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ABSTRACT

The iron chelator 1,2 dimethyl-3-hydroxypyrid-4-one (Deferiprone, L I) is currently 

the most promising orally active alternative to desferrioxamine (DFO) for the 

treatment o f iron overload. The work contained in this thesis consists of a 
combination of in vivo and in vitro investigations into the pharmacology and toxicity 
o fL l.

In vivo experiments were performed in normal and iron-loaded rats. Parenchymal 

iron overload was achieved using 3,5,5-trimethylhexanoyl ferrocene. In normal rats, 
radiolabelled LI (^^C-Ll) rapidly penetrated most tissues in the body. Upon 

intravenous administration, concentrations were highest in the liver, intermediate in 

the kidneys and gastrointestinal tract and lowest in other tissues examined (blood, 
bone marrow, heart, spleen, lungs, brain, testes, thyroid, thymus, salivary glands, 
muscle and pancreas). There was more radioactivity in the liver o f iron-loaded 
animals compared to controls. LI was effective in promoting faecal iron excretion in 
iron-loaded rats, presumably due to mobilization of hepatocellular iron stores. 
Pharmacokinetic experiments showed that parenchymal iron overload decreased the 
systemic exposure and mean residence time and increased the apparent clearance and 

volume of distribution of the drug.
l^C -L l was rapidly taken up by normal and sickle red blood cells and by the 

erythroleukaemia cell line K562, reaching equilibrium across the cell membrane 
within one minute of addition. l^C -L l accumulated gradually in thalassaemic RBC 

which have high levels of intracellular iron, presumably due to the formation of the 
Ll-iron(III) complex which is larger and more hydrophilic than LI and therefore 

exits cells more slowly. Incubation of cultured rat hepatocytes with l^C -L l showed 

saturable intracellular accumulation of radioactivity by an energy-requiring 

mechanism, which could be due to intracellular metabolism of L I or to active 

transport of L I into those cells. These findings demonstrate that LI has excellent 
membrane permeation characteristics enabling it to access easily various cells and 
tissues. Complexing of LI with iron decreases the cellular transport o f the drug, 

leading to potential accumulation o f L I in sites o f iron overload. The 
pharmacokinetic, clinical and possible toxicological implications of this are 
discussed.

LI and DFO were found to induce apoptosis in proliferating activated T- 
lymphocytes and in the promyelocytic cell line HL60 but not in resting peripheral 

blood lymphocytes or granulocytes. The cytotoxicity of both chelators to 
proliferating cells was mediated through intracellular iron depletion and 
concominant inhibition of proliferation and DNA synthesis. These results suggest



that the intracellular chelation of iron in proliferating cells may be an important 

mechanism of LI toxicity.
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1.1 INTRODUCTION

Long-term blood transfusion leads to accumulation of iron which, in the absence of 

chelation therapy, causes cardiomyopathy, cirrhosis and endocrine abnormalities. 

Chelation therapy became feasible during the 1960s with the discovery of 
desferrioxamine (DFO) (Keberle, 1964; Peters et al, 1966) and subcutaneous 

administration of the drug was shown to induce sufficient iron excretion to reduce 
the iron burden of transfusion-dependent patients (Hussain et al, 1976; Propper et al, 

1977).
Currently, patients with transfusional iron overload such as those with P- 

thalassaemia major, are treated with continuous subcutaneous infusions of 
desferrioxamine (DFO) over 8-12h, given on 5-7 days each week. Although several 

long-term studies (Aldouri et al, 1987; Zurlo et al, 1989; Brittenham et al, 1994; 
Olivieri et al, 1994) have demonstrated the effectiveness o f DFO in reducing the iron 

overload thus preventing subsequent complications, iron chelation treatment for 
these patients is far from satisfactory. The cumbersome method of administration of 

DFO, together with its high cost limit its widespread use.
The iron chelator 1,2 dimethyl-3-hydroxypyrid-4-one (LI, CP20, deferiprone), 

designed by Hider et al, (1984) is, at present, the only oral iron chelator shown to be 
effective in long-term trials for thalassaemia major and other refractory anaemias 
(Kontoghiorghes et al, 1990a; Tondury et al, 1990; Agarwal et al, 1992; Al-Refaie et 
al, 1992; Olivieri et al, 1995). The use of L l, except in India, is restricted to clinical 
trials approved by the local Ethics Committees. The drug is not yet licensed in 
Britain or by the Food and Drug Administration in the United States of America. 
More information of the drug's adverse effects, pharmacology and tissue distribution 

is needed before it can be more widely used.
The work presented here, addresses the tissue distribution and cellular uptake of 

L l, its efficacy in iron chelation, its pharmacokinetic profile in normal and iron- 

loaded rats and its cytotoxicity in cell culture. This chapter will provide an overview 
of general iron physiology; consider the conditions in which iron overload is a 
feature; describe the mechanisms of iron toxicity in such conditions; and review the 

design and use of iron chelators in iron overload and in conditions unrelated to iron 
overload in which they may have a beneficial effect. Emphasis will be given to the 

design and applications of DFO and L l. Finally, a summary of the main aims of the 

present study will be provided at the end of this chapter.
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1.2 IRON PHYSIOLOGY

I.2.I Body iron distribution
Iron is essential to most cells and organisms. Iron-containing proteins are 

important for (i) oxygen transport, (ii) deoxyribonucleotide synthesis and (iii) redox 

reactions required for photosynthesis and respiration.

Total body iron in man is 4-5g. The majority of body iron (65%) is contained in 

haemoglobin in circulating erythrocytes. The synthesis of haemoglobin during 

erythropoiesis in the bone marrow is the major route o f iron utilisation. The iron 

released from the breakdown of red blood cells in the reticuloendothelial system 

returns to the plasma and is re-used for the synthesis o f haem- or iron-containing 

proteins.

About 3.5% is found in muscle as myoglobin and approximately 0.5% in tissues as 

a component of iron-containing enzymes (cytochromes, succinic dehydrogenase, 
catalase etc.). Most of the remaining iron (30%) is stored within the liver, spleen, 

bone marrow and muscle as ferritin and haemosiderin. A brief summary of the 

relative size of different iron pools is shown in Figure 1.1.

Body iron distribution

Liver

Intestine 

Absorption I 1 '1 y
7  Plasma /  

Transferrin

Excretion

Reticuloendothelium

Other tissues

Figure 1.1. Schematic representation of human iron physiology. Arrows show 

exchanges of iron in mg/day. Squares indicate relative size of tissue iron pools with 

the grey areas showing the proportion of ferritin iron. Adapted from Kuhn, (1994).
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1.2.2 Iron absorption and excretion

In man, iron metabolism is a conservative process. The human body lacks effective 

means of iron excretion and therefore the amount of iron absorbed from the diet 

compensates for daily losses from the body. Iron absorption is through the 
duodenum and proximal jejunum. Absorption of iron depends not only on the 
amount o f dietary iron but also on the composition of the diet. Unlike haem iron, 

which is well absorbed, the absorption of inorganic iron is influenced by other 

dietary factors. Dietary animal protein and reducing agents (e.g. ascorbic acid) 
promote iron absorption, whilst phytates and polyphenols inhibit its absorption 

(Skikne and Baynes, 1994). Haem iron is taken by the mucosal cell after binding to a 
specific haem receptor (Grasbeck et al, 1979) and when inside the cell, haem 

oxygenase breaks down the haem molecule and the iron enters the same intracellular 
pool as non-haem iron.

The mechanisms of the uptake of non-haem iron by mucosal cells are not 
completely resolved. Several mechanisms are thought to co-exist. Cox and Peters, 
(1979) described a saturable high affinity iron uptake mechanism. The identity of the 
carrier, however, is not yet certain. Transferrin was initially implicated (Huebers et 
al, 1983) but the high iron absorption of hypotransferrinaemic mice does not support 
this theory (Simpson et al, 1991). Recent evidence suggests that this carrier-mediated 

mechanism is associated with ferric iron reducing activity at the mucosal surface, 
localised primarily at the proximal region of the small intestine (Raja et al, 1992; 
Poutney et al, 1995). Conrad and co-workers have proposed an alternative 
mechanism in which integrin mediates the passage of iron across the membrane to 
the cytosol where iron is transferred to mobilferrin (Conrad et al, 1992; 1993). Other 

candidate mechanisms include iron binding to fatty acids o f the brush border 

membrane (Simpson and Peters, 1987) and a non-saturable low affinity mechanism 

at higher iron concentrations (Srai et al, 1988).
Haem iron absorption is controlled mainly at the site of transfer from the mucosal 

cell to the portal circulation while non-haem iron absorption is regulated both at the 

site o f uptake by the mucosal cell from the intestinal lumen and at the level o f iron 
transfer from the basal surface of the mucosal cell to the portal circulation. This 
difference in the sites o f control of haem and non-haem iron absorption results in a 
greater sensitivity of non-haem iron absorption to changes in body iron stores.

The regulation of iron absorption is not well understood. The two main factors 

involved are body iron stores and erythropoiesis (Finch, 1994). Absorption is 
inversely related to body iron stores so that when stores are low, absorption is high 
and vice versa. However, the mechanism by which the mucosal cells are influenced 
by body iron status in unknown. Iron absorption seems to be independent of
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transferrin saturation (Wheby and Jones, 1963), but is affected by hepatocyte iron 

content (Adams et al, 1989).

Enhanced erythropoiesis increases iron absorption. Patients with ineffective 

erythropoiesis develop iron overload due to enhanced iron absorption (Pippard et al, 
1979). Administration of recombinant human erythropoietin to human subjects 

increases non-heme iron absorption due to the combined effect of enhanced 
erythropoiesis and mobilization of iron from stores (Skikne and Cook, 1991). Cavill 
et al, (1975) suggested that iron absorption is influenced by the rate of tissue iron 

uptake from the plasma and the size of the labile iron pool in various body tissues. 
Iron absorption would increase when the outflow of iron from the plasma, 
determined by the total number of transferrin receptors, increases. As transferrin 
receptors are normally predominantly present on the erythroid precursors, 
stimulation of erythropoiesis would increase the transferrin receptor mass in the 

erythroid marrow and increase uptake of diferric transferrin from the circulating 
transferrin pool. Iron then shifts out of the intracellular labile iron pool from various 
sites, including the gastrointestinal mucosal cell. Recent work by Raja et al (1995) 
argues against the involvement of blood flow in the control o f duodenal iron 
absorption. The authors reported no correlation between duodenal blood-flux and 
iron absorption in iron-deficient and hypotransferrinaemic mice. On the other hand, 
recent evidence by Baynes et al, (1995) suggests that the increased iron absorption 
observed in ineffective erythropoiesis may be partly mediated by multifunctional 

haemopoietic growth factors.
Enhanced erythropoiesis has been suggested to be responsible for the increased 

iron absorption noted in subjects who have been transported to high altitudes 

(Reynafarje and Ramos, 1961). However, studies in mice challenged the link 
between hypoxic stimulation of erythropoiesis and increased iron absorption (Raja et 

al, 1986).
Iron absorbed from the gut in excess of body requirements is incorporated into 

mucosal cell ferritin and is eventually discarded into the gastrointestinal tract when 
the cell exfoliates. In men, about Img of iron is excreted daily. This is derived from 

the gastrointestinal tract by exfoliation of mucosal cells, loss of red blood cells and 
exfoliation of skin and urinary tract. In women, iron excretion is higher due to blood 

loss during menstruation.
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1.2.3 Iron transport and delivery to cells

1.2.3.1 Transferrin
The major route for the transport of iron in the plasma and extravascular fluids and 

the delivery of iron to cells is provided by transferrin. The most important site of 

transferrin synthesis is the liver. Other sites include the testes (Skinner and Griswold, 
1982) and the brain (Levin et al, 1984). Transferrin synthesised by the liver 

distributes iron through plasma and extravascular fluids. The other transferrins 

produced in testis (or ovary) and central nervous system (CNS) ensure iron supply in 

these sanctuary areas that cannot be reached by plasma (Huebers and Finch, 1987).
Transferrin is a glycoprotein of MW 80 kda. Iron-saturated human transferrin is a 

bilobal molecule with two globular domains termed N and C connected by a three- 

turn a-helix. Each domain binds one ferric iron.
At both the N and C-terminals iron is directly co-ordinated to two tyrosines, one 

histidine and one aspartic acid and indirectly co-ordinated to an arginine via a 
bicarbonate anion (Bailey et al, 1988). The anion functions as a bridging ligand 
between the iron and the protein. This makes the co-ordination site o f the iron atom 
unavailable to water, preventing the formation o f polynuclear iron complexes 

(Huebers and Finch, 1987).

1.2.3.2 Transferrin receptor
Iron is delivered to cells via the receptor-mediated endocytosis of transferrin. The 

highest concentration of transferrin receptors is in rapidly dividing cells, 
haemoglobin-synthesising tissues and the placenta (Huebers and Finch, 1987). Small 

amounts of the transferrin receptor can also be detected in human serum and serum 
receptor measurements are now used as a clinical indication o f iron stores (Cook et 

al, 1993).
The transferrin receptor is a transmembrane glycoprotein with a molecular weight 

of 180 kda. The receptor consists of two identical transmembrane subunits linked by 

disulphide bonds. Each subunit is amphipathic and consists o f two hydrophilic 
regions that extend into the aqueous medium outside the cell and into the cytoplasm 
and a central hydrophobic region that helps to position the receptor into the 
membrane (Huebers and Finch, 1987). The primary structure o f transferrin receptor 
has been deduced from the cloned gene (Schneider et al, 1984).

The receptor has a very high affinity for diferric transferrin at neutral pH 

(association constant 2-7x10"^M), which allows binding with even low levels of 
iron-loaded transferrin. However, the iron status of the transferrin molecule affects 

the affinity. At neutral pH, the receptor has the greatest affinity for diferric
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transferrin, intermediate affinity for monoferric transferrin and very little affinity for 

apotransferrin. At acidic pH, the receptor has the greatest affinity for apotransferrin 
(Huebers and Finch, 1987).

1.2.3.3 Receptor-mediated endocytosis o f transferrin
The receptor-mediated endocytosis of transferrin has been reviewed by a number 

of workers (Huebers and Finch, 1987; Crichton, 1991; Aisen, 1992; Klausner et al, 

1993; Kuhn, 1994). Initially, the iron-loaded transferrin binds to the receptor at the 

cell surface. The preferential binding of the iron-loaded transferrin to the receptor is 

favoured by the neutral pH of the cell surface. Binding is followed by internalisation 

of the receptor-transferrin complex to a membrane-bound, clathrin-coated, proton- 
pumping endosome. The active acidification o f the endosome aids the release o f iron 
from transferrin and perhaps also helps the solubilization o f the released ferric iron. 

Ferric iron is reduced to ferrous which leaves the endosome and is transported into 

the cytosol. Within the acidic environment of the endosome, iron-depleted 
transferrin remains bound to the receptor. The receptor-transferrin complex is 
recycled to the cell surface, where it dissociates and apotransferrin is released. The 
average transferrin molecule undergoes two rounds of endocytosis before complete 
iron removal and then the iron-free molecule is released from the cell (Young and 
Bomford, 1994).

1.2.3.4 Iron uptake hy hepatocytes
The liver is the main site of iron storage in health and in several disease states 

associated with iron overload and the second organ to the erythroid marrow in its 
capacity to take up transferrin-bound iron. Hepatocytes acquire transferrin iron 
(Thorstensen and Romslo, 1990) but the quantitative and functional importance of 

this pathway as well as whether it involves plasma membrane or endocytic processes 
remain uncertain. Iron also enters hepatocytes in the form of haemoglobin bound to 

haptoglobin (Hershko et al, 1972), in haem bound to haemopexin (Smith and 

Morgan, 1981) as low molecular weight chelates of iron (Wright and Lake, 1990) 

and as iron bound to tissue ferritin (Sibille et al, 1988). This tissue ferritin may be 
derived from macrophages (Aisen, 1992) or from leakage from damaged cells in 

iron-rich tissues (Unger and Hershko, 1974).
Regulation of transferrin iron uptake is achieved through changes in transferrin 

receptor expression (Lombard et al, 1989). Uptake o f ammonium citrate, ferric or 
ferrous sulphate by cultured cells increases their capacity to take up further iron 
(Kaplan et al, 1991). This would suggest that transferrin-free extracellular iron could
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accelerate the clearance of potentially toxic iron complexes from the plasma which is 
particularly important in iron overload.

1.2.4 Iron storage and intracellular iron pools

1.2.4.1 Low molecular weight iron pool
The iron released in cells after the endocytosis of transferrin, enters a low 

molecular weight cytosolic pool of nonferritin, nonenzymatic iron in the transit 

between more stable compartments (Cavill et al, 1975; Jacobs, 1977). This iron pool 
is readily available for chelation (White et al, 1976).

It has been suggested that the size of this iron pool regulates iron pathways since it 
will reflect the available iron stores within the cell (Cavill et al, 1975). However, the 

nature of iron has not yet been adequately characterised although it has been 
proposed that iron is bound to some or all of a variety o f different compounds 
including aconitase, guanosine triphosphate, ADP, ATP, riboflavin, cysteine, 
glucose, lactose, fructose, 2,3 diphosphoglycerate and citrate (Halliday et al, 1991).

The intermediate iron pool represents only a small fraction o f total cellular iron 
(Crichton, 1991) but is very important because it regulates cellular iron homeostasis 
and also provides iron for haem synthesis and other metabolic needs. The importance 
of the intracellular iron pool can be seen from its focal position in relation to 

intracellular iron metabolism (Figure 1.2).

Functions of the LMW cytosolic iron pool
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Macromolecules

Toxicity
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Figure 1.2. Relation of low molecular weight iron pool to intracellular iron 
metabolism. Adapted from Jacobs, (1977).
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1.2.4.2 Ferritin
Most storage iron (about Ig) is present as ferritin. Ferritin consists of a hollow 

apoferritin shell (MW 480 kda) constituted of 24 polypeptide chains, surrounding a 
central core of iron in the form of ferric hydroxy-phosphate which may contain up to 

4500 atoms of iron. Iron enters the protein shell through hydrophilic channels, in the 

ferrous or ferric form, but once inside, ferrous iron is oxidised to ferric (reviewed by 
Crichton, 1991; Harrison, 1986; Worwood, 1986; Worwood, 1990).

Ferritin contains two subunits (H and L) in variable proportions. H-subunits have a 
MW 21 Kda and L-subunits a MW 19 Kda. The homology between human H and L 

sequences is only about 55%. The ratio of H to L subunits affects the surface charge 
of tissue ferritins and their iron uptake properties. L-rich isoferritins are more basic 
and are found in tissues involved in iron storage (liver, spleen). H-rich isoferritins 

are more acidic and are found either in tissues with high iron requirements because 
of haem synthesis (nucleated red cells, heart muscle) or in tissues not involved in 

iron storage (lymphocytes, monocytes). The ferritin H-subunit contains a ferroxidase 
site absent from the L-subunit (Lawson et al, 1991). H-rich isoferritins have the 
highest rate of iron uptake (Wagstaff et al, 1978). These acidic isoferritins have been 
found to inhibit the growth of progenitor cells in the bone marrow but whether this 
inhibition is related to the high rate of iron uptake is not clear (Worwood, 1990).

Plasma ferritin resembles liver or spleen ferritin (rich in L-subunits) but contains 
little iron. Plasma ferritin is highly glycosylated and about 60% of plasma ferritin 
binds to concanavalin A (Worwood et al, 1979). The glycosylation suggests that in 

the absence of tissue damage, most plasma ferritin is derived from the secretion of 
phagocytic cells degrading haemoglobin. Erythroid cells contain greater amounts of 
H-subunits (Jacobs et al, 1981). Intracellular ferritin concentration is higher in 

immature erythroid precursors compared to mature erythrocytes and it was suggested 

that H-rich ferritin is stored temporarily before use in haem synthesis. However, 

studies with radiolabelled iron did not demonstrate that erythroid ferritin iron 

functions as a donor for haem synthesis (Adams et al, 1989).
Plasma (serum) ferritin is used as a clinical indicator of iron stores (Worwood, 

1986; Worwood, 1990). Serum ferritin is normally within the range 15-300p.g/l but 
levels are higher in conditions o f iron overload, low in iron deficiency and higher as 

part o f the acute phase response.

1.2.4.3 Haemosiderin
Haemosiderin is a heterogeneous compound consisting of insoluble ferric 

hydroxide, phosphate and protein. It is generally accepted that haemosiderin is
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derived from ferritin by lysosomal degradation of its protein shell (O'Connell et al, 
1988).

