may explain the complete ineffectiveness of i.p. 

DFO in normal mice. CPI 30, however, seems to chelate iron from alternative 

sources as well. In iron-overloaded mice, the amount of iron excretion by both 

ligands was comparable. These preliminary results suggest that hexadentate 

chelators may have greater clinical potential than the bidentates, provided 

their structure is optimised in terms of hydrophilicity.

To further evaluate the biologic activity of the 3-hydroxypyridin-4-ones 

as potential iron chelators, I have used normal (non-iron-overloaded) rats, 

whose main intrahepatic iron pool was labelled transiently using ^^Fe-ferritin 

[211] (Chapter 5). Previous to this set of experiments, chelator-iron absorption 

studies using a double isotope technique with ^^Fe and Cr had shown that, 

following oral administration of the hydroxypyridinone-iron complex to the rats, 

there was no retention of it by the rat body, since virtually all of the chelator- 

iron complex had been excreted within 3-4 days. Also, bile duct cannulation 

was performed in some studies to compare the radioactivity of bile with the 

total iron content.
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All the bidentate hydroxypyridinones tested in the rat model caused 

significant ^^Fe and total iron excretion when given either intramuscularly or 

orally. Moreover, their oral efficacy was highly comparable to their i.m. activity. 

The relatively more lipophilic compounds CP21-CP23 have caused a 

significantly higher radioiron excretion than CP20 or i.m. DFO, in agreement 

with previous observations in mice (Chapter 4). The majority of the radioiron 

excreted by all the chelators tested was found in the gut and its contents or in 

the bile, in experiments where the bile duct was cannulated. A close 

agreement was found between these two measurements. The radioactivity 

excreted in the urine was in most cases less than 1%. Compound CP20 

caused a similar radioiron excretion to DFO, but a much lower total iron 

excretion than DFO. Moreover, large differences observed in the first hour 

post-chelator bile specific activities, i.e. large differences between radioiron 

and total iron excreted by the same chelator, suggest that, although all 

chelators appear to chelate from the same intrahepatic iron pool, there may be 

important differences in the degree of penetration of this pool by the different 

chelators. This may relate to the size, charge, and the partition coefficient of 

the chelators and their iron complexes. The bidentate hydroxypyridinones are 

much smaller molecules than DFO and, in contrast to DFO, bear no charge. 

This, together with their relatively higher lipophilicity, may facilitate their 

penetration through the hepatocyte cell membrane and possibly the chelation 

of ferritin iron; DFO may be less evenly distributed within the hepatocyte and, 

consequently, certain parts of the chelatable pool may be unavailable to the 

drug. Alternatively, the hydroxypyridinones may be active over a wider range 

of the spectrum of the "iron in transit" resulting from ferritin catabolism, before 

it becomes reincorporated into new ferritin molecules, thus achieving greater 

chelation than DFO.

Finally, although, the majority of ^^Fe excreted was found in the gut 

and contents or in the bile, the determination of urinary total iron excretion.
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identified an additional, relatively small source of chelatable iron (6-14% of the 

total), that was not labelled by ^^Fe. As discussed in Chapter 5, one possible 

candidate for this separate source of iron may be the RE cells, as previous 

experiments with radioiron-labelled heat-damaged red cells have suggested 

[26,219]. This may account for the urinary iron excretion with the relatively 

more hydrophilic compounds, like CP20. It is difficult, however, to interpret 

these studies, because of the possible redistribution of iron to hepatocytes, 

occuring during the period of exposure to the chelator. Other sources for 

chelatable iron may be transit iron released during the exchange between 

transferrin and haemoglobin catabolism in the RE cells and perhaps also in 

the kidney itself [211].

6.1 Toxic Effects of the Hvdroxvpvridinones

None of the hydroxypyridinones CP20-CP23 have caused any apparent 

toxic effects to mice when given either orally or i.p. at doses up to 500mg/kg, 

or to rats at doses equivalent to 40mg of DFO (either p.o. or i.m ). The 

relatively more lipophilic compounds CP24 and CP25, however, were lethal to 

mice at oral doses of Ig/kg and 250mg/kg respectively. Also, with CP25, 

increased release of LDH into the culture medium of the hepatocyte 

monolayer cultures was observed at the concentration of 500pM, this being an 

indication that the compound is toxic to cells. The animal toxicity caused by 

CP24 and CP25, which are the most lipophilic chelators of this series, may be 

associated with their ability to cross the blood-brain barrier. It is suggested, 

therefore, that an ideal iron chelator should possess a Kpart close to unity for 

optimal activity, i.e. in order to be able to partition into cell membranes in the 

iron-free form and also to be able to exit cells in the iron-complexed form 

without causing cell damage.
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In fact, the pyridin-4-ones were shown by other investigators to be less 

toxic than many of the experimental chelators tested so far. The LD50 in mice 

was 750-1 OOOmg/kg when the compounds were given i.p., and the LD50 in 

iron-loaded animals was even higher than that of DFO [168]. When 

administered orally, the least toxic of the compounds were those with 

Kpart<1.0, and the LD50 was greater than 1g/kg/24h in non-iron- loaded mice 

[10]. In longer term toxicity studies with the methyl (CP20), ethyl (CP21) and 

propyl (CP22) analogues, no apparent toxic effects were observed in mice 

over a period of 24 hours [125]. This report, however, does not include any 

data on post-mortem or histological results. By comparing the LD50 with the 

amount of iron excretion achieved, an index of the relative therapeutic safety 

margin of these compounds can be obtained. In relation to this index, a 

number of the hydroxypyridin-4-ones tested were found to be superior to DFO 

[168]. CP20, however, caused hypersalivation in rats [this thesis, 126] and 

in some experiments interacted with barbiturates causing death to the 

experimental animals involved. Retinal toxicity in rats treated with CP20 has 

been also reported, but all the above mentioned adverse effects are not 

characteristic of the series of the hydroxypyridinones as a whole. In more 

recent longer term studies [220], CP20 was found to cause a significant 

reduction in haemoglobin and white cell count and a marginal reduction at 

platelet count, although the latter has not been confirmed [221]. An increased 

mean cellular volume (MCV) was observed in the non-iron-overloaded mice, 

but not in the iron-loaded animals. Also differential counting indicated that the 

ratio of neutrophils to lymphocytes to monocytes was unchanged. The 

adverse effects caused by CP20 could be due to the rapid déméthylation of 

the N-methyl substituent of the pyridinone ring leading to the production of 

catechol-like metabolites. Such cleavage is unlikely to happen with the other 

3-hydroxypyridin-4-ones, because of the larger substituent at this position.
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Overall, the results of the experiments described in this thesis, indicate 

that the most prcmissing compounds for clinical application are the N-ethyl 

(CP21) and N-propyl (CP22) derivatives of 3-hydroxypyridin-4-ones. This 

conclusion is based on the in vitro experiments monitoring iron mobilisation 

from short term cultured isolated hepatocytes, and in experiments using mice 

labelled with ^^Fe-lactoferrin and a rat model labelled with ^^Fe-ferritin.

CONCLUSION

It is hoped that this study contributes to the development of clinically 

useful iron chelators. The preliminary animal studies described in this thesis, 

suggest that some of the 3-hydroxypyridin-4-ones have potential as orally 

active chelators for the treatment of iron loading diseases. The clinical 

application of these chelators will alleviate many of the practical and 

psychological problems acossiated with the current treatment of iron-loaded 

patients and will hopefuly increase patient compliance. However, further 

toxicological and other studies, including monitoring of tissue and cellular iron 

mobilisation are required, in order to develop a clear understanding of the 

mode of action of these ligands in vivo.
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CHAPTER SEVEN

PRESENT STATE OF THE DEVELOPMENT OF ORALLY ACTIVE IRON 

CHELATING AGENTS

7.1 Studies in this Thesis

The studies in this thesis followed on from the initial studies by 

Hider et al [39,111,112,113,170]. Hider and his collègues had synthesised 

a series of orally active bidentate hydroxypyridinone chelators with high 

affinity and specificity for iron(lll). In an attempt to identify those with 

sufficient oral activity for further development, aiming to the future 

treatment of conditions involving iron overload, the hydroxypyridinones 

have been tested by a number of workers, and some of the analogues 

have shown considerable promise in early in vitro and in vivo studies. Jn 

vitro they effectively chelate iron from hepatocytes in primary cultures [this 

thesis, 34,118,119] and myocardial heart cells [120]. In vivo they have 

been tested in iron-overloaded mice [this thesis, 121,122,123,124,125], 

rats [this thesis, 126], rabbits [127] and monkeys [128]. In all these species 

there was significant iron excretion after oral administration. This group of 

compounds, therefore, deserves further investigation in human volunteers. 

However, such studies are only in their early stages.