Haemosiderin stores excess iron and is important in conditions of pathological iron 
overload (Selden et al, 1980). Detailed Mossbauer spectroscopy studies showed that 

the structure of the haemosiderin iron cores depends on the nature of iron overload. 

In idiopathic haemochromatosis the core has an amorphous ferric oxide structure 

whilst in transfused, chelator-treated P-thalassaemia major, the core has a crystalline 
goethite structure (Mann et al, 1988).

1.2.4.4 Iron-containing proteins
Iron-containing cellular proteins can be classified into the (i) haemoproteins, (ii) 

iron-sulphur proteins and (iii) non-haem, non-iron-sulphur proteins. Haemoproteins 
contain iron(II) that is bound to four planar tetrapyrrole ring nitrogen atoms and to 

one or two ligands from the protein. Haemoproteins include the oxygen transporters 
(haemoglobin and myoglobin), oxygen activators (peroxidases, oxidases and 
cytochrome P-450) and various cytochromes involved in electron transfer processes 
(Crichton, 1991). Haemoglobin enables red blood cells to carry O2 to the tissues and 
to return CO2 from the tissues to the lungs. Each red blood cell contains 
approximately 640 million haemoglobin molecules. Adult haemoglobin (Hb A, MW 
68 kda) consists of four globin chains (a2^2) Hb F found in foetal blood consists of 

a 2Y2 and Hb A2 of a2^2- The synthesis of haem occurs in the mitochondria and 
involves the condensation of glycine and succinyl coenzyme A. This reaction is 
catalysed by the rate-limiting enzyme 5-aminolaevulinic acid synthetase (ALAS) and 
pyridoxal phosphate (vitamin B5). Pyridoxal phosphate is stimulated by 

erythropoietin and inhibited by haem. Synthesis of ALAS increases with increasing 
intracellular iron concentration (Section 1.2.5).

Iron-sulphur proteins include proteins involved in electron transport (such as 

ferredoxins) and enzymes with both redox and non-redox functions (such as 

succinate dehydrogenase, nitrogenase and aconitase) (Crichton, 1991).
Non-haem, non-iron-sulphur proteins form a large, heterogeneous group of 

enzymes and proteins which contain iron or require it for their activity. This group 

includes transferrin, ferritin and ribonucleotide reductase. Ribonucleotide reductase 
(RR) is a key enzyme for DNA synthesis. The enzyme catalyses the reduction of 
ribonucleotides to their corresponding deoxyribonucleotides, the first step in the 

pathway leading to DNA synthesis:

NADPH + ribonucleotide diphosphate —> NADP^ + deoxyribonucleoside +H2O
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In mammalian cells, RR is a heterodimeric enzyme which consists of the subunits R1 
and R2. The larger R1 subunit binds ribonucleotide substrates and allosteric effectors 

and contains the sulphydryl groups responsible for the reduction of substrate during 
the enzymatic reaction. The smaller R2 subunit contains a binuclear ferric iron centre 

and a stable tyrosyl free radical essential for enzymatic activity (reviewed by 
Crichton, 1991; Nyholm et al, 1993a,b).

1.2.5 Cellular iron homeostasis

In mammalian cells, iron homeostasis is achieved by the co-ordinate regulation of 

the expression of transferrin receptors and ferritin. When cellular iron concentration 

is low, the levels of transferrin receptors increase while the levels o f cytoplasmic 

ferritin decrease. Conversely, when cellular iron concentration is high, the levels of 

transferrin receptors decrease while the levels of cytoplasmic ferritin increase. The 
post-transcriptional gene regulation of transferrin receptor and ferritin has been 
extensively reviewed (Klausner et al, 1993; Melefors and Hentze, 1993; Kuhn, 
1994).

IRE (iron responsive elements) are specific mRNA stem-loop structures which 
function as the cis-acting elements responsible for iron-dependent translational 
control of the ferritin and transferrin receptor mRNA. IRE exist at the 5' untranslated 
region (5'UTR) of the mRNA o f (i) ferritin, (ii) erythroid-specific ô-amino laevulinic 
acid synthase (eALAS) and (iii) mitochondrial aconitase. IRE are also present in the 
3'UTR of transferrin receptor mRNA. IRE interact with the protein IRE-BP (ERE- 
binding protein).

IRE-BP is a highly conserved cytoplasmic iron sulphur protein (MW 98 kda) with 

a [4Fe-4S] cluster. The ability to form this cluster enables the protein to switch 

between a high and a low affinity state depending on the iron status of the cell. When 

iron is high, IRE-BP exists in the [4Fe-4S] cluster, functions as a cytoplasmic 

aconitase, an enzyme responsible for the enzymatic conversion of citrate to isocitrate 
and has low affinity for binding to ERE. When iron is low, ERE-BP exists as a 

'cluster-free' apoprotein and has a high affinity for binding to IRE. Binding o f ERE- 
BP to a 5'ERE blocks translation and therefore inhibits protein synthesis. Binding to 
3'ERE gives rise to a more stable upregulated mRNA. Therefore, when ERE-BP is 

available to bind to ERE, there is a reduced translation of ferritin, eALAS and 
mitochondrial aconitase mRNAs whilst translation o f transferrin receptor mRNA 

increases. In cellular iron deprivation there is an increase in iron uptake (by 
transferrin receptor), increase in the level of available iron through decreased storage 
(by ferritin) and decreased usage for the synthesis of haem (via eALAS). At the same 
time, the decreased aconitase activity increases citrate levels (by decreased
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conversion to isocitrate). The simultaneous increase of iron and citrate will 

eventually stimulate the conversion of IRE-BP to cytoplasmic aconitase. A 
summary of the processes involved in cellular iron homeostasis is shown in figure 
1.3.

Although changes in the activity of IRE-BP are induced by varying iron levels, 

recent work has shown that nitric oxide (NO), a physiological mediator produced by 

the enzymatic action of NO-synthase on L-arginine plays an important role in 
cellular iron homeostasis. NO increases the affinity o f IRE-BP for IRE (Kuhn, 1994) 

and also induces a dose-dependent upregulation of transferrin receptor expression 
(Oria et al, 1995).
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Figure 1.3. Schematic representation o f the 'iron-citrate cycle'. IRE-BP = iron 
responsive element binding protein, TfR = transferrin receptor. Adapted from 
Melefors and Hentze, (1993).
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1.3 CONDITIONS OF IRON OVERLOAD

Man has difficulties in maintaining iron balance. It is estimated that 25% of the 
world population or more than one billion people are anaemic and one half of 

anaemic individuals have iron deficiency anaemia (Cook, 1994). While disturbances 
in iron balance usually result in a reduction of total iron content, iron overload does 

occur in rare situations where excessive iron gains access to the body either by 
increased absorption or by parenteral iron administration.

1.3.1 Idiopathic haemochromatosis

Idiopathic haemochromatosis is an autosomal recessive disorder characterised by 

excessive intestinal absorption of iron (primary iron overload). The 
haemochromatosis gene has not yet been identified, but is known to be linked to the 

HLA region on the short arm of chromosome 6. Worldwide prevalence of 
haemochromatosis ranges from 0.05% in southern Finland to 1% in north-eastern 
Quebec (Worwood, 1994).

The primary biochemical abnormality of haemochromatosis is still unknown. 
Candidate primary sites include the intestinal mucosa, the liver, or the 
reticuloendothelial system. The intestinal mucosa has received most support. Despite 
the increased iron stores, the duodenal mucosa in haemochromatosis is characterised 
by normal transferrin receptor mRNA and anomalously low levels of ferritin 
(Pietrangelo et al, 1992). In contrast, high ferritin and low transferrin receptor 

expression is observed in the liver of these patients (Pietrangelo et al, 1991). 

However, these characteristics may be secondary to a low mucosal iron content 
caused by accelerated transfer o f iron to the blood (Niederau et al, 1994). In 
haemochromatosis, the structure and function of transferrin and ferritin are normal 

(Worwood, 1994).
The excessive absorption of iron causes gradual accumulation of iron in 

parenchymal cells of the liver, heart, pituitary, gonads, pancreas and other organs. 

Eventually, this accumulation of iron in tissues can lead to cirrhosis, diabetes 
mellitus, skin pigmentation, hypogonadism, arthritis and heart failure (Niederau et 

al, 1994). Women have a lower prevalence of symptomatic disease which is 
attributed to physiological iron losses and lower intake of dietary iron.

The earliest ultrastructural evidence of excessively absorbed iron is the appearance 
o f numerous ferritin particles within the cytosol o f hepatocytes (lancu, 1989). 
During the early stages of iron overload, only a minor increase in the iron content of
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kupffer cells and sinusoidal lining cells is noted. In experimental animal models of 
idiopathic haemochromatosis such as the hypotransferrinaemic mice, iron loading of 

liver precedes that of pancreas, heart and spleen (Simpson et al, 1993). In more 
advanced stages of iron overload, the involvement of kupffer cells and sinusoidal 
lining cells becomes more conspicuous (lancu, 1989). Within cells, iron-rich ferritin 

particles gradually form clusters and subsequently fuse with the lysosomal 
compartment to form siderosomes. These siderosomes are capable o f segregating 
large amounts of iron as haemosiderin. As iron overload advances, normal organelles 

are displaced by siderosomes and mitochondrial changes occur, causing cell damage 
and finally cell death.

The prognosis of untreated haemochromatosis is poor. Treatment is by repeated 

phlebotomy, which removes excess iron and markedly improves survival. Therapy 

usually starts with an intensive schedule ( l-2x/week) of phlebotomies until complete 
removal of iron is confirmed by liver biopsy. Thereafter, venesection therapy is 

maintained by less frequent phlebotomies (4-1 Ox/year) for the rest o f the patient's 
life. When phlebotomies are not feasible, patients are treated by iron chelation. 
Chelation therapy is sometimes combined with venesection therapy when intensive 
phlebotomy treatment may not be possible, such as in severe cardiomyopathy.

1.3.2 Transfusional haemosiderosis

Each 500ml of transfused blood contains about 250mg iron and therefore an 
inevitable consequence of long-term blood transfusion therapy for patients with 

refractory anaemias, is, iron overload or haemosiderosis.
The pathophysiology of transfusional haemosiderosis (secondary iron overload) is 

different from that of idiopathic haemochromatosis. Continuous blood transfusion 

induces progressive iron deposition in the reticuloendothelial (RE) cells o f various 

organs, especially in the kupffer cells of the liver and in the splenic macrophages. In 

the initial stages, the RE system is capable of storing the incoming iron and cell and 
tissue damage are prevented. However, after a certain point, there appears to be 

redistribution of iron with parenchymal iron overload and altered tissue function 

(lancu, 1989).
Indications for long-term transfusion therapy include P-thalassaemia major, sickle 

cell anaemia, pure red cell aplasia (including Blackfan-Diamond anaemia), inherited 
sideroblastic anaemias, congenital dyserythropoietic anaemias and various acquired 
haematological conditions such as the myelodysplastic syndromes (MDS), aplastic 
anaemia and paroxysmal nocturnal haemoglobinuria.
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1.3.2.1 Thalassaemias
Thalassaemia was first described in 1924 by Thomas Cooley, who reported cases 

of children with anaemia and peculiar bone changes (Cooley, 1927). The name 

thalassaemia was given by Whipple and Bradford (1936) and is derived from the 
greek thalassa, the sea, because this condition is common to people originating from 
countries around the Mediterranean sea.

The distribution of thalassaemia is now known to be more extensive, extending 
through Southern Europe and North Africa through the Middle East to India, 

Indonesia and the Far East. It is thought that thalassaemia trait affords protection 
against malaria. Cyprus has the highest frequency of thalassaemia with 15% 
incidence o f p-thalassaemia genes and 10% of a-thalassaemia genes (Ashiotis et al, 
1973).

The thalassaemia syndromes are a heterogeneous group of genetic disorders which 
result from the absent or reduced synthesis of one o f the normal globin chains o f 
haemoglobin (Thein and Weatherall, 1988). The most common forms of 

thalassaemia are due to a decrease or absence o f a  or P chains (a - and p- 
thalassaemias) although there are situations in which y or 5 chains are affected. The 
normal a /p  synthesis ratio is 1:1 and this is reduced in the a-thalassaemias and 
raised in P-thalassaemias. Normal synthesis of the unaffected globin chain produces 
red blood cells which contain precipitated aggregates of the unstable, excess chains. 
The premature intermedullary destruction and shortened survival of erythrocytes 
particularly seen in p-thalassaemia major results in ineffective erythropoiesis and 
haemolysis. Erythroblasts of patients with thalassaemia have recently been shown to 
die by apoptosis (Yuan et al, 1993).

Ç>-Thalassaemia major occurs when there are mutations on both P-globin genes, 
resulting in the complete suppression (p^) or reduction (P"*") of P-chain synthesis 

(Thein and Weatherall, 1988). The disease is characterised by severe anaemia, which 
becomes apparent when the change from y- to P-chain production should normally 
occur (typically 3-6 months after birth). The excessive red cell destruction and 

extramedullary haemopoiesis cause hepatomegaly and splenomegaly while the 
intense marrow hyperplasia causes expansion of the bones giving the characteristic 

facial appearance.

Treatment of thalassaemia major involves transfusion with packed red blood cells 

(6-8ml pRBC/kg body weight) to a total of about 200ml/kg/year, which aims to 
maintain pre-transfusion haemoglobin levels to about llg /d l (Giardina et al, 1990). 
This rigorous transfusion regime results in severe iron overload. In addition to the 

iron accumulated through blood transfusions there is also further iron from increased 
intestinal absorption due to the hyperactivity of the bone marrow. Iron causes
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damage to the liver, the endocrine organs and the heart (Gabutti and Borgna-Pignatti,
1994). Damage to the endocrine organs leads to growth failure, delayed or absent 

puberty, diabetes mellitus, hypothyroidism and hypoparathyroidism while damage to 

the liver causes hepatic fibrosis and cirrhosis. In the absence of intensive iron 
chelation treatment, death occurs in the second or third decade, usually from 

congestive heart failure or cardiac arrhythmias.
Iron overload is observed in thalassaemic patients, even before transfusion therapy 

(lancu et al, 1977). The authors demonstrated ultrastructural evidence of hepatic 
collagen formation in the absence of cellular injury in non-transfused thalassaemic 
infants, aged 5-11 months. Iron overload at this stage is due to enhanced iron 

absorption from the gut and is expressed as hepatocellular iron overload with little 

storage iron in kupffer or in sinusoidal lining cells. After the initiation o f transfusion 
therapy, there is progressive cytosiderosis of both parenchymal and RE cells. 

Although blood transfusion therapy reduces excessive intestinal absorption, patients 
can still go through periods of low haemoglobin with increased iron turnover and 

excessive absorption. Furthermore, some of the transfused haem iron is redistributed 
from RE into parenchymal cells (lancu, 1989).

The introduction of chelation treatment has lead to a remarkable improvement for 
survival without cardiac disease (Zurlo et al, 1989; Olivieri et al, 1994). Chelation 
treatment starts when serum ferritin levels are >1000 ng/ml and transferrin saturation 
is >50%. The goal is to achieve iron balance in the growing child and a net negative 
balance of 50% to 200% in the severely iron-loaded older or symptomatic patients 
(Giardina et al, 1990). Chelation therapy is discussed in more detail in section 1.4 of 

this thesis. Another consequence of the multiple transfusions is splenomegaly. 
Splenectomy is indicated when transfusion requirements exceed 200 to 250 ml/kg 
body weight per year (Giardina et al, 1990). A further effect of blood transfusion 
therapy is the transmission of viruses, such as hepatitis B (Mieli-Vergani et al, 1984) 

and hepatitis C (Donohue et al, 1993).
An alternative form of treatment for thalassaemia is bone marrow transplantation. 

This form of treatment is very promising and quite successful in well-chelated young 

patients who have a human lymphocyte antigens (HLA) identical donor (Lucarelli et 

al, 1993).
a-Thalassaemias are usually due to gene deletions but may also be due to 

nucleotide mutations within the gene (Thein and Weatherall, 1988). The a-globin 
gene is duplicated and therefore, a-globin synthesis is absent only when all four 
genes are affected. Deletion of all four genes prevents synthesis of foetal 
haemoglobin and this leads to death in utero (hydrops foetalis). Three gene deletions 

lead to a moderately severe microcytic hypochromic anaemia with splenomegaly
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(Hb H disease), characterised by the presence o f Haemoglobin H (P4) in red cells. 

Occasionally, Hb H can also be detected in a-thalassaemia traits, although these 

conditions are asymptomatic and are not usually associated with anaemia. Hb H 
disease is a form of thalassaemia intermedia, a form of thalassaemia of moderate 

severity which does not normally require blood transfusions. Thalassaemia 
intermedia can also be due to a variety of other genetic defects such as homozygous 

p-thalassaemia with production of more Hb F than usual, mild defects in p-chain 
synthesis or P-thalassaemia trait alone but of unusual severity. The ineffective 

erythropoiesis observed in thalassaemia intermedia causes an abnormally high 
intestinal absorption of iron (Pippard et al, 1979). This results in parenchymal iron 
overload and hepatic fibrosis comparable to that observed in p-thalassaemia major 
(lancu, 1989).

1.3.2.2 Sickle cell anaemia
Sickle cell disease is characterised by the presence of Hb S [Hb a 2P2^], an 

insoluble form of haemoglobin, which, at low oxygen concentrations, forms crystals 
and polymerises into long fibres (Serjeant, 1985). This causes the red cells to 'sickle' 
and potentially block different areas of the microcirculation. The formation of Hb S 
is due to substitution of valine for glutamic acid in position 6 in the P chain. Blood 
transfusion is sometimes used as a prophylactic treatment for patients who have 
frequent crises. Iron overload may be a problem in these cases and iron chelation 

therapy may then be needed.

1.3.2.3 Other iron-loading anaemias
The sideroblastic anaemias are a group of disorders o f erythropoiesis 

characterised by the presence of the ringed sideroblast, a developing erythroid cell 
with mitochondria containing large deposits of iron. Sideroblastic anaemias can be 
due to primary (inherited or idiopathic acquired) or secondary causes (May and 

Fitzsimons, 1994). Inherited forms include x-linked conditions (such as defects of 
eALAS) and mutations in mitochondrial DNA. The iron-loading in these conditions 
can be due to excessive gastrointestinal iron absorption.

Idiopathic acquired sideroblastic anaemia is classified with the haemopoietic stem 
cell disorders which give rise to myelodysplastic syndromes (MDS). MDS are a 

group o f acquired disorders of the haematopoietic stem cell generally characterised 
by a reduction in both the number and function of peripheral blood cells. In these 
conditions, clinical problems relate to bleeding, infection or transformation to acute 
leukaemia. However, in some cases particularly those classified as refractory 
anaemia (RA) and RA with ringed sideroblasts, the main problem is of a transfusion-
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dependent anaemia and patients may require red cell transfusion therapy alone over 

many years. In aplastic anaemia there is reduced production of red cells, while cells 
and platelets in the bone marrow probably to a deficiency of haematopoietic stem 

cells. In paroxysmal nocturnal haemoglobinuria, there is an abnormal clone of 
haematopoietic cells giving rise to aplasia and peripheral cells deficient in GPI- 

anchored membrane proteins. The red cells are abnormally sensitive to complement- 

mediated lysis and the anaemia is largely due to chronic intravascular haemolysis 
(Pippard, 1994).

1.4 MECHANISMS OF IRON TOXICITY

1.4.1 Initiation of lipid peroxidation
The combination of iron and molecular oxygen can lead to the production of 

reactive oxygen free radicals resulting in oxidative damage to cells and tissues 
(reviewed by Gutteridge and Halliwell, 1989). Studies on the spleen (Keys and 
Dormandy, 1981) and on erythrocytes (Rachmilewitz et al, 1976; Rice-Evans et al,
1985) from iron-loaded thalassaemic patients, on livers from iron-loaded animals 
(Hanstein et al, 1975) and on iron-loaded cultured heart cells (Link et al, 1994) have 
suggested that iron-induced free radical production plays an important role in the 
mechanism of cellular damage in pathological conditions of iron overload.