7.2. Further Studies with the Hvdroxvpvridinones

Since the completion of the experimental work described in this 

thesis, a number of further advances in the development of the 

hydroxypyridinone iron chelators have taken place. Apart from the
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bidentate hydroxypyridinones, a number of hexadentate analogues has 

also been synthesised. The latter possess certain advantages over the 

bidentate ligands, such as an increased iron scavenging power at low 

concentrations [70] and a markedly higher stability of the corresponding 

iron complexes [222,223]; because of the way they coordinate iron by 

completely masking its surface, they are more likely to prevent hydroxyl 

radical formation than the bidentate ligands, and thus, their iron complexes 

are potentially less toxic. Furthermore, in contrast to the bidentate 

analogues, which are kinetically labile, the hexadentate ligands are 

kinetically inert and are therefore, less likely to contribute to iron 

redistribution in the body. On the other hand, because of their generally 

higher molecular weight, hexadentate ligands are predicted to have lower 

oral bioavailability than the bidentate analogues, due to poorer absorption 

by the gastrointestinal tract; while at the same time, by virtue of that same 

property, they are potentialy less toxic, because they are less likely to 

penetrate the blood-brain barrier (BBB).

Porter, Gyparaki, Huehns, Hider and their co-workers synthesised

and tested, the diethyl analogue CP94, which has a considerably higher

Kpart than that of CP20, has been found to chelate intracellular iron more

effectively than CP20 in hepatocyte cultures [118]. Furthermore, studies on

rat myocardial cell cultures, have demonstrated a direct interaction

between the hydroxypyridinone chelators and the iron-loaded heart, as well

as a marked reduction in membrane lipid peroxidation, as indicated by 
61

cellular malorjpldehyde content [120].
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7.2.2 Further Animal Studies with the Hydroxypyridinones

The diethyl analogue CP94, also appears to be the most promising 

3-hydroxypyridin-4>one in terms of oral chelating efficacy, as indicated by 

short term [195] and longer term studies in animal models [228].

In vivo studies using hypertransfused rats [229], in which the major 

storage iron pools had been labelled by selective radioiron probes, have 

shown that the efficacy of CP20 was comparable to that of DFO, whereas 

CP94 was up to eight times more effective than DFO. Urinary excretion 

induced by both CP20 and CP94 was of RE origin, while part of the iron 

mobilised from RE cells and all of the iron derived from hepatocytes is 

excreted through the bile. Animal studies using non-iron-overloaded, bile 

duct-cannulated rats and iron-loaded Cebus monkeys [128], have shown 

that oral CP94 was more effective in mobilising iron than both oral CP20 

and s.c. DFO. In monkeys, the induced iron excretion caused by CP94 was 

equally distributed between urine and faeces. CP20, on the other hand, 

has caused significant urinary iron excretion in the primate model, but 

minimal faecal output, and on the whole, its efficacy in primates was 

unimpressive at doses up to 450|imol/kg. On an iron binding equivalence 

basis, CP94 performed better than DFO and its efficacy was essentially the 

same in rodents and primates. Iron chelation was dose-dependent in 

rodents with both CP20 and CP94, but in primates this effect was seen 

only with CP94. Finally, both DFO and CP94 were effective at putting the 

primates in iron balance, whereas CP20 had little impact on this.
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7.3 Potential Usefulness of the Hvdroxvpvridinones in Other 

Conditions besides Iron Overload.

There is increasing evidence for the beneficial influence of iron 

chelators in a variety of conditions, other than those involving iron 

overload. For example, iron chelation therapy could possibly find a role in 

the treatment of stroke and heart attack, decreasing reperfusion damage to 

both the brain and the heart. Tissue damage is thought to be related to the 

production of oxygen radicals, either within the affected tissues, or the 

associated extracellular fluid, via white blood cells and in particular 

neutrophils. The origin of the redox active iron is likely to be ferritin, which 

is mobilised as a result of an increased cellular reducing potential under 

the anaerobic conditions associated with ischaemia [226]. In fact, DFO has 

been found to reduce brain damage following cardiac arrest [227]. Apart 

from the heart [228], the above mentioned pathogenic mechanism may 

also hold for isdaemic injury to the small bowel [229], kidney [230] and 

central nervous system [227]. In principle, a chelator designed to permeate 

the BBB efficiently, would be predicted to be more effective than DFO, and 

the 3-hydroxypyridin-4-ones appear to be good candidates. CP20 has 

indeed been shown to prevent post-ischaemic cardiac injury in the rat, as 

demonstrated by improved contractility and reduced release of LDH into 

the perfusate medium of perfused rat hearts [231]. Moreover, iron chelators 

could also possibly find a role in tissue transplantation, where similar 

problems to those associated with ischaemia occur; again DFO has been 

shown to enhance the viability of transplanted tissue [232].
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Disturbance of iron metabolism is a prominent feature of rheumatoid 