Cell respiration produces superoxide (O2 ") and peroxide (0 2 ^") At physiological 
pH, peroxide is reduced to hydrogen peroxide (H2O2). Hydrogen peroxide is poorly 
reactive in aqueous solution but is able to cross biological membranes and undergo 

the Fenton reaction, giving rise to the highly reactive, toxic, hydroxyl radical ( OH).
Transition metal ions such as iron, catalyse the formation of the hydroxyl radical:

Fe3+ + 02  " Fe2+ + O2 (1)

Fe2+ + H2O2 Fe3+ + OH + OR- (2)

Pg3+/2+

O2 " + H2O2 —̂  O2 + OH + 0 H “ 0 )

In the presence of trace amounts of iron, superoxide can reduce Fe(III) to Fe(II) and 
molecular oxygen (1). Catalytic Fe(II) is then available for the Fenton reaction (2), 
which generates the hydroxyl radical and the hydroxyl anion and restores Fe(III) for
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another catalytic cycle. The sum of these reactions (3) is known as the Haber-Weiss 
reaction.

The hydroxyl radical can initiate lipid peroxidation, causing oxidative damage to 
membrane lipids (reviewed by Gutteridge and Hallwell, 1989; Crichton, 1991). 

Polyunsaturated fatty acids are particularly susceptible to peroxidation. The reaction 

starts with the abstraction of a hydrogen atom (H ) from a methylene carbon of a 

fatty acid (LH) to produce a carbon-centred radical (L ):

LH + OH —> L + H2O

The resulting radical can attack membrane proteins, or, combine with molecular 

oxygen to form the lipid peroxyl radical (LO2 ). This radical can attack membrane 
proteins but can also abstract a hydrogen atom from another fatty acid, thus 
propagating the chain reaction of lipid peroxidation.

In vivo, lipid peroxidation causes damage to membrane proteins and cells contain 
mechanisms for the recognition and destruction of oxidatively modified proteins 
(Davies, 1987). Extensive lipid peroxidation impairs membrane function, decreases 
fluidity and membrane potential and inactivates membrane receptors and proteins. 
Iron-induced lipid peroxidation has damaging effects to cellular organelles, 
particularly to lysosomes. Peters and co-workers have proposed that progressive iron 
accumulation in lysosomes increases their fragility and eventually results in the 
release of hydrolytic enzymes into the cytoplasm causing cell damage and death 
(Seymour and Peters, 1978; Selden et al, 1980; Peters et al, 1985). These 

investigators also reported increased lysosomal fragility in liver biopsy material from 
iron overloaded patients (Seymour and Peters, 1978) and proposed that one likely 
mechanism for the increased lysosomal fragility found in iron overload is lipid 
peroxidation induced by iron from intralysosomal haemosiderin (Selden et al, 1980; 

Peters et al, 1985). In addition to damage to lysosomes, iron overload decreases drug 
metabolising activities, cytochrome P450 and calcium sequestration in microsomes 
and also causes uncoupling of oxidative phosphorylation, decreased respiratory 

control ratio and transmembrane potential, swelling and increased efflux of 
potassium and release of calcium in mitochondria (Britton, 1994).

Iron bound to iron proteins is relatively not toxic. However, iron released from 
iron-containing proteins can give rise to lipid peroxidation and hydroxyl radical 

formation. Iron is released from transferrin at low pH, from ferritin, haemoglobin or 
myoglobin after damage by peroxides or, from ferritin and to a lesser extend from 
haemosiderin, by superoxide (Gutteridge and Halliwell, 1989). Low molecular 
weight cytosolic iron and non-transferrin-bound iron (NTBI) can also catalyse lipid 
peroxidation reactions.
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1.4.2 Fibrogenesis in iron overload
The most important clinical manifestation of chronic iron overload is fibrosis and 

cirrhosis of the liver. Hepatic fibrosis is a feature of iron overloaded patients with p- 

thalassaemia major (Barry et al, 1974). Increased collagen formation and 

inflammatory infiltration are seen in the liver of hypotransferrinaemic mice 

(Simpson et al, 1993) while iron-loaded gerbils show evidence o f hepatic and cardiac 

fibrosis (Carthew et al, 1993).
Several mechanisms are thought to be involved in the development o f liver fibrosis 

and cirrhosis in iron overload (Figure 1.4). Most damage is mediated through the 

peroxidation of polyunsaturated fatty acids of membrane phospholipids. The 
increased collagen formation in liver fibrosis is thought to be mediated through the 
activation of lipocytes (Friedman, 1990). When activated, lipocytes secrete large 
amounts of collagen, particularly collagen I. The mechanisms responsible for the 
activation o f lipocytes in chronic iron overload are currently unknown. Recent work 
suggests that products of lipid peroxidation may be involved in lipocyte activation 
either directly, or through the production of profibrogenic cytokines following 

activation of kupffer cells (Britton et al, 1994).

Liver fibrogenesis in iron overload
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Figure 1.4. Proposed mechanism of hepatocellular damage and liver fibrosis in iron 
overload. Adapted from Britton et al, (1994).
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1.5 IRON CHELATION
1.5.1 General principles of iron chelation

1.5.1.1 Properties required o f the ideal iron chelator
Under aerobic conditions ferric iron (Fê "*") is more stable than ferrous iron (Fê "*") 

and therefore iron chelators which have a high affinity for Fe(III) would be 

preferred. Ferric iron has a high charge density and therefore binds tightly to atoms 

of a similar charge density, such as the oxygen species of carboxylates, catecholates 
and hydroxypyridones. Fe(III) can be linked to six oxygen atoms which can be 

supplied by either one hexadentate chelator (such as DFO) or three molecules o f a 
bidentate chelator (such as LI). Iron complexes formed with hexadentate chelators 

are more stable than those formed with bidentate ones, particularly at low chelator 
concentrations. As the chelator concentration falls ( <20pM), bidentate chelators 
could form partially dissociated chelator iron complexes (2:1 and 1:1 instead of 3:1). 
These partially dissociated complexes can generate free radicals (Porter et al, 1989).

Iron chelators should be able to cross biological membranes in order to be 
absorbed from the gut and also to access iron-loaded cells and tissues. Most drugs 
are transported in cells by passive diffusion and therefore membrane permeability 
would be favoured by low molecular weight, neutral charge and lipid solubility. 
However, these properties would favour high penetration not only in iron-loaded 
tissues but also in the central nervous system (CNS) (Oldendorf, 1974) where 
intracellular iron necessary for normal cellular functions could be mobilised, causing 

toxicity . Lipophilicity is measured by the partition coefficient (Kpar) between an 
organic phase (usually n-octanol) and water at pH 7.4. Using Kpar as an indicator of 
lipophilicity. Porter et al (1988) showed that highly hydrophilic chelators do not 

mobilise intracellular iron from rat hepatocyte cultures, whereas highly lipophilic 
molecules were toxic to hepatocytes. After combining with iron, the chelator-iron 

complex should be able to exit the cell and be excreted. Ideally the complex should 
be o f neutral charge to enable exit from the cell but also be relatively hydrophilic to 
enable rapid excretion. Chelators forming lipophilic iron complexes can cause 

redistribution of iron into cells (Kontoghiorghes, 1988). Porter et al (1989) suggested 
that the ideal Kpar for an iron chelator in the iron-free state is in the range 0.2-1.0 
while the iron-complexed form should have a lower Kpar in order to minimise 
redistribution of iron to other tissues as well as reabsorption from the gut. The 
required properties of an iron chelator are summarised in Table 1.1.
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Properties required of the ideal iron chelator

(I) For optimal activity:

Orally active 
High affinity for Fe^'*'
No significant affinity for other metals 
Penetrate iron-loaded cells and tissues 
Not metabolically degraded 
Long half-life

(n) For minimal toxicity:

Non-toxic when free or complexed to iron 
Excreted rapidly only when complexed to iron 
No redistribution or reabsorption of iron 
No encouragement of microbial growth 
Not accumulated in CNS 
Not interfere with Fe or other metal absorption 
or regulation of absorptive mechanisms

Table 1.1. Characteristics of the ideal iron chelator.

1.5.1.2 Chelatable iron and routes o f excretion 
Iron can be chelated intracellularly from ferritin, haemosiderin or the low 

molecular weight iron pool or extracellularly from the plasma. Iron in haemoglobin 
or myoglobin is unavailable for chelation (Keberle, 1964). Chelators able to cross 

cell membranes and penetrate cells could mobilise intracellular iron. Most 
intracellular iron is stored in ferritin, representing about Ig of body iron in normal 

adults and levels are much higher in iron overload (Worwood, 1990). Although 
ferritin represents a potentially large source o f iron, chelation of iron from ferritin 
occurs at such a slow rate that the importance of this iron pool is not considered to be 

significant (O'Connell et al, 1989). Small chelators however, like L I, could penetrate 
the protein shell and mobilise iron more efficiently (Brady et al, 1989). Mobilization 
of iron from haemosiderin is five times slower than that from ferritin (O'Connell et 

al, 1989) but could nevertheless be important in vivo (Florence et al, 1992). The 
most important chelatable intracellular iron pool is neither ferritin nor haemosiderin 

but the transient low molecular weight iron pool (White et al, 1976). Chelation of 
iron from this pool is important because this form of iron is potentially toxic to cells 
(Crichton, 1991).

In iron overload, excess iron is deposited in all tissues but the bulk is found in RE 
cells of the spleen, liver and bone marrow and in parenchymal cells represented
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mainly by hepatocytes. Iron accumulation in RE cells is relatively harmless while 
parenchymal siderosis may result in significant organ damage (Hershko, 1994). It 
would therefore be very advantageous for an iron chelator to chelate hepatocellular 

iron. Iron mobilised from hepatocytes is excreted in the bile (Zevin et al, 1992).

In plasma, iron is bound to transferrin. Transferrin-bound iron is thought to be a 
poor source of chelatable iron (Porter et al, 1989), although some mobilization of 

this form of iron has been reported in vivo (Al-Refaie et al, 1995). In iron overload, 

when the transferrin iron binding capacity becomes saturated, non-transferrin bound 

iron (NTBI) is present in the plasma (Hershko et al, 1978). NTBI concentrations are 

quantitatively small (3.6 ± 2.3fiM in thalassaemia major plasma) (Al-Refaie et al, 
1992) but potentially important because this form of iron can participate in free 

radical-related lipid peroxidation reactions (Gutteridge and Halliwell, 1989). The 
nature o f NTBI is controversial. Hershko et al, (1978) suggested that this form of 

iron is loosely bound to albumin while Grootveld et al, (1989) postulated that this 
iron is in the form of iron citrate. However, because NTBI is not co-ordinated to a 
ligand with a high affinity for Fe(III), it is easily chelatable (Al-Refaie et al, 1992).

Although chelation of transferrin-bound iron is difficult, chelators could compete 
with transferrin for the iron released from RE cells. In normal adults, approximately 
30mg iron/24h are released from RE cells, following the breakdown of RBC (Finch 
et al, 1970), forming an iron flux of considerable size. Hydrophilic chelators can 
bind to this iron extracellularly (Hershko, 1994) while chelators which are able to 
cross biological membranes could chelate iron from within the RE cells as well. 
Nearly half of the iron mobilised from the RE system is excreted in the urine while 

the remaining is excreted in the bile (Zevin et al, 1992). Chelators could also 

compete with transferrin at the site o f iron delivery to cells such as hepatocytes. This 

chelated iron would also be excreted in the urine.

1.5.2 Iron chelation therapy: Desferrioxamine B

Chelation therapy became feasible during the 1960s with the discovery of 
desferrioxamine B (DFO). Barry and co-workers (Barry et al, 1974) performed one 

of the earliest prospective trials in children with thalassaemia major treated with 
regular intramuscular administration of DFO and demonstrated a reduction in liver 

siderosis and the prevention of hepatic fibrosis. However, it was not until it was 
found that the continuous subcutaneous administration of DFO via a portable 
mechanical pump was much more effective than the intramuscular administration 

(Hussain et al, 1976) and almost as effective as the intravenous administration 
(Propper et al, 1977), that it became possible to reduce drastically the iron burden of
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the transfusion-dependent patients. Subsequent long-term studies in patients with 
transfusional iron overload treated with subcutaneous DFO showed a substantial 
reduction in serum ferritin, liver siderosis and an improvement in liver function 

(Hoffbrand et al, 1979).

DFO (MW 539Da) is a hydroxamate siderophore produced by Streptomyces 

pilosus (Keberle, 1964). DFO consists of a chain of three hydroxamic acids (Figure 

1.5) which enables it to combine with ferric iron at a molar ratio o f 1:1 to form 

ferrioxamine (FO).

Desferrioxamine B

NH« CONH CONH

\  /  \  /  \
( C ^ ) ,  (C H ,), ( C ^ ) ,  (CH^)^ ( % ) 5

N - C  N - C  N - C
I II I II I II

HO O HO O HO O

Figure 1.5. The molecular structure of desferrioxamine B (DFO).

DFO meets most of the properties required of an iron chelator (Section 1.4.1.1). It 

is highly specific for Fe(III) (stability constant = 10^^) while it does not show a 
significant affinity for either Fe(II) nor any other metals such as Zn̂ "*", Cu^'*', M g^”*" 

and Câ "*” (Keberle, 1964). The major disadvantage of DFO is that it possesses a net 

charge o f +1 at neutral pH which limits intestinal absorption and is also susceptible 

to acid cleavage in the gastrointestinal tract and so orally inactive. Therefore, DFO 

has to be given in slow subcutaneous infusions. In patients with thalassaemia major, 
these infusions are over 8-12h, 5 times/week. Infusions are usually at 50mg/kg/day 
but usually given during the night since this would be more compatible with a 
normal lifestyle (Hoffbrand and Wonke, 1989). The painful and cumbersome 
method o f DFO administration results in poor patient compliance. An additional 

disadvantage of DFO is its short plasma half-life because it is rapidly metabolised 
and also excreted in the free form in the urine (Lee et al, 1993; Summers et al, 
1979).
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DFO is very hydrophilic (Kpar = 0.01) with poor permeation characteristics, which 
may be responsible for its low toxicity (Porter et al, 1991). The drug penetrates cells 
very slowly (Hamilton et al, 1994) but progressively accumulates intracellularly as 
much as 14-fold (Bottomley et al, 1985). This accumulation is probably due to the 

net positive charge of the molecule (Singh et al, 1990). DFO penetrates hepatocytes 
(Laub et al, 1985) and mobilises intracellular iron (Porter et al, 1988). DFO also 
mobilises iron from iron-loaded heart cells (Link et al, 1994).

DFO-induced iron excretion is both through the bile and the urine although the 

proportion of total iron excretion appearing in the faeces is greatest at low levels of 

erythropoiesis and at high doses of DFO (Pippard et al, 1982). FO is also positively 
charged (Singh et al, 1990) and would also tend to accumulate intracellularly (Hoyes 

and Porter, 1993; Hamilton et al, 1994). However, the hydrophilicity and low rate of 

cellular uptake o f FO prevent it from redistributing iron to other sites in the body 
(Peters et al, 1966).

DFO has undoubtedly improved the prognosis for survival for thalassaemia major 
patients and has been shown to prevent the development of iron overload 
complications (Aldouri et al, 1987; Zurlo et al, 1989; Brittenham et al, 1994; Gabutti 
and Borgna-Pignatti, 1994; Olivieri et al, 1994). However, prolong use of DFO has 
revealed a number of adverse effects including skin reactions at injection site, 
growth failure, bone abnormalities and visual and hearing impairment (Olivieri et al,
1986). Very high doses of DFO can also cause renal and pulmonary toxicity. Some 
DFO-treated patients may develop enterocolitis, because DFO is able to potentiate 
the growth of Yersinia Enterocolitica, a pathogen which utilises DFO as a 
siderophore (Chiu et al, 1986).

One additional disadvantage associated with DFO treatment is the high cost. In 
Cyprus, provision of DFO to all patients under the national health scheme accounts 

for 40% of the national budget for drugs. In India, 5000 patients with thalassaemia 
major are born every year, but only 5% of those may afford treatment with DFO 

(Kontoghiorghes, 1990). The high cost of DFO, together with its cumbersome 

method o f administration limit its widespread use, especially in those areas in the 
world where it is most needed. Clearly, an orally effective, relatively cheap iron 
chelator is urgently needed.

1.5.3 Oral iron chelation therapy: LI

1.5.3.1 The 3-hydroxypyridin-4-ones
Hydroxypyridones, designed by Hider et al, (1984), are hybrid molecules 

containing both catechol and hydroxamate elements. This class o f chelators includes
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a range of compounds with a high affinity for binding to Fe(III) to form neutral 
complexes, including tropolone, 8-hydroxyquinoline, hydroxypyran-4-ones and 
hydroxypyrid-2-ones but only the 3 -hydroxypyridin-4-ones (Figure 1.6) possess 

optimal properties to be clinically useful iron chelators (Hider et al, 1990).

The 3-hydroxypyrid-4-ones

OH

o

OH

CH

I
CH

1,2 dimethyI-3-hydroxypyrid-4-one 

(LI, CP20)

Kpar = 0.21

O

O

OH

1,2 diethyl-3-hydroxypyrid-4-one 
(CP94)

Kpar = 0.85

OH

■N- 
I
CH2CH3

1 ethyl, 2 methyl-3-hydroxypyrid-4-one 
(CP21)

Kpar = 0.40

Figure 1.6. The molecular structure of some of the most important 3-hydroxypyrid- 
4-one compounds. LI (Ri=R2=CH3), CP94 (R% =R2=CH2CHg), CP21 

(Ri=CH2CH3, R2=CH3).
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The bidentate chelators of the 3-hydroxypyridin-4-one series, are neutrally 
charged. They have high chemical stability which prevents acid cleavage in the gut 

and enables them to be orally active. They possess a high affinity for Fe(III) (P3 = 
10^^) and form neutral 3:1 complexes (Hider et al, 1990). Their affinity for calcium 

and magnesium is low, but they do bind aluminium (Kontoghiorghes et al, 1992) and 
to a lesser extent zinc (Al-Refaie et al, 1994d).

Modification of the K\ and R2 side chains allows the formation of a wide range of 
compounds of different lipophilicity (Hider et al, 1990). Studies with primary 

hepatocyte monolayer cultures (Porter et al, 1988) have demonstrated a strong 
correlation between iron mobilization and the Kpar o f the free chelator, but at Kpar 

> 1, higher lipid solubility was associated with higher toxicity. This correlation 
between the Kpar and the efficacy and toxicity of the 3 -hydroxypyridin-4-ones was 
also demonstrated in vivo (Porter et al, 1990b).

Three o f the most important compounds in this group are shown in Figure 1.6. 
Several studies have shown that 1,2 diethyl-3-hydroxypyridin-4-one (CP94) 
mobilises liver iron (Porter et al, 1991; Florence et al, 1992; Porter et al, 1993). In 
normal rodents and in iron-overloaded monkeys, CP94 promotes both biliary and 
urinary iron excretion and is able to maintain the animals in negative iron balance 
(Bergeron et al, 1992).

1 -Ethyl-2-methyl-3 -hydroxypyridin-4-one (CP21) is also effective in iron 
chelation. CP21 mobilises iron from ^^Fe-labelled hepatocytes (Porter et al, 1988) 
and promotes both biliary and faecal iron excretion in ^^Fe-labelled rabbits 
(Kontoghiorghes and Hoffbrand, 1986) and iron-overloaded mice (Kontoghiorghes, 
1986; Porter et al, 1990b).

1,2 Dimethyl-3-hydroxypyrid-4-one (LI, CP20, deferiprone) is, however, the only 

orally active chelator tested extensively in humans (reviewed by Al-Refaie and 
Hoffbrand, 1993, 1994a; Brittenham, 1992; Hershko, 1994). The study of L I is the 

main objective of this thesis.

1.5.3.2 1,2 Dimethyl-3-hydroxypyrid-4-one (LI)
LI (CP20, deferiprone), is a white solid compound with a MW 139 Da and melting 

point of 268°C, highly stable at pH 1-12 (Kontoghiorghes et al, 1990b). LI 

combines with Fe(lll) to form a neutral, 3:1 complex. The pM value o f LI (-log of 
the concentration of unchelated Fe(lll) in a solution containing 1 |l iM  Fe(lll) and lOp, 
M chelator at pH 7.4) is equal to 21, which is lower than that of DFO (27) 
(Motekaitis and Martell, 1991). The relatively low pM value of L I would imply that 
partially dissociated LI-iron complexes (2:1 or 1:1) could form at low chelator 
concentrations (<20|iM), giving rise to the toxic hydroxyl radicals (Porter et al.
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1989). Between pH 4-11, at 100|iM Fe(III) and 400pM L I, however, the 
predominant species is the 3:1 complex (Kline and Orvig, 1992).