disease [231,232]. Many rheumatoid arthritis patients have raised levels of 

synovial fluid ferritin and iron deposits in their synovial tissue 

[235,236,237], resulting in chronic synovitis. The latter is thought to be due 

to the occurrence of hypoxic-reperfusion inlury in the joint [238]. An 

improvement in both acute and chronic inflammation was noted on 

administration of DFO to animals [11]. However, when given to patients 

with rheumatoid , DFO was found to cause a number of undesirable side- 

effects [239]. The hydrophilic members of the 3-hydroxypyridin-4-ones, like 

CP20, also possess anti-inflammatory properties [12], but high 

concentrations are necessary, and the selective direction of these 

molecules to the site of inflammation presents a major problem.

Iron specific chelators could also minimise dopamine free radical 

generation and subsequent lipid peroxidation occuring to the substantia 

nigra of patients with Parkinson's disease, whose brains accumulate high 

iron concentrations [240,241,242,243,244]. The hydroxypyridinones are 

currently being investigated for such properties in animal models [245]. 

Furtermore, selective iron chelators, like DFO and CP20, could also 

prevent catalysis of free radical generation and subsequent lung tissue 

damage, caused by paraquat [246,247] and bleomycin [245] accumulation, 

and heart damage caused by doxorubicin [248] accumulation. Paraquat 

and doxorubicin, the latter being an extremely successful chemo

therapeutic agent, are able to redox cycle [249,250,251,252] and to 

mobilise iron from the ferritin core [253,253a]. DFO has been shown to 

protect tissues against doxorubicine-induced damage. Currently, a prodrug 

of a chelator, ICRF-187 (Zinecard) is under clinical investigation for cardiac 

protection from doxorubicine-induced damage [248]. Bleomycin, an iron(ll)
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binding drug, is a potent anti-tumor agent used to treat lymphomas and 

certain solid tumors. Its iron coordination site permits access to oxygen and 

the subsequent redox reaction results in the formation of iron(lll) and the 

superoxide anion. In the presence of NADPH, iron(lll)-bleomycin is 

reduced by microsomal fractions in lung to iron(ll)-bleomycin, which in turn 

can undergo autoxidation generating oxygen radicals [245]. DFO has not 

been found to inhibit bleomycin-induced lung damage in a reproducible 

manner [254,255].

Ribonucleotide reductase is the enzyme catalysing the reduction of 

four common ribonucleotides to their corresponding deoxyribonucleotides, 

an essential step in DNA synthesis. A wide range of iron chelators has 

been shown to inhibit ribonucleotide reductase [256,257] and this is the 

reason of the cytotoxic properties of many such molecules. Some iron 

chelators may also inhibit the enzyme by functioning as free radical 

scavengers. Such agents inhibit DNA synthesis and hold the life cycle of 

proliferating cells in the S-stage. The ability of iron chelators to inhibit 

ribonucleotide reductase has lead to several proposals for therapeutic 

application:

(i) Anti-neoplasmic and anti-viral properties of iron chelators: the 

withholding of iron from cells has been proposed as a strategy for the 

treatment of neoplastic disease [258,259]. DFO has been shown to inhibit 

the proliferation of a variety of malignant cell lines [260,261,262] and bone 

marrow neuroblastoma cells [263], and also to possess anti-tumor activity 

in acute neonatal leukaemia [17]. Moreover, oligodentate catecholates, 

especially parabactin, have been shown to be particularly effective in 

inhibiting DNA synthesis in a murine leukaemia cell line L I210 [264]. The
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same series of compounds are also active against herpes simplex Type 1 

virus, the replication of which is also dependant on ribonucleotide 

reductase for DNA production [265]. However, such potent iron chelators 

are also toxic to the bone marrow and they are only likely to become useful 

neoplastic and antiviral agents if they can be specifically directed to the 

malignant cell types.