LI undergoes phase II metabolism to form the 3-0-glucuronide conjugate (Ll-G). 
L l-G  cannot chelate iron because the hydroxyl group of LI needed for iron binding 

is involved in the conjugation (Figure 1.7). L l-G  is the only metabolite o f LI so far 
identified in the urine and serum of patients treated with L I (Kontoghiorghes et al, 
1990b) and by far the most important metabolite identified in the urine o f rats (Singh 

et al, 1992; Choudhury and Singh, 1995). Other identified metabolites such as the 0- 
methylated metabolite (Figure 1.7) accounts for only 1% of administered dose in the 

urine of rats (Singh et al, 1992). The proportion of LI converted to L l-G  depends on 
the iron status. Choudhury and Singh, (1995) have shown that the proportion o f LI 
excreted as L l-G  decreases from 38 ± 8.8% in normal to 2.5 ± 2 .0% in iron-loaded 

rats.
LI has been subjected to clinical evaluation in patients with transfusional iron 

overload since 1987. These early clinical trials (Kontoghiorghes et al, 1987a,b) 

demonstrated that oral LI induced similar iron excretion to that achieved with 
subcutaneous DFO. Iron excretion in humans with iron overload was mainly urinary, 
with faecal iron excretion ranging from 0 to 20% (Kontoghiorghes et al, 1990a,b; 
Olivieri et al, 1990; Collins et al, 1994). In contrast to the findings in humans, LI 
induces mainly faecal iron excretion in rats and mice.

LI chelates iron from hepatocytes (Porter et al, 1988) and heart cells (Link et al,
1994). Long-term administration of LI in thalassaemia patients serum ferritin to 
concentrations compatible with a reduction of complications from iron overload 
(Tondury et al, 1990; Agarwal et al, 1992; Al-Refaie et al, 1992; Olivieri et al,

1995). Hepatic iron concentrations are also reduced (Olivieri et al, 1995).
L I removes iron from ferritin in vitro (Kontoghiorghes et al, 1987c; Brady et al, 

1989), transferrin in vitro (Kontoghiorghes and Evans, 1985; Stefanini et al, 1991) 

and in vivo (A-Refaie et al, 1995) and haemosiderin in vitro (Kontoghiorghes et al, 

1987c) and in vivo (Florence et al, 1992). Patients with iron overload treated with LI 
also show a decrease in their serum non-transferrin-bound iron (NTBI) (Al-Refaie et 

al, 1992).
L I is well tolerated by most patients with no significant acute toxic effects except 

nausea and GI upsets at doses up to 150mg/kg/day and compliance is excellent (Al- 
Refaie and Hoffbrand, 1994; Al-Refaie et al, 1995c). However LI-treatment is 

associated with some adverse effects, the most important o f which are 
agranulocytosis and joint toxicity.

The incidence of agranulocytosis in patients treated with L I is 4% (Al-Refaie et al, 
1995c). It has been suggested that LI-induced myelotoxicity is due to inhibition of
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ribonucleotide reductase, the enzyme involved in DNA synthesis (Section 1.2.4.4) 

but this seems unlikely as there seems to be individual susceptibility to toxic effects 

of LI (Al-Refaie and Hoffbrand, 1994).

Metabolism of LI
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Figure 1.7. LI metabolites identified in human and rat urine (Singh et al, 1992).
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The overall incidence of joint involvement in patients treated with LI is 18%, 
while the incidence of arthritis is about 4% (Bartlett et al, 1990; Agarwal et al, 1992; 

Al-Refaie et al, 1992). Heavily iron-loaded patients seem to be more prone to 
develop joint problems, although the cause of this complication still remains obscure 

(Al-Refaie and Hoffbrand, 1994). It has been suggested that this is due to formation 

of 1:1 or 2:1 LLiron complexes with free radical generation and subsequent tissue 
damage (Berkovitch et al, 1994).

Other adverse effects of LI reported in patients, include zinc deficiency, 
gastrointestinal symptoms and transient hepatic complications (Al-Refaie et al, 1992; 

1994d; 1995c). An increase in the incidence and titre o f rheumatoid factor (RhF) and 
antinuclear antibody (ANA) have been reported but no association was found 
between these changes and joint problems (Al-Refaie and Hoffbrand, 1994). In 
animals, the major side-effects in animals treated with L I are hypersalivation, 

leukopenia, anaemia and macrocytosis (Kontoghiorghes et al, 1987d, 
Kontoghiorghes et al, 1989; Porter et al, 1991; Bergeron et al, 1992).

Although the use of L I is associated with a number of adverse effects, it is 
nevertheless the most widely studied oral iron chelator and the only one shown to be 
effective in achieving negative iron balance in long-term clinical trials for 
thalassaemia major and other transfusion-dependent refractory anaemias. Its use is 

restricted to Ethical Committee approved trials. More information is needed on the 

drug before it can be approved for wider use.
Relevant literature on LI will be reviewed in more detail in subsequent chapters of 

this thesis. The iron chelation potential of LI and the relative importance of different 
routes of excretion is reviewed in chapter 3, the pharmacokinetics of the drug in 
chapter 4, cellular uptake in chapter 5 and the cytotoxicity o f LI in chapter 6 .

1.5.4 Use of iron chelators in conditions unrelated to iron overload

The ability of iron chelators to prevent free radical generation and to inhibit the 
proliferation of malignant cells and protozoa such as the malaria parasite by 
inactivation of the iron-containing enzyme ribonucleotide reductase resulted in a 
large number o f studies exploring potential novel therapeutic applications o f iron 

chelators. These studies are reviewed in detail elsewhere (Hershko, 1994a,b; Voest et 

al, 1994) and only an overview will be presented here.

1.5.4.1 Inhibition o f free-radical-mediated tissue damage
The synovial fluid of patients with rheumatoid arthritis (RA) contains higher 

levels of both low molecular weight iron complexes and ferritin, which can catalyse
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free radical production and lipid peroxidation, thus exacerbating the synovitis. In rat 

models of RA, DFO treatment reduces chronic inflammation (Blake et al, 1983) and 
decreases soft tissue swelling and bone erosion (Andrews et al, 1987). Hewitt et al, 

(1989) found that in a rat model of inflammation, oral 3-hydroxypyrid-4-one 

chelators were more effective than subcutaneous DFO in their anti-inflammatory 

capabilities. Slight decreases in RA activity were noted in RA patients treated with 

DFO (Giordano et al, 1986). Patients with RA treated with LI showed improved 

disease activity, although the serologic variables of RA did not change (Vreugdenhil 

etal, 1989).
Anoxic injury initiated during ischaemia can by aggravated by re-exposure to 

normal oxygen concentrations, causing further damage to cellular membranes by 
lipid peroxidation (reperfusion injury). Several studies in experimental animals have 
shown that DFO is protective against reperfusion damage of brain and heart 
(reviewed by Hershko, 1994b). However, supplementation of the cardioplegic 

solution with 2mM DFO, in humans undergoing elective coronary bypass surgery 
failed to reduce the rate of perioperative myocardial infarctions or to produce any 
other evidence of improved clinical outcome (Ferreira et al, 1990).

Free radicals may interfere with a successful organ transplantation by impairing 
the viability of stored organs assigned for transplantation and by mediating their 

immune rejection. Several studies have shown the beneficial effect of DFO in 
improving organ viability, but, the possible beneficial effects of iron chelators on 
transplant survival are at the moment only speculative (reviewed by Hershko, 

1994a,b).
The use o f anthracycline antineoplastic drugs is limited by their cardiotoxicity, 

which is mediated by free radical generation and aggravated by iron overload. The 
cardiotoxicity of anthracycline is independent from its antineoplastic effect 

(Hershko, 1994a,b). Studies in cultured heart cells (Hershko et al, 1993) and 

experimental animals (Al-Harbi et al, 1992) indicate that DFO can prevent iron- 
mediated anthracycline toxicity but no human studies have been performed yet.

1.5.4.2 Antiproliferative effects
The antiproliferative effects of iron chelators are discussed in detail in Chapter 7 of 

this thesis. Briefly, iron chelators inhibit cell proliferation by inhibition of 
ribonucleotide reductase (RR) (Section 1.2.4.4). Several studies have demonstrated 

the antiproliferative effects of DFO (Hoffbrand et al, 1976; Ganeshaguru et al, 1979; 
Foa et al, 1986) and LI (Pattanapanyasat et al, 1992; Al-Refaie et al, 1994) in cell 
lines. DFO induced leakaemic cytoreduction in an infant with acute leukaemia
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(Estrov et al, 1987), but at the moment, there is not enough evidence to support the 
use of iron chelators in cancer.

The inhibition of RR is probably responsible for the antimalarial effects o f iron 

chelators. The antimalarial effects o f DFO have been demonstrated in vivo (Gorgeuk 
et al, 1992, 1995). Heppner et al, (1988) found that LI and other hydroxypyridones 

have antimalarial effects, comparable to DFO against cultured Plasmodium 
falciparum.

1.5.4.3 Aluminium Chelation
DFO has a high affinity for aluminium as well as iron (Chang and Barre, 1983) 

and is therefore used in disorders with increased aluminium concentrations such as 

renal insufficiency. DFO is commonly used to treat patients with renal failure 
(Altmann et al, 1988) although LI is also able to mobilise aluminium in renal 

dialysis patients (Kontoghiorghes et al, 1992). Alzheimer disease is also associated 
with aluminium overload and in one study DFO was shown to have some beneficial 
effects in the clinical progression of dementia (Crapper McLachlan et al, 1991).

The examples discussed above are by no means exhaustive. Iron chelators potentially 
have many more therapeutic applications, including multiple sclerosis, bleomycin- 
induced lung injury and graft-versus host disease (reviewed by Voest et al, 1994). 
However, it should be emphasised that current evidence is only preliminary, and 
much more work is required to establish the potential use of iron chelators in the 

clinical management of such conditions.

1.6 AIMS OF PRESENT STUDY

The work presented in this thesis investigates the action of L I in vivo, using rats 
and also at the cellular level, in vitro, in order to further the understanding o f the 

mode of action as well as the mode of toxicity of this drug. As DFO is the only 
clinically proven chelator used for more than three decades and the standard against 
any novel iron chelator should be compared, the effects o f LI in these studies will be 
compared with those of DFO, obtained either from published reports, or from 

parallel experiments.
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1.6.1 In vivo work

1. To investigate the tissue distribution of LI and the elimination of the drug 

including metabolites from different tissues; To examine the effects of iron overload 

on its tissue distribution.

2. To determine the efficacy of LI in promoting iron excretion in iron-loaded and 
normal rats and the relative importance of the urinary and faecal routes o f excretion.

3. To examine the pharmacokinetics of L I, and the effects of iron-loading and/or 

pretreatment with LI on its pharmacokinetic profile.

1.6.2 In vitro work

1. To characterise the cellular transport of LI in hepatocyte monolayer cultures, an 
erythroleukaemia cell line and red blood cells from normal volunteers, patients with 
thalassaemia intermedia or sickle cell anaemia; To investigate the effect of 
presaturation of the drug with iron (III), temperature and selective inhibitors on 

uptake kinetics.

2. To identify the mode of toxicity of LI and DFO in proliferating cells in culture 
and to compare these with the effects o f both chelators to non-proliferating cells 

(lymphocytes and granulocytes).
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Chapter 2

TISSUE DISTRIBUTION OF 14C-LI
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2.1 SUMMARY

The distribution of the oral iron chelator LI was examined in normal and iron- 

loaded rats following a single injection of ^'^C-labelled LI (l^C -L l) (0.5|LiCi/mg, 
lOmg/kg body weight). l^C -L l was distributed rapidly to all tissues examined. 
Thirty minutes following intravenous administration o f ^^C-Ll to normal rats, the 

highest level of radioactivity was found in the liver, intermediate in the kidneys and 
gastrointestinal tract and lowest in other tissues examined (blood, bone marrow, 

heart, spleen, lungs, brain, testes, thyroid, thymus, salivary glands, muscle and 

pancreas). In normal rats, the highest tissue radioactivity was found at 30min (the 
earliest time examined) after intraperitoneal administration of ^^C-Ll. The 
radioactivity of all tissues examined progressively decreased from 30 to 120min after 
l^C -L l administration and this decrease was statistically significant in liver, 

kidneys, testes, brain, muscle and blood. Rats were iron-loaded for 4 weeks with
3,5,5 trimethylhexanoyl-ferrocene (TMH-ferrocene) at lg[0.35gFe]/kg diet. This 

resulted in a 10-fold increase in liver iron. ^^C-Ll was given to iron-loaded and 

control rats intraperitoneally. There was significantly more radioactivity in the liver 
of iron-loaded rats compared to controls 30min after administration of the 
compound. No difference was detected in any other organ.

2.2 INTRODUCTION

The ability of an iron chelator to cross biological membranes is important because 
it enables absorption from the intestinal tract and access to intracellular iron stores of 
a range o f tissues including the liver and heart. As most drugs enter cells by passive 
diffusion through the hydrophobic region of the cell membrane, the main factors 
which favour membrane permeability are low molecular weight, neutral charge and 
lipid solubility. These factors however could also favour penetration o f the central 
nervous system (CNS) (Oldendorf, 1974) and access to intracellular iron necessary 

for normal cellular functions, leading to increased toxicity. A partition coefficient 

(Kpar) in the range 0.2-1.0 is ideal for a chelator to combine oral activity with lack 

o f acute toxicity (Porter et al, 1989).

DFO is very hydrophilic (Kpar = 0.01) and penetrates cells very slowly (Hamilton 
et al, 1994). Studies on the tissue distribution of DFO have shown that tissue 

concentrations of tritium-labelled DFO in dogs following intravenous injection, are 
highest in the bile and brain, intermediate in the spleen, kidneys and plasma and 
lowest in the liver, heart, lungs and depot fat (Keberle, 1964).
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LI has a low molecular weight (139Da), neutral charge and a relatively high 
partition coefficient (Kpar = 0.21) (Porter et al, 1990). LI is absorbed by the 

intestine by passive diffusion (Railkar et al, 1993) and is transported across CaCo-2 

monolayers by the same mechanism (Hamilton et al, 1994). It would be expected 

that due to its small size, neutral charge and relatively high Kpar, LI would be able 

to access readily most tissues in the body. However, there are no published data on 
the distribution of the drug in various tissues.

l^C-labelled LI (^^C-Ll) was used in these experiments to examine the tissue 
distribution o f LI and its l^C-metabolites including its metal complexes, in normal 

and iron-loaded rats. 3,5,5-Trimethylhexanoyl-ferrocene (TMH-ferrocene) (Figure 
2 .1) was used for iron-loading because it achieves predominantly parenchymal iron 
loading (Longueville and Crichton, 1986; Ward et al, 1991). This is particularly 

relevant in human conditions of iron overload, because reticuloendothelial (RE) iron 
accumulation is believed to be innocuous whereas parenchymal siderosis may result 
in serious organ dysfunction (Section 1.4.2).

2.3 MATERIALS AND METHODS

2.3.1 Synthesis of l^C-LI
^^C-1,2 Dimethyl-3-hydroxypyrid-4-one (^^C-Ll) was synthesised by Dr L 

Sheppard and Mr P Nortey, Department of Haematology, Royal Free Hospital 
School o f Medicine, using maltol and ^^C-methylamine hydrochloride (50- 

60mCi/mmol) in a microscale modification o f the standard procedure 
(Kontoghiorghes and Sheppard, 1987). The was located at the methyl group 

attached to the nitrogen at position one of the ring structure.The specific activity of 
l^C -L l was 0.5-0.6pCi/mg.

Purity o f l^C -L l was tested with:

(i) ^H Nuclear Magnetic Resonance analysis by Mr J Cobb and Mrs J Hawkes, 
University of London Intercollegiate Research Service for NMR using a Bruker 
WM250 NMR, or by Ms Niki Sachsinger, Department o f Chemistry, King's College 
London, using a Bruker AM360 ^H NMR (Appendix 4a).

(ii) Melting point determinations by Dr L Sheppard and Mr P Nortey. The melting 

point of ^^C-Ll was 263-266°C which was identical to the MP of LI as reported in 
the literature by Kontoghiorghes et al, (1987e).
(iii) Thin layer chromatography by Mr P Nortey.
(iv) Reversed-phase high performance liquid chromatography (HPLC, model 5000, 
Varian Instrument Group, Walnut Creek, CA) as described by Goddard and
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Kontoghiorghes, (1990). The mobile phase was isocratic and consisted o f 1:9 (by 

vol) acetonitrile/ potassium phosphate buffer (50mmol/L, pH 2.0, containing 
lOmmol/L of octanesulfonic acid) at a flow rate of 2.0 ml/min. The stationary phase 

was a Merck-BDH LiChrosorb RP Select B cartridge (5pm particle size). Detection 

was at 280nm. A typical chromatogram is included (Appendix 4b). l^C -L l did not 
show any detectable change as assessed by HPLC and NMR when stored at 4°C 
for up to one year.

2.3.2 Animal treatment and iron-loading
Twenty-one male Wistar Albino (MWA) rats (150-170g) were fed ad libitum on a 

standard powder diet (Rat and mouse expanded diet No 1, Appendix 3) for 4 weeks. 

Iron-loading was achieved with 3,5,5-trimethylhexanoyl-ferrocene (TMH-ferrocene) 
(Figure 2.1) , provided by Professor RR Crichton, Université Catholique de Louvain, 

Belgium. Six MW A rats of the same weight were fed ad libitum on the standard 
powder diet mixed with TMH-ferrocene (lg[0.35gFe]/kg diet) for 4 weeks. All 

animals were allowed tap water ad libitum. Rats were kept in wire-bottomed cages (3 
rats/cage) with a light period lasting from 08h 00 min to 20h 00 min. Body weight 
was recorded weekly.

TMH-ferrocene

GJ

Fe

CO-CH 2 -CH-CH 2 -C(CH) 3 

C H .

Figure 2.1. Structure of 3, 5, 5-trimethylhexanoyl ferrocene (TMH-ferrocene)

2.3.3 l^C -Ll administration
Light volatile anaesthesia was achieved with Fluothane and was given to all 

animals before injections and before killing. ^^C-Ll was dissolved in 0.15M NaCl 
with gentle warming and given as a single injection (0.5pCi/mg, lOmg/kg) 

intraperitoneally (ip), intravenously (iv) or intragastrically (ig). Normal rats (n=9) 
given ip injections were killed by cervical dislocation at 30 (n=3), 60 (n=3) or 
120min (n=3) after dosing. Those rats given iv (n=4) or ig (n=5) injections were also
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killed 30min after dosing. Iron-loaded rats (n=3) were given ip injections of the same 
dose and killed 30min after dosing.

Blood was collected in heparinised tubes after puncturing the abdominal aorta. 

Various organs (liver, kidneys, heart, testes, spleen, lungs, brain, adrenals, gut, 
pancreas, thyroid, thymus, salivary glands) and various tissues (skeletal muscle, 
femur) were excised and weighed.

2.3.4 Tissue radioactivity
was assayed after tissue oxidation (Packard sample oxidiser, model 307). The 

instrument had an efficiency o f 97-98% which was calculated each time it was used, 

by the recovery of a known standard. Tissue samples were combusted in a 
continuous flow of oxygen which oxidised carbon (^^C) into carbon dioxide. Carbon 
dioxide was trapped by a carbon dioxide-absorbing material (Carbo-Sorb E) forming 
a carbamate which was then flushed into a vial using the l^C-scintillator 
(Permafluor E) as a rinsing media. Radioactivity was then assessed as counts per 
minute (cpm) using a p-scintillation counter.

Total blood radioactivity was calculated by assuming a blood volume of 
6.4ml/100g body weight (Zevin et al, 1992). Bone marrow activity was calculated by 

assuming that in the rat, a femur contains 9.5% by weight of the total bone marrow 
(Keene and Jandl, 1965). Radioactivity of the stomach, duodenum, intestine and 
caecum included their contents. Data were expressed as the percentage of injected 

dose (% ID) in a given organ. In order to allow comparison between organs, data 

were also expressed as counts per minute per gram of tissue (cpm/g). l"^C-activity of 

tissues reflects l^C -L l concentration as well as any possible radioactive metabolites 
and metal complexes.

2.3.5 Tissue iron content
Normal (n=3) and iron-loaded (n=3) rats were lightly anaesthetised with Fluothane 

and killed by cervical dislocation. Various organs (liver, spleen, kidneys, adrenals, 

lungs, pancreas, heart, brain, testes) were excised and collected. Tissue iron was 
determined by graphite furnace absorption spectrophotometry (model 5000, Perkin 

Elmer). Tissues were homogenised with water to obtain a calibration range of 0.1-
0.6p,g Fe/ml, as described by Ward et al, (1991). Absorption of iron was measured at 
248.3nm after the following steps;

52



Temperature (°C) Ramp time (sec) Hold time (sec)

1. Drying step 150 20 10

2. Ashing step 500 20 10

3. Atomisation step 2700 2 10

4. Cleaning step 2700 1 5

Details o f other instrumental parameters used are described by Niazi et al, (1993).

2.3.6 Statistical analysis
Data are presented as Mean ± SEM. The significance of differences between any 2 

groups of animals was assessed by the student's t-test for unpaired samples. When 
more than 2 groups were compared, data were analysed by one-way analysis of 
variance (ANDVA). Statistical significance was accepted at p<0.05.

2.4 RESULTS

2.4.1 ^^C-Distribution in normal rats following intraperitoneal administration 

of 14c -L1
Figure 2.2 shows the tissue distribution of expressed as cpm/g tissue at 30, 60 

and 120 min after ip injection of ^^C-Ll. Highest levels were found in the liver and 

kidneys at all time points. In all the tissues examined the highest level of 
activity was at 30min. From 30 to 120min there was a progressive decrease in tissue 
radioactivity. In liver, kidneys, testes, brain, muscle and blood there was a significant 

decline in tissue radioactivity from 30 to 120min (p<0.05 for all).

The distribution o f radioactivity in whole organs 30min after administration of 

l^C -L l is shown in Table 2.1. The highest level was recovered in the liver (38.0+ 
3.2% of injected dose) followed by the kidneys (4 .1±0.5%). In each of the remaining 
tissues examined (testes, heart, spleen, lungs, brain, adrenals) less than 1% of the 
injected dose was recovered. In blood, 3.6+0.6% of injected dose was recovered at 
30min, declining rapidly to 1.5+0.1% at 60min and to 1.0+0.1% at 120min. 

Radioactivity detected in the bone marrow was less than in blood (2.1 ±0.6% at 
30min) and decreased rapidly with time (1.0±0.2% at 60min and 0.6+0.1% at 
120min).
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^^C-Distribution in normal rats following
intraperitoneal administration of ^^C-Ll
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Figure 2.2. Distribution of in normal rats following a single intraperitoneal 
(ip) injection of '^C-Ll (0.5pCi/mg, lOmg/kg), Animals were killed 30, 60 or 
120min following dosage (n = 3 for each time course). Values represent Mean 
± SEM. Radioactivity of adrenals represents single determinations of pooled 
samples. One way analysis of variance was used for statistical analysis, 
*p<0.05.
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2.4.2 l^C-Distribution in normal rats following intravenous administration of
14c-L1

Figure 2.3 shows the distribution of expressed as cpm/g tissue 30min after iv 

injection of Highest levels of radioactivity were found in the liver,

intermediate in kidneys and gastrointestinal tract (duodenum, jejunum, stomach, 

ileum, large intestine) and lowest in the other tissues examined (blood, heart, spleen, 

lungs, brain, testes, thyroid, thymus, salivary glands, skeleton, muscle and pancreas). 

Table 2.1 shows the tissue distribution of in whole organs, expressed as a 
percentage of injected dose. Highest levels of radioactivity were found in the liver 
(30.9+5.4% of injected dose), jejunum (4.1+0.5%), stomach (3.3+0.9%), kidneys 

(1.8+0.3%), ileum (1.8+0.5%) and caecum (1.2+0.1%). In each of the other organs 

examined (testes, heart, spleen, lungs, brain, adrenals, duodenum, large intestine, 
thyroid, thymus and salivary glands) less than 1% of injected radioactivity was 
recovered. Although the activity found in the duodenum is higher than that 
found in the kidneys when values are expressed per gram of tissue (Figure 2.3) less 
than 1% of the injected dose was recovered in the duodenum as a whole, due to its 
small size. In blood, 2.3+0.4% of the dose was recovered and in the bone marrow 1.4 

± 0 .2%.

2.4.3 l^C-Distribution in normal rats following intragastric administration of
14c -L1

The distribution of was examined 30min after administration of ^^C-Ll by 

gavage. When radioactivity is expressed as cpm/g tissue, tissue concentrations of 
were highest in stomach, intermediate in duodenum, liver, jejunum and kidneys 

and lowest in the other tissues examined (testes, heart, spleen, lungs, brain, adrenals, 

caecum, ileum, large intestine, muscle and pancreas) (Figure 2.4). When 
radioactivity was expressed per whole organ (Table 2.1), the highest amount was 

recovered in the stomach (42.7+6.0% of injected dose) followed by the liver (11.3+ 
3.7%), jejunum (4.7+1.1%) and duodenum (1.6+0.3%). In each o f the other tissues 
examined (kidneys, testes, heart, spleen, lungs, brain, adrenals, caecum, ileum, large 

intestine, blood and bone marrow) less than 1% of the injected dose was recovered.
The distribution of thirty min after ^^C-Ll was administerd ip, iv or ig to 

normal rats is compared in Table 2.1. Administration of l^C -L l ig resulted in the 
lowest levels of radioactivity in all tissues examined, except the stomach (liver, 
kidneys, testes, heart, spleen, lungs, pancreas, brain, adrenals, skeletal muscle, 
skeleton, blood) while ip administration o f ^^C-Ll resulted in the highest levels of 
radioactivity in all tissues examined. Statistical differences between the different 

routes (p<0.05) were identified by ANOVA, in all organs and tissues tested.
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'̂‘C-Distribution in normal rats following
intravenous administration of ^^C-Ll
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Figure 2.3. Distribution o f i n  normal rats (n = 4), 30min after a single 
intravenous (iv) injection of ’"^C-Ll (0.5|iCi/mg, lOmg/kg). Values represent 
Mean ± SEM.
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^"*C-Distribution in normal rats following intragastric
administration of
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Figure 2.4. Distribution of in normal rats (n = 5), 30min after a single 
intragastric (ig) injection of "̂*C-L1 (O.SpCi/mg, lOmg/kg). Values represent 
Mean ± SEM.
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2.4.4 Iron loading
Administration of TMH-ferrocene in the diet for 4 weeks resulted in a 10-fold 

increase in liver iron content (p<0.01), from 65+7pg Fe/g wet tissue in control rats 

(n=3) to 797±54|Lig Fe/g in the iron-loaded rats (n=3). Spleen iron content increased 
from 167±8|Lig Fe/g to 349+98pg Fe/g but this increase was not statistically 

significant (Figure 2.5). There was no significant difference in the body weight of 
iron-loaded and control rats during or at the end of the 4-week period (Figure 2.6).

2.4.5 Distribution of in iron-loaded rats following intraperitoneal
administration of l^C -Ll

Figure 2.7 shows the distribution o f in iron-loaded compared to normal rats 
30min after a single ip injection of ^^C-Ll. There was significantly more 

radioactivity in the liver of iron-loaded compared to normal animals (p<0.05) but no 

significant difference was identified in any of the other tissues examined.
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Tissue iron content in control and iron-loaded  
rats
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Figure 2.5. Iron content of tissues from control (n = 3) and iron- 
loaded (n = 3) rats following iron-loading with TMH-ferrocene at 
lg(0.35gFe)/kg diet or maintenance on control diet for 4 weeks. Values 
represent Mean ± SEM. Students two-tailed t-test for unpaired samples 
was used for statistical analysis. *p<0 .01.
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Body weight gain during iron-loading
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Figure 2.6. Body weight of normal (n = 3) and iron-loaded rats 
(n=3) during the 4-week iron-loading with TMH-ferrocene at 
lg(0.35gFe)/kg diet. Values represent Mean ± SEM.

60



Distribution of in normal and iron-loaded 
rats following intraperitoneal administration of

'"C-Ll
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Figure 2.7. Distribution of in normal (n = 3) and iron-loaded (n 
= 3) rats, 30min after a single intraperitoneal injection of ‘'^C-Ll 
(0.5pCi/mg, lOmg/kg). Values represent Mean ± SEM. Radioactivity 
in adrenals was based on single determinations of pooled samples. 
Students two-tailed t-test for unpaired samples was used for statistical 
analysis. *p<0.05.

61



14C-Distribution in normal rats 30min following
administration of l^C-Ll

ip
% Injected dose 

(n=3)

iv
% Injected dose 

(n=4)

ig
% Injected dose 

(n=5)

Liver 38 ±3.2 31±5.4 11 ±3.7
Kidneys 4.1 ±0.5 1.8 ±0.3 0.6 ± 0.2
Testes 0.5 ±0.1 0.3 ±<0.1 O.I ±<0.1
Heart 0.4 ±0.2 0.2 ± <0.1 0.1 ± < 0.1
Spleen 0.3 ±0.1 0.2 ± < 0.1 0.1 ± < 0.1
Lungs 0.6 ± 0.1 0.3 ±0.1 0.1 ± < 0.1
Brain 0.4 ±0.1 0.2 ± < 0.1 <0.1
Adrenals 0.2 ± < 0.1 <0.1 <0.1
Stomach ND 3.3 ±0.9 43 ±6.0
Caecum ND 1.2 ± 0.1 0.3 ±0.1
Duodenum ND 0.6 ± 0.2 1.6 ±0.3
Jejunum ND 4.1 ±0.5 4.7±1.1
Ileum ND 1.8 ±0.5 0.6±3.1
Large Intestine ND 0.9 ±0.1 0.2 ± 0.1
Thyroid ND <0.1 ND
Thymus ND 0.1 ± < 0.1 ND
Salivary glands ND 0.1 ± < 0.1 ND
Blood * 3.6 ±0.6 2.3 ±0.4 0.7 ±0.2
Bone Marrow ** 2.1 ± 0.6 1.4 ±0.2 0.5 ±0.1

Table 2.1. Distribution of in different organs 30min following a single 
intraperitoneal (ip), intravenous (iv) or intragastric (ig) injection of ^^C-Ll (O.Sp, 

Ci/mg, lOmg/kg). Values represent percent injected dose per whole organ (Mean ± 
SEM). Statistical differences (p<0.05) were identified using one way analysis of 

variance in all organs tested (liver, kidneys, testes, heart, spleen, lungs, brain, blood 
and bone marrow). ND = not determined, n = number of animals, * assuming 64ml 

blood/kg body weight, ** assuming that a femur contains 9.5% of the total bone 

marrow.
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2.5 DISCUSSION

These experiments demonstrate that LI is able to penetrate rapidly most tissues in 
the body. Peak levels of radioactivity in all tissues were found at the earliest time 

examined, that is, 30min after intraperitoneal administration of ^^C-Ll. The drug 
and/or its metabolites and metal complexes, are also eliminated rapidly as shown by 

the significant decrease in the radioactivity of tissues (liver, kidneys, testes, brain, 
muscle and blood) from 30 to 120min.

Tissue concentrations of LI following intravenous injection were highest in the 
liver, intermediate in kidneys and GI tract and lowest in the other tissues examined 

(blood, bone marrow, heart, spleen, lungs, brain, testes, thyroid, thymus, salivary 
glands, muscle and pancreas). Grady et al (1992) reported atrophy o f the spleen, 

testes and thymus and hypertrophy of the adrenals in rats administered L I. In the 

present tissue distribution study, there was no evidence o f concentration of 

radioactivity in those organs. Neither ip administration of L I, nor subcutaneous DFO 
is able to mediate the release o f ^^Fe from rat brain after the radioiron was taken up, 
indicating either little interaction of these chelators with brain cells, or the inability 
of chelator-iron complexes to leave through the brain-blood barrier (Crowe and 
Morgan, 1994). However, ip administration of LI to rats has been shown to inhibit 
the activity of catechol-O-methyltransferase and tyrosine and tryptophan hydroxylase 

in the brain while DFO had no effect (Waldmeier et al, 1993). The presence of 
radioactivity in the GI tract as well as in the kidneys following iv administration of 

l^C -L l shows that in the rat the compound and/or its metabolites including its iron 
complexes can be excreted both by the urinary and the biliary route. L I and its 
glucuronide conjugate in the urine of rats accounts for 55-60% (Singh et al, 1992) or 
74% (Choundury and Singh, 1995) of administered dose, the remaining presumably 
being eliminated through the bile. In humans, 77.9 ± 13.3% of an oral L I dose is 
recovered in the first 24h in the urine (Al-Refaie et al, 1995b).

The most serious complication of LI treatment is myelotoxicity, presented as 
agranulocytosis or less severe neutropenia (Al-Refaie et al, 1994c). The results here 

show no evidence of concentration or persistence of LI and/or metabolites including 
iron complexes in the bone marrow. In iron-loaded animals, the concentration of 

radioactivity was less than in normal rats, but the difference was not significant. It is 

interesting that patients who have developed agranulocytosis while receiving LI 
have all been heavily iron-loaded (Al-Refaie et al, 1994c).

Thirty minutes after an intragastric dose of l^C -L l, the highest level of 
radioactivity was found in the stomach, followed by the duodenum. The high 
concentration of radioactivity in the stomach is probably related to slow gastric
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emptying. Gastric emptying of nonabsorbable markers is much more slow in fed 
than fasted rats (Poulakos and Kent, 1972) and the animals used in the study 

described here were not fasted prior to ^^^C-Ll administration. The level of 

radioactivity in all other tissues examined at 30min, was lowest when the compound 

was administered ig compared to ip or iv, presumably because the drug enters the 

circulation most slowly when given intragastically. Tissue radioactivity was lower 

when l^C -L l is given iv as compared to ip, indicating that the proportion o f the 

compound eliminated 30min following iv administration is higher compared to ip 
administration.

Tissue distribution of l^C -L l, after intraperitoneal administration differed between 

iron-loaded and normal rats. There was significantly more radioactivity in the liver 
o f iron-loaded animals compared to normal but no significant difference was found 
in the radioactivity content of any other organ examined. As the drug was given 
intraperitoneally, it would be expected to pass through the liver before reaching the 
systemic circulation. It is possible that LI enters hepatocytes readily but once inside 
the cell chelates iron to form a large hydrophilic complex with poor membrane 
diffusion characteristics. The (Ll)gFe complex (Kpar <0.001) is considerably more 
hydrophilic than LI (Kpar = 0.21) (Porter et al, 1989) and the cellular transport of 
(L l)gFe is 65-fold lower than that of LI (Hamilton et al, 1994).

Therefore, if LI forms an iron complex inside hepatocytes, this complex will be 

less able than free LI to leave the intracellular compartment. This complex is more 
likely to be formed in iron-loaded liver cells due to a higher level of chelatable iron 

than in normal cells, resulting in a higher content of radioactivity in the liver of iron- 
loaded animals. It is noteworthy that in iron-loaded patients given LI orally, the 

elimination half-life of LI is longer than that in healthy volunteers and this is due to 
a larger apparent volume of distribution (Stobie et al, 1993). Similar findings were 

reported in iron-loaded dogs (Rahman et al, 1992). The influence of iron-loading on 

the pharmacokinetics of LI is examined in Chapter 4. The excretion o f the LI-iron 
complex by normal and iron-loaded rats, is examined in Chapter 3.

It is interesting that ^^C-Ll is concentrated primarily in the liver in preference to 
other organs, regardless o f the route o f administration. L I is glucuronidated at the 3- 
hydroxyposition forming LI-glucuronide (Ll-G) (Section 1.5.3.2). L l-G  is the only 

metabolite of LI so far identified in the urine and serum of patients treated with LI 
(Kontoghiorghes et al, 1990b; Al-Refaie et al, 1995b) and the most important 
metabolite identified in the urine of rats (Singh et al, 1992; Choudhury and Singh, 
1995). UDP-glucuronosyl-transferase is mainly present in the liver (Bock et al, 
1980). L l-G  is larger and more hydrophilic than L I, it would not have as good 
membrane permeation characteristics as LI and its formation could result in the
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accumulation of intracellular radioactivity. Other metabolites o f LI so far identified 
include the Ll-2-hydroxymethyl metabolite and its glucuronide and the LI-0-methyl 

metabolite (Singh et al, 1992). Alternatively, it is possible that L I is actively 

transported into liver cells. The interaction of LI with cultured rat hepatocytes is 
examined in Chapter 5.

The use of ^^C-Ll offers a convenient and reproducible way o f assessing the 
distribution of LI. The technique does not distinguish between the parent drug, its 

iron-complexes and any metabolites which are still radioactive. These findings show 
that after administration, LI is distributed rapidly in different tissues in the body. 

Elimination of LI and/or its metabolites including metal complexes, from the 
circulation and tissues is also rapid. Excretion of L I and/or its metabolites and metal 
complexes in the rat is both by the urinary and the biliary routes. LI is concentrated 
primarily in the liver in preference to other organs and this concentration is higher in 

iron-loaded rats. Further studies are needed to assess how relevant these findings are 
to LI distribution and excretion in humans.
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Chapter 3

CHELATION EFFICACY OF LI
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3.1 SUMMARY

In this chapter the chelation efficacy of LI was examined in iron-loaded and non- 

iron-loaded rats. Iron-loading was achieved by maintaining rats on a diet 
supplemented with TMH-ferrocene at lg[0.35gFe]/kg diet for 4 weeks. Non-iron- 

loaded rats were maintained on a control diet for the same period. Iron-loaded and 

non-iron-loaded animals were subsequently treated with intraperitoneal LI 

(50mg/kg/d) or 0.15M NaCl for 14 days. Urine and faeces were collected daily. In 

normal rats, L I increased urinary but not faecal iron excretion while in iron loaded 
rats, LI increased both urinary and faecal iron excretion. In all animals, faecal iron 

excretion accounted for over 97% of total iron excretion. As TMH-ferrocene delivers 
iron predominantly to parenchymal compartments, these results show that LI 
mobilises parenchymal iron which is then excreted in the faeces. LI also promotes 
urinary iron excretion, but this is irrespective of the iron status of the animal. The 
chelation efficiency of LI (ratio of excreted iron over the maximum iron that can 

theoretically be excreted calculated from the amount o f LI administered) was 1.1 ± 
0.5% (Mean ± SEM) in non-iron-loaded and 42.1 ± 3.9% in iron-loaded rats.

3.2 INTRODUCTION

LI is effective in inducing iron excretion in patients with transfusional iron 
overload and animals with experimental iron overload (Section 1.4.3.2). In humans, 

the iron chelated by LI is excreted mainly in the urine. Kontoghiorghes et al, 
(1990a) showed that there was no detectable increase in faecal iron excretion in 

patients treated with LI, while others showed that faecal iron excretion accounts for 
about 15% (Olivieri et al, 1990) or 23 ± 14% (Mean ± SD) of total iron excretion 

(Collins et al, 1994).

In animals, the relative importance of the urinary and faecal routes of iron 
excretion induced by LI is controversial. Venkataram and Rahman, (1990) reported 

that treatment of iron-loaded rats with LI induced urinary but not faecal iron 
excretion, while other studies showed that L I increases mainly faecal iron excretion 
in normal (Bergeron et al, 1992) or iron-loaded rats (Kontoghiorghes et al, 1987d). 
Studies in mice showed that the majority of iron excretion was faecal (Gyparaki et 
al, 1987; Porter et al, 1990b). Such differences are largely due to the experimental 

model used for iron-loading, as suggested by Kontoghiorghes, (1990a).
TMH-ferrocene has the advantage of inducing parenchymal iron overload 

(Longueville and Crichton, 1986; Ward et al, 1991) and iron-loading o f rats with 
TMH-ferrocene causes a 10-fold increase in liver iron (Chapter 2). As
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reticuloendothelial iron accumulation is relatively harmless while parenchymal iron 
overload can cause serious hepatic dysfunction (Section 1.4.2), it is particularly 
useful to use an animal model with parenchymal iron overload to assess the effects 
o f iron chelating drugs. Using this model of iron-overload, Florence et al, (1992), 

showed that both oral LI and intraperitoneal DFO decrease total liver iron. Nielsen 

et al, (1992) showed that although LI-treatment of non-iron-loaded rats given a 

single dose of ^^Fe-TMH-ferrocene, increased both urinary and faecal ^% e 

excretion, there was no change in faecal ^^Fe excretion of severely iron-loaded rats 
treated with LI. This chapter examines the effects of LI on the iron excretion of 

TMH-ferrocene-loaded and non-iron-loaded rats. The liver concentration o f l^C -L l 
was higher in rats iron-loaded with TMH-ferrocene compared to controls (Chapter 

2). As iron mobilised from hepatocellular iron stores is excreted in the bile (Zevin et 
al, 1992), the experiments of this chapter were designed to investigate the iron 

excretion induced by LI in this model of iron overload and the relative importance 

of the urinary and faecal routes.

3.3 MATERIALS AND METHODS

3.3.1 Synthesis of LI
1,2 Dimethyl-3-hydroxypyrid-4-one (LI) was synthesised at the Department of 

Haematology, Royal Free Hospital by Mr P Nortey and Dr L Sheppard as described 

(Kontoghiorghes and Sheppard, 1987).