(ii) Svnchronisation of cell cvclinq: by inhibiting the enzyme ribonucleotide 

reductase, DFO and several related iron chelators, reversibly inhibit 

proliferating cells in the S-phase. Removal of the chelator leads to the 

complete recovery of the cells, which are now all in a similar stage of the 

cell cycle [266]. It has been suggested that this synchronisation of cell 

cycling may facilitate the efficacy of certain chemotherapeutic agents 

[17,277,268,269]. For optimal synergism during combined cell cycle 

specific chemotherapy, it is important for the cells to remain synchronised 

after removal of the chelator. This can only be achieved when the chelator 

is capable of rapidly effluxing from cells. In vitro studies on the influence of 

the bidentate hydroxypyridin-4-ones and DFO on the cell kinetics of K562 

cells, have shown that the former may have a distinct advantage over DFO 

in achieving cell cycle synchronisation, by virtue of their ability to rapidly 

enter and leave cells by simple diffusion, a limiting factor for DFO 

[130,270]. Thus, the hydroxypyridinones may find application in the 

treatment of tumor cell types which are relatively sensitive to cell cycle 

synchronisation, an aspect which is currently under investigation [130].

The introduction of an iron chelator to control parasitic infections, 

such as malaria, is a novel approach. In fact, the anti-malarial activity of 

DFO and the 3-hydroxypyridin-4-ones has been demonstrated in a range

197



of Plasmodium species under in vitro and in vivo conditions in rats [129] 

and man [271]. A significant dose-dependent suppression of P. falciparum 

was observed with all hydroxypyridinones tested in vitro. In contrast, in 

rats, the relativelly more hydrophilic compounds CP20, CP38 and CP40 

failed to suppress malaria , whereas the relatively more lipophilic CP51, 

CP94 and CP96, showed a strong anti-malarial effect, similar to or better 

than that of DFO. It is thought that the anti-malarial effect of the iron 

chelators is achieved through the inhibition of DNA synthesis due to 

inactivation of the iron-dependent ezyme ribonucleotide reductase.

Finally, iron chelating agents are currently under investigation for 

use as anti-proliferative agents in the treatment of the inflammatory skin 

disorder psoriasis as well as for atherosclerosis through their inhibitory 

effect on ribonucleotide reductase and lipoxygenase enzymes. The latter 

catalyses stereospecific oxygenation reactions of fatty acid substrates. 

Indeed, the iron chelator prodrug ICRF-159 was found to be remarkably 

successful for the treatment of psoriasis when given systemically 

[272,273]. Unfortunately, continued exposure of patients to this drug was 

associated with a relatively high incidence of epitheliomas [273] and 

leukaemia [274], and consequently the drug is no longer used. Catechol 

chelators which selectively inhibit the lipoxygenase family of enzymes have 

been identified [275] and are curently being investigated for their biological 

properties and their relevance in the treatment of psoriasis and 

atherosclerosis. Furthermore, the ability of some iron chelators to utilise 

the iron transport system of a range of microorganisms, is being studied to 

be used for selected antimicrobial drug delivery [276,277].
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7.4 Clinical Studies

The particularly promising results obtained with some of the 

3-hydroxypyridin-4-ones in animal studies [this thesis, 123,126], have 

prompted preliminary studies in man. Clinical studies have been 

performed, using CP20 (LI) [134,135,136,140,278,279,280,281 ] and CP94 

[282,283].

7.4.1 1,2-dimethyl-3-hydroxypyridin-4-one (CP20 or LI)

7.4.1.1 Iron Excretion

To date LI has been given orally to over 200 patients, mainly 

suffering from thalassaemia major, but also from myelodysplasia, 

rheumatoid arthritis, and other clinical conditions involving abnormal iron 

metabolism [133,134,135,136,137,139,140,278,279,280,281 ]. The drug 

has been administered to patients for variable amounts of time ranging 

from several weeks to about 3 years at a maximum dose of about 

10Omg/kg/day, given in 2-4 doses, in order to increase chelating efficacy.

In contrast to animals, where iron is mainly excreted in the faeces [this 

thesis, 122,123,127], iron mobilisation by LI in man occurs predominantly 

in the urine [137]. The efficacy of LI in reducing the body iron burden in 

patients with iron overload has been uncertain, despite many reports of 

increased urinary iron excretion after administration of the chelator 

[133,134,140,279,280,281,284,285]. In a comparative study [280], the 

amount of iron excretion promoted by an oral dose of 75mg/kg LI
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(180|amol iron binding equivalents/kg) has been reported to be comparable 

to that caused by a dose of 50mg/kg s.c. DFO (76|imol iron binding 

equivalents/kg). Restated in terms of iron binding equivalents, this study 

found that more than twice the dose of L1 was required to produce the 

same urinary iron excretion as DFO. This comparison of urinary iron 

excretion did not take into account any faecal iron excretion produced by 

DFO, which may constitute a substantial fraction of the total DFO-induced 

iron excretion. If faecal iron excretion with DFO is considered, then an oral 

dose of 75mg/kg L1 may correspond to a s.c. dose of 30-40mg/kg DFO. 