3.3.2 Animal treatment
Eight MWA rats (150-170g) were iron-loaded with TMH-ferrocene 

(lg[0.35gFe]/kg diet) for 4 weeks, as described in Chapter 2 (Section 2.3.2). Eight 

control rats of the same body weight were maintained on the same powder diet 

(Appendix 3) without added TMH-ferrocene for the same period.

Normal and iron-loaded rats were then divided into those to be given LI and those 
to be given 0.15M NaCl (Table 2.1). LI was dissolved in 0.15M NaCl with gentle 
warming and given daily as a single dose (50mg/kg, ip) to non-iron-loaded (n = 4) or 
iron-loaded (n = 4) rats for 14 days. Non-loaded (n = 4) and iron-loaded (n = 4) 

control rats were injected with the same volume of 0.15M NaCl, ip for the same 
period. Body weight was recorded daily during the 14-day period.
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Experimental protocol

A
(n=4)

B
(n=4)

C
(n=4)

D
(n=4)

Iron-loading
(4 weeks)

No No Yes Yes

Ll-treatment
(2 weeks)

No
(O.lSMNaCl)

Yes No
(O.lSMNaCl)

Yes

Table 3.1. Normal (A, B) and iron-loaded (C, D) animals were given LI (B, D) or 

0.15M NaCl (A, C) as described in the text.

3.3.3 Iron excretion studies
All animals were kept in metabolic cages during the 14-day period, and urine and 

faeces were collected daily. Urine volume was recorded daily. All faeces and 

aliquots of urine were stored at -20°C until analysis.
Faeces were weighed in a 400ml plastic beaker and mixed with a known volume of 

water to form a uniform homogenate. Faecal homogenates and urine aliquots were 
diluted with water and total iron was determined by electrothermal atomic 
absorption, as described (Section 2.3.5).

3.4 RESULTS

3.4.1 Urinary excretion of iron in normal and iron-loaded rats
LI-treatment did not affect the weight gain of either normal or iron-loaded rats 

(Figure 3.1). Mean urinary iron excretion of both normal (A) and iron-loaded (C) 
rats was 0.02mg Fe/24h. Treatment with L I, increased urinary excretion, in both 

groups (B and D), to 0.4mg Fe/24h (p<0.01) (Table 3.2). No particular trend in 

urinary iron excretion could be identified in non-loaded rats treated with L I, during 

the treatment period (Figure 3.2A), while urinary iron excretion o f iron-loaded rats 
treated with LI would appear to be rather higher as treatment progresses (Figure 
3.2B). Total urinary iron excretion during the treatment period is shown in Table 
3.2.
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3.4.2 Faecal excretion of iron in normal and iron-loaded rats
Mean faecal iron excretion of control rats (A) was 1.18 ± 0.08 (Mean ± SEM) 

mgFe/24h. Treatment of normal rats with LI (B) did not increase faecal iron 
excretion (Figure 3.3A, Table 3.2).

Iron-loaded animals treated with LI (D) excreted 1.71 ± 0.13mgFe/24h, which was 

significantly more than than their iron-loaded, 0.15M NaCl-treated controls (C) 
(p<0.01) (Table 3.2). Iron excretion in iron-loaded rats treated with LI (D) appears 

to be gradually decreasing during the treatment period (Figure 3.3B), presumably 

reflecting gradual depletion of hepatocellular iron stores. In the remaining groups 
(A, B, C) there was no obvious trend in faecal iron excretion (Figure 3.3A).

Interestingly, 0.15M NaCl-treated iron-loaded rats (C) exoreted less faecal iron 

than the 0.15M NaCl-treated control rats (A) (p<0.05), and this does not seem to be 

related to the weight of faeces (Table 3.2) or to the body weight gain. Faecal weight 
was lower in the LI-treated rats (B, D) than the 0.15M NaCl-treated controls (A, C), 
and this difference was significant in the non- iron loaded groups (p<0.01) (Table 

3.2).
Total iron excretion during the 14-day treatment period is shown in Table 3.2. 

Only a small fraction of the total iron was excreted in the urine (1.5-3.0%). There 
was no difference in the relative proportions of faecal and urinary iron excreted 

between different groups.

3.4.3 Chelation efficacy of LI
Chelation efficiency can be defined as the ratio of the total amount o f iron excreted 

during the treatment period (14 days) to the maximum amount of iron that can be 

excreted calculated from the amount of LI administered. LI forms a 3:1 complex 
with iron on a molar basis ((Ll)gFe). If  100% of the dose was absorbed, then 

27.7mg Fê "*" should be expected to be excreted from an LI dose of 210mg. 

Efficiencies were calculated by substracting the total iron excretion (faeces + urine) 

o f control animals treated with 0.15M NaCl (A and C) from the iron excretion o f the 

LI-treated animals (B and D). In control rats, the chelation efficiency o f L I was 1.1 
± 0 .5  (Mean ± SEM)% and in iron-loaded rats 42.1 ± 3.9%.
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Iron excretion in normal and iron-loaded rats

Normal Iron-loaded

0.15M NaCl 
(A)

LI (B) Iron-loaded + 
0.15M NaCl 
(C)

Iron-loaded + 
LI (D)

Urine
(mg Fe/24 hrs)

0.02 ±<0.01 0.04 ±<0.01** 0.02 ±<0.01 0.04 ±<0.01**

Urine
(mg Fe/14 days)

0.25 ±0.01 0.50 ±0.07** 0.30 ±0.02 0.50 ±0.07**

Faeces
(mg Fe/24 hrs)

1.18 ±0.08 1.18 ±0.07 0.85 ±0.04* 1.71 ±0.13**

Faecal weight
(g/24 hrs)

10.0 ±0.26 8.54 ±0.30** 10.1 ±0.30 9.33 ±0.41

Faeces
(mg Fe/g faeces)

0.12 ±0.01 0.14 ±0.01 0.09 ±0.01* 0.19 ±0.02**

Faeces
(mg Fe/14 days)

16.5 ±1.05 16.5 ± 0.62 12.3 ±0.56 24.3 ±1.08**

Total
urine + faeces 
(mg Fe/14 days)

16.7 ±1.05 17.0 ±0.58 12.6 ±0.55* 24.8 ±1.13**

Table 3.2. Non-loaded rats were administered 0.15M NaCl (A) or LI (B) and iron- 
loaded rats were administered 0.15M NaCl (C) or LI (D), as described in Table 3.1. 
Results are expressed as Mean ± SEM, n (number of animals) = 4 for each group. 
(**) signifies differences at p<0.01 between LI-treated rats (B, D) and their iron- 
loaded or non-iron-loaded controls (A, C), (* )  signifies difference at p<0.05 
between control (A) and iron-loaded rats (C). Statistical analysis was by the 
Students two-tailed t-test for unpaired samples.
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Body weight of control and iron-loaded rats during
treatment with LI or 0.15M NaCl
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Figure 3.1. Changes in the body weight of non-loaded rats, treated 
with 0.15M NaCl (A) or LI (B) and iron-loaded rats, treated with 
0.15M NaCl (C) or LI (D) during the 14-day treatment period.
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Urinary iron excretion of iron-loaded and normal
rats during treatment with LI or 0.15M NaCl
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Figure 3.2. Urinary iron excretion of non-iron-loaded rats (3.2.A), 
treated with 0.15M NaCl (A) or LI (B) and iron-loaded rats (3.2.B), 
treated with 0.15M NaCl (C) or LI (D). Results are expressed as Mean 
± SEM, n = 4 in each group. Mean iron excretion values for the 14-day 
treatment period are shown in Table 3.2.
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Faecal iron excretion of iron-loaded and normal
rats during treatment with LI or 0.15M NaCl
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Figure 3.3. Faecal iron excretion of non-iron-loaded rats (3.4.A), 
treated with 0.15M NaCl (A) or LI (B) and iron-loaded rats (3.4.B), 
treated with 0.15M NaCl (C) or LI (D). Results are expressed as Mean 
± SEM, n = 4 in each group. Mean values for the 14-day treatment 
period are shown in Table 3.2.
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3.5 DISCUSSION

This study shows that LI induces excretion o f iron in both iron-loaded and non

loaded rats. In both groups, treatment with LI resulted in higher amounts o f iron 
excreted in the urine. However, urinary iron excretion accounts for only up to 3% of 

total iron excretion, with the remaining 97% via the faeces. LI induced considerable 

faecal iron excretion in rats iron-loaded with TMH-ferrocene but not in rats with 

normal iron stores. Iron mobilized from hepatocytes is excreted in the bile, while one 

third to one half of iron mobilized from reticuloendothelial (RE) iron stores is 
excreted in the urine (Zevin et al, 1992). TMH-ferrocene delivers iron to 
parenchymal rather than RE stores and therefore, the increase in faecal iron excretion 
seen in rats preloaded with TMH-ferrocene and treated with L I, would probably 
reflect mobilization of liver iron. These findings are in agreement with Florence et 
al, (1992), who found that oral LI decreased total liver iron in rats loaded with 

TMH-ferrocene. The authors demonstrated that this LI-induced decrease in hepatic 
iron reflected a decrease in lysosomal as well as cytosolic iron, corresponding to 
haemosiderin and ferritin iron respectively. DFO administered intraperitoneally to 
rats loaded with TMH-ferrocene by the same authors, produced similar results.

LI-induced iron mobilization in a similar experimental rat model was also 
observed by Nielsen et al. (1992), who studied the effect of LI on the iron excretion 
of rats with normal iron stores and rats severely overloaded with TMH-ferrocene 
(5g/kg diet, 29 wks) when both groups were given a single dose of oral [^^Fe]TMH- 
ferrocene. They found that in the rats with normal iron stores, LI induced a decrease 
in liver ^^Fe and an increase in urinary and faecal ^^Fe excretion. However, in 

severely iron-loaded animals, LI did not induce any detectable changes in the 
distribution or excretion of radioactivity, although the total urinary iron (radioactive 
+ cold Fe) was higher in the LI-treated animals than the controls. The authors 

suggested that a possible reason for this discrepancy is that in severely iron-loaded 
animals, the small amount of chelated and excreted ^^Fe could not be distinguished 
from the large amount of cold stored, chelated and excreted iron. One limitation 

associated with the use of ^^Fe-TMH-ferrocene is that the ^^Fe may not behave in a 
manner representative of the bulk iron storage pool. In contrast, measurement of 
total iron excretion as in the present study would reflect iron mobilization 

representative of the total iron stores.
The LI-induced faecal iron excretion in iron-loaded animals resulted in a higher 

chelation efficacy of the drug (ratio o f the total amount of iron excreted during the 
treatment period to the max amount of iron that can theoretically be excreted) in 
iron-loaded rats (42.1 ± 3.9%) compared to non-loaded controls (1.1 ± 0.5%). The 
ability of LI to chelate iron from the hepatic parenchyma system is important
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because parenchymal siderosis may result in significant organ damage (Hershko, 
1989; Section 1.4.2). However, not all studies have shown that LI is effective in 
biliary iron mobilization. Venkataram and Rahman showed that LI-treatment o f rats 

iron-loaded with iron dextran increased urinary but not faecal iron excretion. The 

chelation efficiency of LI was only 1.3%, which is similar to that observed by 

Bergeron et al (1992), in normal rats treated with 63 mg LI/kg/d (1.2%) and also to 

the chelation efficiency in normal rats of this study (1.1 ± 0.5%). It is not clear why 

Venkataram and Rahman did not show a difference in faecal iron excretion with L l-  
treatment. LI did increase faecal iron excretion in other studies in mice, in which 
iron dextran was used for iron-loading (Gyparaki et al, 1987; Porter et al, 1990b; 
Porter et al, 1991). Iron dextran is initially distributed to the reticuloendothelial 
system but then equilibrates with the parenchymal cells in the liver. As Venkataram 
and Rahman started LI-treatment 3 days only after iron-loading, it is possible that 

LI mobilised iron from macrophages in the liver and the site of the iron dextran 
injection and this was then excreted in the urine as suggested by Kontoghiorghes, 

(1990a).
The chelation efficiency of LI in iron-loaded animals found in the studies o f this 

chapter (42.1 ± 3.9%), is higher that that reported previously in iron overloaded 
monkeys (2.1%) by Bergeron et al, (1992) and iron overloaded rats (1.3%) by 
Venkataram and Rahman, (1990). The chelation efficacy of LI in iron overloaded 

patients was found to be 6.8 ± 5.6% by Kontoghiorghes et al, (1990a) and 3.8 ± 

1.9% by Al-Refaie et al, (1995b). However, in all o f these studies LI induced 
urinary rather than faecal or biliary iron excretion. The difference in the chelation 

efficacy of LI in iron-loaded rats of the present study and of previously published 
reports is probably due to the effective loading of hepatocellular iron stores achieved 
by TMH-ferrocene and the ability of LI to mobilize iron from these stores and thus 
increase faecal iron excretion. Furthermore, rats in contrast to primates are able to 
excrete large amounts of iron in the bile. Indeed, although human iron losses are 

about 10% per year, the rat has body iron losses of 50% in 182 days (Bothwell et al, 
1979). Mobilization of iron by LI from hepatocytes has also been shown in vitro 

(Porter et al, 1988).
Iron-loaded rats treated with 0.15M NaCl, excreted significantly less faecal iron 

than their non-loaded controls. As there was no difference in either the body weight 

gain or the weight of excreted faeces between the two groups, this observation is not 
related to a lower food consumption by the former group. It is interesting that 

Florence et al (1992), observed that when TMH-ferrocene-loaded rats (Ig/kg, 4 
weeks) were maintained on a standard diet (with no added TMH-ferrocene) for two 
additional weeks, liver iron content appeared to remain constant. In contrast, in iron-
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dextran-loaded rats there was a decrease in liver iron during the 2-week period when 

no iron-dextran injections were given.

In multiply-transfused thalassaemic patients, DFO prevents hepatic fibrosis and 

reduces liver iron concentration (Barry et al, 1974; Hoffbrand et al, 1979; Aldouri et 
al, 1987). LI causes similar reduction in the hepatic iron concentration of patients 

with thalassaemia major (Olivieri et al, 1995) and of a patient with thalassaemia 
intermedia (Olivieri et al, 1992). In iron-loaded patients, faecal iron excretion varies 

between 0 to 23% (Kontoghiorghes et al, 1990a; Olivieri et al, 1990; Collins et al, 
1994). This large variation in the proportion of iron excreted in the bile could be 

related to differences in the hepatocellular iron stores of different patients. All 

patients examined in the above studies have been transfusion-dependent. The 
findings described in this chapter show that in parenchymal iron overload, LI 
induces a marked excretion of iron through the bile. It is not yet clear whether LI 
would induce higher biliary iron excretion in patients with non-transfusional iron 
overload, such as those with thalassaemia intermedia or idiopathic 

haemochromatosis.
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Chapter 4

PHARMACOKINETICS OF LI
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4.1 SUMMARY

This chapter examines the effect of iron overload and LI-pretreatment on the 

pharmacokinetics of LI. Rats were iron-loaded with TMH-ferrocene 
(lg[0.35gFe]/kg diet) or maintained on a control diet for 4 weeks and then treated 

with LI (50mg/kg/d, ip) or 0.15M NaCl for 14 days (Chapter 2). Pharmacokinetics 

of LI were studied after a single injection of ^^C-Ll (0.5|LiCi/mg, 50mg/kg, ip). 
Total LI (LI + metabolite(s)) concentration was determined from serum 
radioactivity, while LI concentration was determined by HPLC. In control rats, the 
serum half-life (ti/2) of total LI (134 ± 24min) (Mean ± SEM) (n=4) was longer than 

that of LI itself (42, 44min) (n=2), suggesting that one or more o f Ll-metabolite(s) 
are not eliminated from the circulation as rapidly as the parent drug. The 
concentration of L 1 -metabolite(s) was determined from the concentration of total LI 

minus the concentration of LI. The mean residence time (MRT) o f L 1 -metabolite(s) 
in control rats (571, llO lm in), was higher than the MRT of total L I (198 ± 37min) 
and LI (65, 72min). LI-pretreatment increased the Cmax (p=0.06) and systemic 
exposure (p=0.05) of Ll-metabolite(s) but did not affect their MRT. Iron overload 
decreased the 3-hour systemic exposure (area under the serum concentration-time 
curve, AUCo->3h) of LI (p=0.03) and total LI (p=0.06). This resulted in a higher 
apparent clearance (Cl/F) (p=0.04) and volume of distribution (Vd/F) (p=0.07) and a 
lower MRT (p=0.04) of LI in the iron-loaded animals compared to their non-loaded 

controls. These findings suggest that parenchymal iron overload decreases the 
systemic availability of LI and this in turn increases the clearance, the volume of 
distribution and decreases the MRT of the drug.

4.2 INTRODUCTION

Drug pharmacokinetics assist in designing the optimum regimen for drug 
administration. However, one important consideration in the design of 

pharmacokinetic studies on iron chelating drugs is that the iron complexed and 

uncomplexed forms are almost certain to differ in their disposition properties. Iron 
chelators are used to treat patients with variable degrees of iron overload and 

therefore pharmacokinetic studies on such drugs need to be designed in such a way 
as to take into account the effect of body iron burden on their pharmacokinetic 
profile.

Pharmacokinetic studies on DFO have been largely performed on patients with 
transfusional iron overload administered intravenous infusions o f DFO. DFO is
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eliminated from blood in a biexponential manner with an initial plasma half-life 
(ti/2) of 0.3 ± O.lh (Mean ± SD) and a terminal ti/2 o f 3.0 ± 1.3h (Lee et al, 1993). 

Plasma concentrations of DFO are lower in iron-loaded patients compared to healthy 

control subjects (Summers et al, 1979). DFO forms at least four metabolites but so 

far only the pharmacokinetics of one of them have been described (Lee et al, 1993).

The pharmacokinetics o f LI have been studied in patients with transfusional iron 
overload (Kontoghiorghes et al, 1990b; Olivieri et al, 1990; Matsui et al, 1991; Al- 

Refaie et al, 1995b), in rabbits (Fredenburg et al, 1993) and in normal and iron- 
loaded dogs (Rahman et al, 1992). LI reaches maximum serum concentration within 
12 to 120min of oral administration (Kontoghiorghes et al, 1990b) with a rapid 
absorption half-life (22 ± 17min) (Mean ± SD) (Al-Refaie et al, 1995b). The 
elimination half-life (ti/2) of LI ranges widely from 47 to 237min (Kontoghiorghes 

et al, 1990b; Olivieri et al, 1990; Matsui et al, 1991; Stobie et al, 1993; A-Refaie et 
al, 1995b).

The effect of iron overload on the pharmacokinetics of L I is not yet clear. Stobie 
et al, (1993) reported a higher ti /2 and volume of distribution (Vd) o f LI in iron- 
loaded thalassaemic patients compared to control subjects. Rahman et al, (1992) also 
found that in iron-loaded dogs the Vd of LI was higher than in normal dogs but this 
was due to a lower systemic availability and not a higher ti/2 o f LI in the iron-loaded 

group.
The main metabolite of LI identified in the urine and serum of patients 

(Kontoghiorghes et al, 1990b; Al-Refaie et al, 1995b) and in the urine o f rats (Singh 
et al, 1992; Choundhury and Singh, 1995) is the 3-0-glucuronide conjugate (Ll-G ) 
(Section 1.4.3 .2). Other metabolites identified in rat urine account for only up to 1% 
of administered dose (Singh et al, 1992). L l-G  is eliminated more slowly than LI 
and its urinary elimination is influenced by renal function (Al-Refaie et al, 1995). 
Iron overload decreases the proportion of L I excreted in the urine as L l-G  

(Choundhury and Singh, 1995).
It has been suggested that LI could induce its own metabolism but existing reports 

are conflicting. Matsui et al, (1991) observed a gradual decrease in the trough 
concentrations of LI in iron-loaded patients treated with LI over 9 months. 

However, Al-Refaie et al, (1995b) did not see a difference in the pharmacokinetics 
of LI or L l-G  in patients who had received LI prior to the study and those who had 

not.
The experiments described in this chapter investigate the effect of iron overload 

and pretreatment with LI on the pharmacokinetics of the drug. The use o f ^^C-Ll in 
this study enabled the detection of total LI (^^C-Ll + l^C-metabolites). LI 
concentration in serum was quantified by HPLC analysis.
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4.3 MATERIALS AND METHODS

4.3.1 Animal pretreatment
The treatment of animals prior to the onset o f the pharmacokinetic study has been 

described in Chapter 3 (Section 3.3.2). Briefly, eight MWA rats (150-170g) were 

iron-loaded with TMH-ferrocene (lg[0.35gFe]/kg diet) for 4 weeks while another 

eight rats of the same weight were maintained on the control diet without TMH- 
ferrocene for the same time. Iron-loaded and normal rats were then treated with LI 
(50mg/kg, ip) or 0 .15M NaCl, ip, daily for 14 days (n = 4 in each group).