Clinical studies have also shown that L1 has variable ability in decreasing 

serum ferritin concentrations (as a measure of body iron stores). In 

general, decreased concentrations were observed in patients with the 

highest initial hepatic iron levels, little change in those with intermediate 

levels, and some increase in those with the lowest initial values [285]. L1 

has also been reported to reduce serum NTBI [286]. Increased compliance 

with L1 has been recorded [135,136]. Overall, it appears that the efficacy 

of LI depends on the dose and time of administration. CP20 is the most 

hydrophilic compound of the series, possessing the lowest Kpart in the 

iron-free form. Consequently, it was found to be the least active orally in 

animals, presumably due to its relatively poor absorption by the gut [this 

thesis, 123]. Also, CP20 was the least able chelator to penetrate liver 

parenchymal cells [this thesis, 118]. It is not surprising, therefore, that the 

oral doses of CP20 required to achieve iron balance in iron-loaded 

patients, are high. Another important factor diminishing the efficacy of L I , 

is the extensive metabolism it undergoes in the liver and its consequent 

rapid conversion (glucuronidation) to an inactive (non-iron-binding) 

metabolite [138].
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7.4.1.2 Toxicity of CP20 (LI)

A variety of adverse toxic effects including dermatologie changes 

associated with zinc depletion, minor gastrointestinal complaints, transient 

liver function abnormalities and musculoskeletal pains have been reported 

for a number of patients using L1 [281,287]. Also, two patients developed 

autoantibodies without any apparent relation to musculoskeletal symptoms; 

the significance of earlier reports of autoantibodies, is unclear 

[281,288,289,290]. The most serious adverse effect that has been reported 

to occur with LI have been several cases of agranulocytosis, one was in a 

patient with Blackfan-Diamond anaemia [140] while others occurred in 

patients with thalassaemia major [139,287]. Most patients have been taking 

oral doses in excess of 10Omg/kg/day LI for six weeks or longer. A 

possible explanation for those undesirable side-effects could be the high 

doses of the drug required for prolonged periods in order to obtain 

clinically useful levels of iron excretion. Overall, available evidence from 

animal studies and clinical trials suggests a delicate balance between 

safety and efficacy of LI.

The most recent work [290a], carried out using rats, rabbits and 

cynomolgus monkeys, showed LI to cause thymic and other organ 

atrophy, reduced red and white cell counts, embryo-toxicity and 

teratogenicity. The pattern of toxicity appeared to be that of a cytotoxic 

(anti-proliferative) compound and the toxic manifestations occured in the 

same dose range as the iron excretion. An additional factor contributing to 

the toxicity of LI, is that circulating LI-iron complexes can dissociate and 

thus "redistribute" iron. These studies showed no therapeutic safety margin 

for L I . It was concluded, therefore, that although the frequency of these
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side-effects in patients appeared to be lower than that predicted from 

animal studies, qualitatively the pattern was similar and that L1 is too toxic 

for general long term use in man. Since this work was carried out using 

non-iron-overloaded animals, its relevance to iron-loaded patients has 

been questioned [290b]. Although, iron overload has been shown not to 

protect against bone marrow toxicity of L1 [224], other workers argue that 

further well controlled clinical studies are needed, to decide the drug's 

suitability for long term use [290b,290c]. This is particularly important for 

patients with severe iron overload who cannot use DFO because of 

anaphylaxis and other serious side-effects.

7.4.2 1,2-diethyl-3-hydroxypyridin-4-one (CP94)

CP94 was selected for clinical evaluation [282,283], because it was 

found to be particularly effective in promoting faecal iron excretion in 

several animal species, when given orally. Following extensive formal 

toxicology, CP94 was administered orally to 9 iron-loaded patients at a 

dose of 50mg/kg/day. It was found to cause a variable urinary iron 

excretion ranging from 28|iM to 80)aM, that did not correlate with 

haemoglobin or plasma ferritin. This excretion could be increased up to 

220|^M iron per 24h, if the 50mg/kg dose was given in 4 divided doses. 

Moreover, CP94 caused significant faecal iron excretion that comprised 

between 25% and 52% of total iron excretion. Iron balance with CP94 

varied between 23% and 89% of that obtained with DFO at the same dose. 

No toxicity and no acute effect on zinc balance were observed. CP94 was 

also shown to be rapidly absorbed, within 30min, and to achieve effective 

chelation at doses as low as 12.5mg/kg. Like CP20, CP94 in man is also 

rapidly and almost completely converted to a non-chelating metabolite 

[138]. This property, while limiting potential toxicity of the compound, also
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diminishes its iron chelating efficacy. The variable efficacy of CP94 in 

humans may relate to small differences in the rate of inactivation by

glucuronidation.

Ideally, compounds chosen for further development should be 

efficiently absorbed, not extensively metabolised, and in addition to 

facilitating excretion and preventing redistribution of iron, they should also 

reduce penetration of the BBB and hence CNS toxicity. CP102 and CP107 

[138] are two such hydroxypyridinones, which are currently being 

investigated for their efficacy and toxicity in a range of iron-overloaded 

animal models. In rats, a single oral dose of 200mg/kg caused mobilisation 

of substantial amounts of ^^Fe in the faeces, while causing only negligible 

urinary ^^Fe excretion [136]. CPI 02 is only poorly metabolised, while 

CPI 07 is converted to the more hydrophilic CP111 pyridinone [138,291]; 

the latter not only retains its iron chelating ability, but also minimises the 

risk of BBB penetration, by being more hydrophilic than the parent 

compound. It is also likely, that with such molecules, lower dosage regimes 

than those currently employed with CP20 will be possible.

7.5 Other Potential Oral Chelating Agents

Over the last decade several compounds besides the 

hydroxypyridinones have shown potential as oral iron chelators. The most 

promising of those currently under investigation are briefly discussed 

below.
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7.5.1 N,N'-bis (o-hydroxybenzyl) ethylenediamine-N,N'-diacetic acid 

(HBED)

HBED, is a synthetic hexadentate iron chelator highly specific for 

iron, its affinity for other physiologically important metals, such as Ca2+, 

Mg2+, Cu2+ and Zn^+ being considerably lower [80]. Its stability constant 

is about nine orders of magnitude greater than that of DFO [80,47b,292j. 

Its usefulness as an iron chelator has been established using in vitro 

systems, such as Chang cell cultures [66], reticulocytes [293], and 

myocytes [294] and has been confirmed in a variety of animal models 

[82,293,295]. Given oraly to hypertransfused rats, HBED was shown to be 

70% as effective as an equivalent dose of i.p. DFO [293]. No serious 

adverse effects have been observed in animal studies, the acute toxicity of 

HBED exceeding 800mg/kg i.p. in mice [66,293]. In a comparative clinical 

study, five patients with thalassaemia major, were administered 80mg/kg 

HBED orally [296,297]. The net iron excretion induced by HBED ranged 

from 5.4-11.1 mg/day, as compared to 15.6-52.9mg/day iron excretion 

promoted by 60mg/kg/day s.c. DFO. None of the patients' haematological 

or biochemical parameters changed significantly. Although the excretion 

obtained with HBED in this clinical study was less than predicted from 

animal studies, it is thought that the compound may still be a viable iron 

chelating drug, if a means is found to enhance its oral bioavailability. 

Indeed a prodrug, the dimethyl ester of HBED (dmHBED) has already been 

tested in animals [293], and was found to be six times more effective than 

HBED itself. Acute toxicity of dmHBED exceeds 800mg/kg (i.p. in mice), but 

proper toxicological studies are still required. Clinical studies will be 

performed, once a cost-effective synthesis of dmHBED has been 

developed and the drug proves to be non-toxic.
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7.5.2 Pyridoxal Isonicotinoyi Hydrazone (PIH)

Pyridoxal isonicotinoyi hydrazone (PIH) is one of a family of 

aromatic hydrazones synthesised by condensation of an aromatic 

aldehyde with an acid hydrazide [93,96,100,298]. It binds both iron(ll) [88] 

and iron (III) [89], but also Cu2+, Zn2+, Co2+ and Pb^+ [90]. The molecule 

is uncharged at neutral pH (Chapter 1, Table 1). PIH has been found to 

chelate iron effectively from Chang cells, fibroblasts, peritoneal 

macrophages and hepatocytes [92,93,172a,299]. Given orally, its iron 

chelating efficacy was comparable to that of parenteral DFO [97,98] and no 

adverse effects were observed in acute and subacute toxicity studies in 

experimental animals [300]. The LD50 exceeds 800mg/kg [301]. PIH 

seems to act primarily on hepatocyte iron in transit, rather than on storage 

iron [96,211]. Preliminary clinical studies performed on 11 patients with 

transfusional iron overload at the low dose of 30mg/kg [98], showed no 

significant adverse effects. However, iron excretion was unimpressive 

(0.12±0.07mg iron/kg/day) and varied substantially among patients. This 

was attributed to poor absorption of sufficient amounts of PIH, due to the 

particular dose form and regimen used. An improved formulation of PIH 

with greater bioavailability is currently being prepared for evaluation in 

further clinical trials [98].