4.3.2 Pharmacokinetics
At the end of the 6-week period all animals were anaesthetised with hypnorm 

(0.5ml/kg, ip) and given a single dose of ^^C-Ll (0.5pCi/mg, 50mg/kg, ip). Blood 
samples were collected from the tail vein at 1, 2.5, 5, 15, 30, 60, 90 and 180min post 

injection. Serum was separated immediately and kept at -20°C until analysis.

4.3.2 Assays
4.3.2.1. Total LI concentration

^"^C-Activity of serum samples was quantified using a P-scintillation counter 
(LKB). Total LI concentration in serum samples (LI + metabolite(s)) was 
determined from total serum radioactivity and the specific activity o f l^C -L l. To 
correct for quenching, counts per minute (cpm) were converted to LI concentration 
using l^C -L l standards to which an equal volume of control serum was added.

4.3.2.2 LI concentration
Serum samples were analysed by HPLC as described (Section 2.3.1), using a 

previously published technique (Goddard and Kontoghiorghes, 1990). Not all 
samples could be analysed due to insufficient volume. Those which could be 
analysed included two of the four 0.15M NaCl-pretreated (group A, n=2) and three 

of the four LI-pretreated animals (B, n=3) in the non-iron-loaded groups and three 
o f the four 0.15M NaCl-pretreated (C, n=3) and all four o f the LI-pretreated (D, 
n=4) in the iron loaded groups.

Samples were deproteinised with 0.5M HCIO4 and centrifugation (11600g x 
lOmin) and injected into the HPLC via a 50p,l sample loop. Detection o f L I was at 

280nm. The concentration of LI was estimated by peak height, the calibration curve 
showing linearity over the range of 0.5 to 19nmoles. Typical chromatograms are 
shown in Figure 4.1. HPLC analysis does not distinguish L I from the LI-iron 
complex because under the chromatographic conditions used the iron dissociates
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from LI. Due to the small volume of serum samples, L l-G  concentration was not 
measured separately.

4.3.2.3. Ll-metabolite(s) concentration
The concentration of LI metabolite(s) in serum samples at any time point was 

estimated from the concentration of total LI (Section 4.3.2.1) minus the 

concentration of LI (4.3.2.2). Since the ^^C-label is located at the methyl group 
attached to the nitrogen at position one of the LI ring structure, all known L l-  

metabolites (Figure 1.7) will be radioactive.

4.3.3 Pharmacokinetic Analysis
Data were analysed using the computer programme, version 2.10 by Johnston and 

Woollard, (1983). The analysis assumed one compartment model as described 
previously (Al-Refaie et al, 1995b). Serum half-life (ti/2) was estimated from the 
final segment of the serum concentration-time data. The integral systemic exposure 
was the area under the curve from zero to infinity (AUCo^oo) and the 3-hour 
systemic exposure was the area under the curve from zero to 3 hours (AUCo->3). The 
mean residence time (MRT) was the ratio of the area under the moment curve from 
zero to infinity (AUMCo^oo) over the AUCo^oo. Apparent clearance (Cl/F) was the 
ratio between the injected intraperitoneal dose and AUCo->oo. Apparent volume of 

distribution (Vd/F) was calculated as 1.44xCl/Fxti/2. Since the intraperitoneal 
availability (F) of LI was not determined, estimations of apparent clearance and 
apparent volume of distribution are used for comparison purposes only and do not 

represent the actual values unless F is equal to 1. The oral availability o f L I in 

rabbits is 72 ± 20% (Fredenburg et al, 1993) and therefore the intraperitoneal 
availability would be expected to be higher. Estimates of peak concentration (Cmax) 

were obtained from direct observation of the serum concentration-time data.

4.3.4 Statistical analysis
Due to the small number of samples, data were analysed by non-parametric 

statistics. The Kruskal-Wallis test was chosen because comparisons were made 
between multiple groups. Statistical significance was accepted at p<0.05.

Data is presented as Mean ± SEM when n > 2 . When n = 2 the actual results are 

shown.
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HPLC chromatogram of LI in rat serum
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Figure 4.1. Typical HPLC profile of rat serum collected before (A) and after 
intraperitoneal administration of ^^C-Ll (B).
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4.4 RESULTS

4.4.1 Pharmacokinetics of total LI
The serum concentration - time plot of total LI (LI + metabolites) is shown in 

Figure 4.2 and the pharmacokinetic analysis in Table 4.1. The groups A, B, C and D 

did not differ in any of the pharmacokinetic parameters examined (ti/2, MRT, Cl/F, 
Vd/F, Cmax, AUCo->oo). The systemic availability of total L I (AUCo->3h) was lower 

in the iron-loaded animals (C, D) compared to the non-loaded controls (A, B) and 
this difference was significant at p=0.06.

4.4.2 Pharmacokinetics of LI
The serum concentration-time plot of LI is shown in Figure 4.3 and the 

pharmacokinetic analysis in Table 4.2. There was no difference in the serum half-life 
(ti/2) or peak serum concentration of LI (Cmax) between the groups A, B, C and D.

The most striking difference between the different groups was seen with the 
systemic exposure of LI. Both the AUCo^sh and the AUCo->oo were lower in the 
iron-loaded groups compared to their non-loaded controls and these differences were 
significant at p=0.03 and p=0.04 respectively. The AUCo->3h and AUCo^oo of LI in 
the LI-pretreated iron-loaded animals (D) were even lower than in their 0.15M 
NaCl-pretreated iron-loaded controls (C). Due to the inverse relationship between (i) 
the systemic availability and (ii) the clearance and the volume of distribution o f a 
drug, the apparent clearance of LI (Cl/F) was higher in the iron-loaded groups 

compared to their non-loaded controls and this was significant at p=0.04. The 
apparent volume of distribution (Vd/F) was also higher in the iron-loaded groups but 
this was only significant at p=0.07. The mean residence time (MRT) of LI was 

significantly lower in the iron-loaded groups compared to the non-loaded controls 
(p=0.04).

4.4.3 Pharmacokinetics of Ll-metabolite(s)
The serum concentration of Ll-metabolite(s) was obtained from the serum 

concentration of total L I after substracting the serum concentration o f L I. The 

serum concentration-time of Ll-metabolite(s) is shown in Figures 4.4 and 4.5 and 
the pharmacokinetic analysis in Table 4.3.

Pretreatment o f non-loaded and iron-loaded rats with LI increased the Cmax and 
systemic availability of Ll-metabolite(s) and this was significant at p=0.06 and 
p=0.05 respectively. The MRT of L 1 -metabolite(s) was not affected by iron overload 
and/or pretreatment with L 1.
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Pharmacokinetic analysis of total LI

Control
(A)

(n=4)

Ll-treated
(B)

(n=4)

Iron-loaded
(C)

(n=4)

Iron-loaded 
+ LI (D)

(n=4)

p-value

t l /2
(min)

134 + 24.2 172 ±79.0 132 ±35.5 214.1 ±38.3 0.49

MRT
(min)

198 ±37.0 262 ± 124 196 ± 46.0 318.1 ±61.8 0.41

Cl/F
(L/hour/kg)

0.25 ±0.10 0.23 ±0.07 0.36 ±0.04 0.23 ± 0.05 0.23

Vd/F
(L/kg)

0.83 ±0.24 0.70 ±0.05 1.08±0.18 1.07 ±0.07 0.12

Cmax
(pmol/L)

451± 122 498 ±40.0 414 ±29.0 401 ±30.6 0.39

AUC0->3h
(mmol/L/min)

53.1 ±12.3 53.5 ±3.09 36.5 ±11.1 43.1 ±3.47 0.06

AUCo^oo
(mmol/L/min)

87.0 ±10.5 122.2 ±48.4 61.5 ±16.0 106.0 ±20.5 0.29

Table 4.1, Serum pharmacokinetics o f total LI (LI + metabolites) in (A) non-iron- 
loaded, 0.15M NaCl-pretreated, (B) non-iron-loaded, LI-pretreated, (C) iron-loaded, 
0.15M NaCl-pretreated and (D) iron-loaded, LI-pretreated rats. Total LI 
concentration was calculated from the radioactivity of serum samples and the 

specific activity of l^C -L l. Results are expressed as Mean ± SEM, n = number of 
rats. The Kruskal-Wallis test was used for statistical analysis. Details of 
pharmacokinetic parameters are given in the text (Section 4.3.3).
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Pharmacokinetic analysis of LI

Control
(A)

(n=2)

Ll-treated
(B)

(n=3)

Iron-loaded
(C)

(n=3)

Iron-loaded 
+ LI (D)

(n=4)

p-value

tl/2
(min)

42.0, 44.0 56.5 ±9.2 41.0 ±2.65 39.2 ±0.81 0.42

MRT
(min)

65.1,72.3 90.3 ±15.1 58.7 ±2.20 54.6 ±2.17 *0.04

Cl/F
(L/hour/kg)

0.55, 0.90 0.93 ±0.15 1.19±0.12 1.74 ±0.12 *0.04

Vd/F
(L/kg)

0.60, 0.93 1.19±0.06 1.18 ±0.20 1.63 ±0.11 0.07

Cmax
(pmol/L)

260, 434 270 ±19.1 332.3 ±62.9 253 ±25.3 0.58

AUCo^Sh
(mmol/L/min)

22.9, 34.0 20.6 ±2.10 17.5 ±1.82 12.0±1.11 *0.03

AUCo^oo
(mmol/L/min)

24.6,36.1 24.7 ±4.01 18.6 ±1.81 12.75 ±1.25 *0.04

Table 4.2. Serum pharmacokinetics of LI in (A) non-iron-loaded, 0.15M NaCl- 
pretreated, (B) non-iron-loaded, LI-pretreated, (C) iron-loaded, 0.15M NaCl- 
pretreated and (D) iron-loaded, LI-pretreated rats. Results represent the actual values 
for group A and Mean ± SEM for groups B-C. Statistical analysis was by the 
Kruskal-Wallis test. *p<0.05, n= number of animals. Details o f pharmacokinetic 
parameters are given in the text (Section 4.3.3).
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Pharmacokinetic analysis of Ll-metabolite(s)

Control
(A)

(n=2)

Ll-treated
(B)

(n=3)

Iron-loaded
(C)

(n=3)

Iron-loaded 
+ LI (D)

(n=4)

p-value

MRT
(min)

571, 1101 355 ±108 383 ±63 450 ±45.1 0.19

Cmax
(pmol/L)

145, 198 279 ±10.0 161 ±15.5 223 ±21.1 0.06

AUCo^Sh
(mmol/L/min
)

18.7,31.4 36.1 ±22.9 20.1 ±2.5 30.9 ±3.0 0.05

Table 4.3. Pharmacokinetics of Ll-metabolite(s) in (A) non-iron-loaded, 0.15M 
NaCl-pretreated, (B) non-iron-loaded, LI-pretreated, (C) iron-loaded, 0.15M NaCl- 
pretreated and (D) iron-loaded, LI-pretreated rats. The concentration o f L l-  

metabolite(s) was the concentration o f total LI (determined by radioactivity) minus 
the concentration o f LI (determined by HPLC) in serum. Results represent the 

actual values for group A and the Mean ± SEM for groups B-C. Statistical analysis 
was by the Kruskal-Wallis test, n= number of animals. Details of pharmacokinetic 
parameters are given in the text (Section 4.3.3).

87



Serum pharmacokinetic profile of total LI
(LI + metabolites)

500

400

300

200

100

0

0 20 40 60 80 100 120 140 160 180

Time (min)

Figure 4.2. Serum concentration-time plot of total LI (LI + metabolites) in 
non-iron-loaded rats, pretreated with 0.15M NaCl (A) or LI (B) and iron- 
loaded rats, pretreated with 0.15M NaCl (C) or LI (D). All animals were 
given a single dose of '^C-Ll (50mg/kg, ip) and serum samples were collected 
as described in the text (Section 4.3.1). Total LI concentration was determined 
from the radioactivity of serum samples and the specific activity of '"^C-Ll. n 
(number of rats) = 4 for each group.
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Serum pharmacokinetic profile of L I
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Figure 4.3. Serum concentration-time plot of LI in non-iron-loaded 
rats, pretreated with 0.15M NaCl (A) (n=2) or LI (B) (n=3) and iron- 
loaded rats, pretreated with 0.15M NaCl (C) (n=3) or LI (D) (n=4). 
All animals were given a single dose of "̂^C-Ll (50mg/kg, ip) and 
serum samples were collected as described in the text (Section 4.3.1). 
Serum LI concentrations were determined by HPLC. For group A, the 
plot is the mean of the two observations and the vertical bars show the 
actual data. For groups A-D, results represent the Mean ± SEM.
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Serum pharmacokinetic profile of L l-m etabolite(s)
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Figure 4.4. Serum concentration-time plot of the metabolites of LI in non
iron-loaded rats, pretreated with 0.15M NaCl (A) (n=2) or LI (B) (n=3) and 
iron-loaded rats, pretreated with 0.15M NaCl (C) (n=3) or LI (D) (n=4). All 
animals were given a single dose of ’'^C-Ll (50mg/kg, ip) and serum samples 
were collected as described in the text (Section 4.3.1). The concentration of 
serum Ll-metabolite(s) at any time is the concentration of total LI (determined 
by radioactivity) minus the concentration of LI (determined by HPLC). For 
group A, the plot is the mean of the two observations and the verical bars 
show the actual data. For groups A-D, results represent the Mean ± SEM.
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Serum pharmacokinetic profiles of LI and L l-
metabolite(s)
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Figure 4.5. Serum concentration-time plots of LI (■) and Ll-metabolite(s) (□) in non- 
iron-loaded rats, pretreated with 0.15M NaCl (A) (n=2) or LI (B) (n=3) and iron- 
loaded rats, pretreated with 0.15M NaCl (C) (n=3) or LI (D) (n=4). All animals were 
given a single dose of '"^C-Ll (50mg/kg, ip) and serum samples were collected. The 
concentration of serum Ll-metabolite(s) at any time is the concentration of total LI 
(determined by radioactivity) minus the concentration of LI (determined by HPLC). 
For group A, plots represent the mean of two observations and the vertical bars show 
the actual data. For groups A-D, results represent the Mean ± SEM.
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4.5 DISCUSSION

LI is eliminated rapidly from the circulation. The half-life of L I observed in non- 

iron-loaded control rats was 42 and 44min. This is comparable to the plasma half-life 

of L I observed by Rahman et al, (1992) after intravenous administration o f L I to 
dogs (39.9 ± 15.5min) and rabbits (66.5 ± 6.4min) and by Fredenburg et al, (1993) 

after intravenous administration of LI to rabbits (102min). The plasma half-life of 
LI in iron-loaded patients after oral administration is generally higher, ranging from 

74 ± 29min (Mean ± SD) (Kontoghiorghes et al, 1990b), to 91 ± 33min (Al-Refaie et 
al, 1995b), 157min (Olivieri et al, 1990) and 160 ± 21 min (Matsui et al, 1991).

The higher plasma half-life o f LI observed in patients with iron overload as 

compared non-iron-loaded animals may be related to inter-species variations but also 
to the body iron status. Stobie et al, (1993) showed that the half-life of L I in 
thalassaemic patients with chronic iron overload (138 ± 38min) is significantly 
higher than that in normal volunteers (78 ± 13min). The results of the study 
described in this chapter, however, do not show that the serum half-life of LI is any 
different in the iron-loaded animals as compared to their non-loaded controls. This 
could be related to differences in the nature of iron overload. TMH-ferrocene 
achieves a predominantly parenchymal iron overload and after 4 weeks o f iron- 
loading rats at Ig TMH-ferrocene/kg diet the transferrin saturation and TIBC 
(Florence et al, 1992) as well as the iron content of RE stores (Chapter 2) remain 
normal. In contrast in the study by Stobie et al, (1993), the multiply-transfused 
thalassaemic patients would be expected to have transferrin saturation over 100% 
and under these conditions the administered LI would readily form the LI-iron 

complex as soon as it appears in the blood. At present there are no published data on 
the elimination of the LI-iron complex from the circulation. Such a study has, 
however, been performed on DFO, by Peters et al, (1966), who showed that the 
elimination half-life of DFO in nephrectomised dogs was 76 ± lOmin but the 
elimination half-life of ferrioxamine was considerably higher, ranging from 8 to 18h.

Perhaps the most important finding of the present study described in this chapter is 
the difference in the pharmacokinetic profile of LI in the iron-loaded and non-loaded 

control rats. The systemic exposure (AUCo^3h and AUCo^oo) of LI and AUCo^sh 

of total LI were markedly lower in the iron-loaded animals. These findings are in 
agreement with Rahman et al, (1992) who observed that the systemic exposure o f LI 
was lower in dogs with iron overload as compared to their normal controls. Low 
systemic exposure would suggest either low absorption of LI or high excretion o f LI 
before the compound reached the systemic circulation. The most likely explanation 
is that in iron-loaded animals a proportion of LI chelated iron from the liver and was
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then excreted in the bile before reaching the blood. This hypothesis is consistent with 

the results of previous chapters; the concentration of LI in the liver o f iron-loaded 

animals is higher than that in controls (Chapter 2) and L I induces faecal iron 

excretion in iron-loaded but not in control animals (Chapter 3).
The clearance and the volume of distribution o f a drug are inversely proportional 

to its systemic exposure. The apparent clearance (Cl/F) and volume o f distribution 
(Vd/F) of L I were higher in iron-loaded animals as compared to their non-loaded 
controls. The Vd/F of LI was 0.6 and 0.9L/Kg in normal and 1.18 ± 0.2L/Kg in 
iron-loaded animals. The volume of distribution o f LI is higher than the volume of 

the extracellular compartment, implying concentration of L I in certain tissues as 

indeed was demonstrated in Chapter 2. The high concentration of L I in the liver of 
iron-loaded animals would further increase the volume o f distribution. These 
findings are in agreement with Stobie et al, (1993) who observed that the Vd of L I is 
higher in thalassaemic patients with iron overload (115 ± 49L) compared to normal 
volunteers (73 ± 8L) and Rahman et al, (1992) who found that the Vd of L I in iron- 
loaded (2.8 ± 0.3L/Kg) is higher than in normal dogs (0.8 ± 0.1).

The simultaneous detection of LI and total LI (LI + metabolites) in serum 

samples enabled the measurement of Ll-metabolite(s). It would be expected that by 
far the most important component of this fraction would be the Ll-glucuronide (L l- 
G). Other metabolites identified in the urine such as the 0-methylated metabolite 
(Figure 1.7, Section 1.5.3.2) account for only 1% of the administered dose in the rat 
(Singh et al, 1992). L l-G  is eliminated more slowly than L I. Al-Refaie et al, 
(1995b) showed that the plasma half-life of L l-G  in patients with iron overload (148 
± 52min) is higher than the half-life of LI (91 ± 33min). In the study described in 
this chapter, the mean residence time (MRT) of Ll-metabolite(s) in normal control 

animals was 571 and llO lm in while the MRT of LI in the same group o f animals 
was 65 and 72min. The MRT of Ll-metabolite(s) was not influenced by iron 

overload o f LI-pretreatment. However, LI-pretreatment o f iron-loaded and non- 

loaded rats increased the Cmax and the systemic exposure o f Ll-metabolite(s) 

suggesting that LI-treatment may increase the metabolism of L I. The results did not, 
however, reach statistical significance (p>0.05) and considering the small number of 

animals in this study, the effects of LI-pretreatment on LI metabolism cannot be 

established from these data. It is interesting nevertheless that LI-pretreatment of 
iron-loaded animals seems to exacerbate the effects or iron overload on the systemic 
exposure, clearance and volume of distribution of LI. This finding would appear to 

be in agreement with the results of Matsui et al, (1991) who observed a gradual 
decrease in the trough concentrations of LI in iron overloaded patients treated with
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LI over 9 months. Al-Refaie et al, (1995b), however did not see any difference in 

the pharmacokinetics of LI and L l-G  in LI-pretreated and non-pretreated patients.