7.5.3 Desferrithiocine (DPT)

Desferrithiocine (DPT) is another promising orally effective

iron chelator. It is a naturally occuring siderophore [102] that forms a 2:1

complex with ferric iron, for which it has a similar high affinity and

selectivity to that of DPO [62]. It has, however, also high affinity for other

metals, especially Cu2+ [103]. In vitro, it was shown to be much more
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effective than DFO or PIH in reducing hepatocyte iron [104]. In vivo it was 

shown to cause iron chelation comparable to s.c. DFO in both the rodent 

and the primate model [104,107,108,109]. However, its clinical application 

at the present cannot be considered, because of serious toxic effects 

caused in hepatocyte cultures [104] and in animals [62,104,107,108]; these 

include evidence of cell membrane damage caused by ferrithiocine (FT), 

significant increase in serum iron level, suggesting risk of tissue damage, 

particularly in the kidneys and deaths of animals. Currently, studies are 

carried out using analogues of DFT, which have improved tolerability 

compared to the parent compound [302].

7.5.4 Desferrioxamine Prodrugs

Finally, desferrioxamine prodrugs (acyl derivatives), have been 

synthesised, that are hydrolysed to the parent drug after absorption. 

Although these DFO prodrugs, do not have any better oral bioavailability 

than DFO itself, they exhibit a vastly prolonged duration of action when 

given as a s.c. bolus injection, compared to DFO. This property is currently 

being investigated for the development of a "depot" form of 

desferrioxamine [167].

7.6 Conclusion

Although desferrioxamine remains the only clinically available iron

chelating agent, the full benefits of iron chelation therapy will not be

realised until orally effective drugs are available. During the past two

years, studies of at least five orally active iron chelators have been

conducted with patients. These agents include the bidentate
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hydroxypyridinones CP20 (L1) and CP94, HBED and its dimethyl 

derivative, and a prodrug form of PIH. Each of these chelators have 

produced iron excretion in patients after oral administration, but their 

therapeutic usefulness has yet to be determined.

HBED is not well absorbed orally, because of its negative charge at 

neutral pH (Chapterl, Table 1) and causes little iron excretion when given 

by mouth. However, it is thought that the compound is still promising 

clinically, if a means is found to enhance its oral bioavailability. The 

dimethyl ester of HBED has been proved six times more effective in 

animals than HBED itself. Initial studies showed no serious toxicity of the 

drug, but proper toxicology and cost-effective production are required 

before any clinical studies are performed.

PIH has caused unimpressive iron excretion in iron-loaded patients, 

but this was attributed to poor absorption of sufficient amounts of the drug, 

due to the dose form and regimen used in the particular study. An 

improved formulation of PIH with greater bioavailability is currently being 

prepared for further evaluation.

The prodrugs of DFO are also a promising line of development. 

They are hydrolysed to the parent drug after absorption and, although 

they do not have any better oral bioavailability than DFO itself, preliminary 

results suggest that a "depot" form of these prodrugs, will exhibit a much 

longer duration of action than that of DFO, when given as a s.c. bolus 

injection.

Desferrithiocine (DFT), which, when administered orally to animals,

was shown to cause iron excretion comparable to that of s.c. DFO, has
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also exhibited unacceptable toxicity prohibiting its clinical application. 

However, studies on DFT analogues with improved tolerability compared to 

the parent compound, are currently being carried out.

The 3-hydroxypyridin-4-one class of iron chelators, 

however, provides the most promising candidates for development as 

orally active alternatives to DFO. Of this series, only the dimethyl 

analogue CP20 (L1) and the diethyl derivative CP94 have been tested 

clinically. CP20(L1) is probably too toxic for widespread clinical use. CP94 

is quickly metabolised in man and the advantage of increased iron 

excretion at lower doses of drug foreseen from animal experiments has, 

therefore, not materialised. Whatever the ultimate clinical usefulness of 

those two particular chelators, the limited introduction of the bidentate 

hydroxypyridinones CP20 and CP94 into man has unequivocally 

established that it is feasible to undertake effective iron chelation with 

orally active agents, and that excretion of iron can be enhanced via both 

the urinary and biliary routes.
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