In summary, the pharmacokinetics of LI are influenced by iron overload. 
Parenchymal iron overload decreases the systemic exposure o f LI presumably by 

increasing binding of the drug to the liver. Parenchymal iron overload does not affect 
the maximum serum LI concentrations or the half-life of the drug. Transfusional 

iron overload in thalassaemia major, increases the volume o f distribution of L I but 

also prolongs the plasma half-life of the drug whilst not affecting its systemic 

exposure (Stobie et al, 1993). Whether the total amount of LI reaching the systemic 

circulation is lower in situations of non-transfusional-iron-overload, such as in 
haemochromatosis and thalassaemia intermedia, remains to be determined. The 
effects of LI pretreatment on the pharmacokinetics of L I, in the iron overload 
situation, warrants further investigation.
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Chapter 5

CELLULAR TRANSPORT OF LI
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5.1 SUMMARY

The cellular transport of LI was examined in rat hepatocyte monolayer cultures 
and red blood cells (RBC) from normal volunteers (N), splenectomised patients with 

thalassaemia intermedia (T) and patients with sickle cell disease (S).
In hepatocytes incubated with 0.6mM l^C -L l there was a net accumulation of 

intracellular radioactivity, reaching intracellular concentrations eleven times higher 

than those of the incubation medium (7.1 ± 0.3mM at 4h) (Mean ± SEM). The rate 
o f accumulation showed saturation kinetics. ^^C-Ll also accumulated in T  RBC 

incubated with 0.5mM ^^C-Ll, reaching intracellular concentrations three times 

higher than those of the medium (1.4 ± 0.2mM at 4h). In contrast, in 'N' and 'S' RBC 

and in the erythroleukaemia cell line K562, ^^^C-activity reached equilibrium across 
the cell membrane. When ^^C-Ll was precomplexed with iron, accumulation o f 
intracellular radioactivity by hepatocytes was reduced 3-fold and by 'T' RBC 5-fold. 
The intracellular accumulation of ^^C-Ll by hepatocytes was significantly reduced 
at 4°C (p<0.01) and in the presence of the metabolic inhibitors sodium azide 
(p<0.05) or carbonyl cyanide-m-chlorophenyl hydrazone (p<0.01). Uptake by 'N' 
and 'S' RBC was essentially the same at 4°C, but uptake by T' cells was inhibited 
(p<0.01). Efflux experiments with hepatocytes preincubated with ^^C-LI, washed 
and reincubated with fresh medium (without l^C -L l) showed that by 3h up to 76% 
of cell-associated radioactivity was released into the medium. In contrast, efflux 
experiments with T' RBC showed that only up to 12% of cellular radioactivity was 

released into the medium after 4h.
These findings show that ^^C-Ll is accumulated in hepatocytes by an energy- 

requiring mechanism. This accumulation could be due to conversion o f the drug to 

radioactive metabolites which have poor membrane permeation characteristics or due 

to uptake o f the drug by a carrier-mediated active transport mechanism. Uptake of 

LI by K562 and red blood cells is by simple diffusion down a concentration 

gradient. The RBC experiments show that LI accumulates in thalassaemic cells 

which have the high levels of intracellular iron. The reason for this accumulation is 
presumably the formation of the Ll-iron(III) complex which is larger and more 

hydrophilic than LI and therefore exits cells very slowly.

5.2 INTRODUCTION

For maximal clinical efficacy, it is important for an iron chelator to cross 
biological membranes and have access to intracellular iron stores. Several reports on
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the kinetics o f cellular transport o f DFO are now available. The uptake of DFO by 
cultured rat hepatocytes has been investigated by Laub et al, (1985). These authors 

found that the uptake o f DFO was a passive phenomenon resulting from the 

concentration gradient between the cellular compartment and the extracellular 

medium. Using the erythroleukaemia cell line, K562, Bottomley et al, (1985) 

showed that DFO enters cells and its intracellular accumulation is progressive and 

not saturable. These authors found that the chelator achieved an intracellular 

concentration 14-fold higher than in the extracellular medium, while ferrioxamine 
reached a concentration equilibrium across the membrane. More recently, Lloyd et 

al, (1991) suggested that the entry of DFO into rat visceral yolk sacs occurs by fluid- 
phase pinocytosis.

The cellular transport of LI was examined in the humal adenocarcinoma cell line 

Caco-2, by Hamilton et al (1994). The authors observed that the transport o f ^^C-Ll 
in these cells is non-saturable and that the transport is reduced in the presence of 
saturating concentrations of iron. However, there is no available data on the cellular 
transport of the drug in other cell types which could be implicated in the 
complications of iron overload.

As the most important clinical manifestation o f chronic iron overload is fibrosis 
and cirrhosis of the liver (Section 1.4.2), it is particularly important for an iron 
chelator to be able to interact with hepatocytes and gain access to the major 
parenchymal iron pool. Chelation treatment of highly transfused thalassaemia 
patients with DFO prevents hepatic fibrosis and reduces liver iron concentration 

(Barry et al, 1974; Hoffbrand et al, 1979; Aldouri et al, 1987). LI has recently been 

found to cause a similar reduction in the hepatic iron concentration of patients with 
thalassaemia major (Olivieri et al, 1995) and of a patient with thalassaemia 

intermedia (Olivieri et al, 1992). In vitro, both DFO and LI are able to mobilise iron 
from hepatocytes labelled with ^^Fe-transferrin (Porter et al, 1988).

It has been suggested that intracellular iron may have a role in the pathogenesis of 
red blood cell membrane damage in sickle cell disease (Kuross and Hebbel, 1988) 

and haemolysis in thalassaemia major (Hershko, 1989). Thalassaemic reticulocytes 

have increased rates of apoferritin synthesis (Eylar and Matioli, 1965). As ferritin 
synthesis is regulated by the concentration of intracellular iron (Section 1.2.5), this 

could be due to increased rate o f transferrin iron uptake, impaired heme synthesis or 
increased intracellular iron release from catabolised hemoglobin. Jacobs et al (1981) 
found that the concentration of H-type ferritin which is the predominant form of 
erythrocyte ferritin is two times higher in homozygous sickle cell disease and 150 
times higher in P-thalassaemia major. The authors also concluded that much of the 
iron exists in the form of denatured ferritin polymers and haemosiderin because the
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iron: ferritin ratio found in these cells was higher than that of saturated ferritin. In 

addition, nonheme nonferritin iron is present in the cytoplasmic surface of 
thalassaemic and sickle RBC membranes (Repka et al, 1993). As iron in ferritin and 

haemosiderin does not directly mediate lipid peroxidation (O'Connell et al, 1985), 

nonheme nonferritin iron would be more likely to participate in free radical 

formation and subsequent membrane damage. Shalev et al (1995) have recently 
shown that this form of iron can be chelated by LI but not DFO.

In Chapter 2, l^C -L l was found to concentrate in the liver in preference to other 

organs. In this chapter, the cellular transport of LI in liver cells is examined in more 

detail in vitro, using hepatocyte monolayer cultures. LI-transport is also investigated 
in red blood cells from normal volunteers and patients with thalassaemia or sickle 

cell disease and in the erythroleukaemia cell line K562. K562 cells are particularly 
rich in transferrin receptors, posess a well-defined receptor-mediated uptake 
mechanism for iron-transferrin (Mattia et al, 1984) and therefore have been used 
extensively in studies with iron chelators (Bottomley et al, 1985; Hoyes and Porter, 
1993).

5.3 MATERIALS AND METHODS

5.3.1 Liver perfusion and hepatocyte isolation
Adult MWA rats (200-3 OOg) were anaesthetised with Hypnorm (0.5ml/kg), livers 

exposed and the portal vein was cannulated. The liver was then perfused at a flow 

rate of about 30ml/min at 37°C. Perfusion was in two steps. In the first step, the liver 
was perfused with 500ml of calcium and magnesium-free Hanks' balanced salt 
solution, pH 7.4 (HBSS). In the second step, the liver was perfused with 500ml of 

the calcium-containing Dulbecco's modified Eagle medium, pH 7.4 with 25mM 

HEPES and 4500mg/l D-Glucose (Dulbecco's MEM) supplemented with 300mg 

collagenase H. Both HBSS and Dulbecco's MEM were supplemented with 
gentamycin (80 U/ml) and had been previously vigorously oxygenated for 15min 

with a mixture o f O2/CO2 (95:5, v/v). During the perfusion process these media 
were positioned in a water bath at 37°C.

After perfusion, the liver was excised and transferred to a petri dish. The cells were 

dissociated in the presence of the second perfusion medium and the cell suspension 

was filtered on ice through nylon filters of pore sizes 80pm and 47pm. Hepatocytes 
were then separated fron non-parenchymal cells by centrifugation for 2min at 50xg, 
4°C and washed three times with ice-cold culture medium (Dulbecco's MEM)
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supplemented with 15% heat-inactivated foetal calf serum (FCS) and antibiotics (100 
U/ml penicillin and 100p,g/ml streptomycin), as described by Limet et al, (1982).

5.3.2 C ulture of cells

5.3.2.1 Hepatocytes
Cells were resuspended at 10^ cells/ml in Hepatocyte Attachment Medium 

supplemented with 5% FCS and antibiotics (100 U/ml of penicillin and lOOpg/ml of 

streptomycin). Viability was assessed by the trypan blue exclusion test and light 

microscopy. More than 80% of the cells appeared viable. Cells (IxlO^cells/ml, 
3ml/dish) were plated onto 12cm^ primaria petri dishes and cultured at 37°C in a 

water-saturated atmosphere under C02 /air (5:95, v/v) for 3h. After primary 

adherence, the plates were washed twice with Dulbecco's medium containing 15% 
FCS and antibiotics and twice with HBSS to remove nonviable, nonadherent cells. 
The viability of adherent cells when this step was followed was >95%.

Hepatocyte monolayer cultures were maintained in serum-free Dulbecco's MEM 
supplemented with antibiotics and used within lOh. This medium was also used for 
all experiments unless otherwise indicated. In subsequent experiments, each test 
sample represented about 3x10^ cells (one petri dish).

5.3.2.2 K562 cells
The erythroleukaemia cell line K562 was grown in suspension cultures at 37°C, in 

a humidified atmosphere of 5% CO2 in air. Culture medium was RPMI-1640 

containing 2mM glutamine, 25mM HEPES and supplemented with 10% FCS and 
antibiotics (complete medium). Cells were cultured at densities between 2-7x10^ 

cells/ml to ensure exponential groAvth was maintained. For the cell uptake 
experiments, the medium used was RPMI-1640 containing 2mM glutamine, 25mM 

HEPES and antibiotics, unless otherwise indicated.

5.3.2.2 Red blood cells (RBC)
For RBC experiments, blood samples were obtained from healthy adult volunteers 

(N), splenectomised patients with P-thalassaemia intermedia (T) or patients with 
sickle cell disease (S). Patients had not been transfused for at least 3 months prior to 

blood sampling. Blood (30-40ml) was collected in preservative-free heparin from 
each patient and was processed within 24h. RBC were isolated after three washes 
with ice-cold phosphate buffer saline, pH 7.4 (PBS). The huffy coat was removed 
after each wash. Washed RBC were resuspended in HBSS supplemented with 0.1% 
D-glucose (w/v), at 50% haematocrit.
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5.3.3 Cellular uptake and efflux studies
5.3.3.1 Hepatocytes

5.3.3.1.1 Uptake o f
After the removal of non-adherent cells, 1ml of culture medium containing ^'^C-Ll 

was added to each test sample (3x10^ cells). In some experiments, ^^C-Ll was 

presaturated with ferric chloride (molar ratio of L l:Fe was 3:1). The cells were 
pulsed with this medium for up to 4h at 37°C or 4°C, before placing the dishes on 
ice, decanting the medium and washing at 4°C, twice with medium, once with 

medium supplemented with 15% FCS and twice with medium. Cells were then 

solubilised in 1ml of 1% (w/v) sodium deoxycholate adjusted to pH 11.3 and 

analysed for radioactivity and protein content. The amount of ^^C-label incorporated 
by each test sample was quantified with a p-scintillation counter. Protein content was 
determined using a modification of the Lowry method, as described by Schleif and 
Wensink, (1981) (Appendix 2). The intracellular concentration of l^C -L l was 
determined from the radioactivity of the lysates and the specific activity o f the 

compound.
The Lineweaver-Burk transformation of the saturation curve and the kinetic 

constants of l^C -L l accumulation (Vapp^ax, ^appm ) were calculated using the 
Biosoft computer programme 'Fig ?'.

5.3.3.1.2 Effect o f temperature and selective inhibitors on the uptake o f ̂ "^C-Ll
Hepatocytes were preincubated at 37°C or 4°C with medium and at 37°C with 20|x

g/ml colchicine or 20mM Na azide for 15min. ^^C-Ll (300|iM) was added to the 

cultures and cells were incubated for a further 2h. Hepatocytes were maintained at 37 
°C (control), 4°C or at 37°C with colchicine or azide for the duration of the 

experiment. At the end of the incubation period, samples were washed and analysed 

as above.
To examine the effect of CCCP and monensin on ^^C-Ll uptake, cells were 

preincubated at 37°C with medium (control), 10|iM carbonyl cyanide-m- 

chlorophenylhydrazone (CCCP) or 10 |liM  monensin for lOmin. l^C -L l (300|xM) 

was added to cultures and cells were incubated for a further 15min. Cells were 
maintained with CCCP or monensin for the duration o f the experiment and then 
washed and analysed as above.
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5.3.3.1.3 Efflux ofi^C-Ll
Hepatocyte cultures were incubated with 1ml medium containing 300|tM l^C -L l 

for 2h. At the end of this incubation period, the supernatant was collected and cells 
were washed as above. Hepatocytes were then reincubated with fresh medium 

(without l^C -L l) for up to 3h. At the end of each time point, medium was collected 

and and cells were lysed in 1ml of 1% sodium deoxycholate. The amount of ^^C-Ll 

released into the medium was determined from the radioactivity of the medium and 
the specific activity of the compound and was correlated with cell protein content.

5. S. S. 1.4 Analysis o f cell lysates hy HPLC
Hepatocyte cultures incubated with 0.6mM l^C -L l for 0-240min, lysed and 

analysed for radioactivity and protein content (Section 5.3.3.1.1) were pooled 

together to yield sufficient volumes for HPLC analysis. Samples were deproteinised 
by centrifugation through Centrifree ultrafiltration cones (Amicon, manufacturer's 
cut off 25 Kda) for 30min at 1500g, 4°C and injected into the HPLC via a 50p,l 
sample loop as described (Section 4.3.2.2). The calibration curve was produced 
using LI standards prepared in sodium deoxycholate, pH 11.3.

5.3.3.2 K562 cells: ^^C-Ll uptake
9x10^ K562 cells per test sample were incubated in culture medium containing 

600|iM 1"^C-L1. The cells were pulsed with this medium for up to 4h at 37°C. At the 

end of the incubation period, supernatant was collected and cells were washed at 4°C 
with ice-cold medium. Cells were solubilised in 1ml of 1% sodium deoxycholate and 
analysed for radioactivity and protein content as described above.

5.3.3.3 RBC
5.3.3.3.1 Uptake o f ̂ ^C-Ll

ImM l^C -L l (0.5ml) was added to RBC (50% Hct, 0.5ml) to produce a final 

concentration of 0.5mM l^C -L l, 25% Hct. Cells were incubated with ^^C-Ll for up 
to 6h at 37 or 4°C. After each incubation, samples were pelleted at 10 OOOg for Imin 
at 4°C and the supernatant was collected in scintillation vials (SI). After each 

incubation period, cells were washed twice with 1ml ice-cold HBSS supplemented 

with 1% bovine serum albumin (BSA) and the supernatant was collected in 

scintillation vials (W l, W2). Cell-associated radioactivity was calculated from the 
total radioactivity of each sample, after substraction of the radioactivity found in the 
supernatant and the two washes, using the following formula:

Cellular radioactivity = Total radioactivity - (S1+ W l4- W2)
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Cellular LI concentration (|aM) was then calculated from the specific activity of 
14C-L1.

5.5.3.3.2 Cell lysis and analysis o f haemolysates
RBC were incubated with 500|xM ^^C-Ll for 2h, washed twice as above and lysed 

as described (Repka et al, 1993). Briefly, cells was resuspended in 25ml lysis buffer 
(5mM sodium phosphate, 0.5mM EDTA, pH 8.0) and centrifuged at 15 000 rpm, 4° 

C for 15min. The supernatant (haemolysate) and the precipitate (membranes) 

fractions were collected and aliquots were analysed for radioactivity. To account for 
quenching, haemolysate radioactivity was estimated using standards prepared from 
haemolysate of cells not incubated with ^^C-Ll, spiked with known concentrations 

o f ^^C-Ll. Aliquots from haemolysate fractions were deproteinised by 
centrifugation through Centrifree ultrafiltration cones (Amicon, manufacturer's cut 

o ff 25 Kda) for 30min at 1500g, 4°C and also analysed for radioactivity.

5.3.3.3.3 Efflux o f ̂ ^C-Ll
RBC were incubated with 500|iM ^^C-Ll for 2h and washed twice as described 

above. Cells were reincubated in 1ml of fresh medium without ^^C-Ll, at 37°C for 
up to 4h. At the end of each time point, samples were centrifuged at 10 OOOg for 
Imin and supernatants were collected and analysed for radioactivity. The amount of 
l^C -L l released into the medium was determined from the radioactivity o f the 
medium and the specific activity o f the compound.

5.4 RESULTS

5.4.1 U ptake of ^^C-Ll by hepatocytes and K562 cells
Cellular uptake of ^'^C-Ll by K562 cells and hepatocytes is shown in Figure 5.1. 

If Img o f cellular protein corresponds to 5pi cell volume (Laub et al, 1985) then the 
intracellular concentration of ^^C-Ll achieved after 4h incubation with K562 cells, 
was equivalent to 491± 3uM. Since the concentration of ^^C-Ll in the incubation 

(medipm 6P0pM, jt s:ee,,mK that, iiii Kt5 6:2 cells the compound lessemtially nsached 
equilibrium across the cell membrane. These r^u lts  suggest that thé transport o f LI 

into K562 cells is by passive diffusion.
In hepatocytes, accumulation of ^^C-Ll was considerably higher. Maximum 

uptake levels were achieved after 2h incubation. The intracellular concentration of 
l^C -L l achieved in hepatocytes after 4h incubation, was 7129+278pM, which was 
11-fold greater than the concentration of ^^C-Ll in the medium. There are two 
possible explanations for these results: (i) L I is transported into hepatocytes by a
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carrier-mediated active transport mechanism, and/or (ii) LI is taken into hepatocytes 

and changed or metabolised to a form which does not readily exit the cell membrane.

HPLC analysis of cell lysates showed that there was no difference in the 

intracellular concentration of L I when hepatocytes were incubated for 15 - 240min 
with 600|j,M 1"^C-L1. When the intracellular concentration of LI was estimated, it 

was found to be roughly equivalent to 0.6nmoles LI/m g cell protein (range 0.4- 
0.8nmoles/mg), assuming an average protein content o f 3mg per test sample (3x10^ 

cells). Assuming that Img protein is equivalent to 5|il cell volume, this would 
correspond to an intracellular concentration of 120|iM. However, this procedure has 

a number of limitations, including:

(i) Results are based on single determinations from pooled samples, with a variation 
in cell number and therefore protein content.
(ii) Intracellular concentrations were very small and peaks were difficult to analyse.

(iii) The pH of samples and standards (pH 11.3) was significantly higher than the pH 
of the mobile phase (pH 2.0).
Therefore, these HPLC results have to be regarded as preliminary observations and 
no firm concusions can be drawn. However, they do seem to indicate that the 
intracellular accumulation of ^"^C-Ll in hepatocytes is not due to active transport.

5.4.2 Saturation kinetics of accumulation in hepatocytes
The uptake of l^C -L l in hepatocytes was linear within the first 30min (Figure 

5.1). Therefore in the next experiments, the rate of accumulation of ^^C-Ll was 
examined after 15min incubation in the presence of 5 0 - 2 0 0 0 | liM  ^"^C-Ll. In carrier- 
mediated transport, the rate of transfer gradually reaches a plateau as the 
concentration of the solute is increased. The kinetic relation between solute 
concentration of the bathing fluid (S) and the amount o f solute transported (v) is not 

linear. Increasing amounts of solute are carried with increasing solute concentration 

until all the carriers are utilised and the transport process becomes saturated. The 
kinetics of a carrier-solute or an enzyme-substrate reaction can be treated using the 

Michaelis and Menten equation,

V -
( 1 + K s )

s
where, v = velocity of the reaction between substrate and enzyme

Vmax = the maximum velocity at which the reaction takes place, or the 
maximum transfer capacity of the system 
s = substrate concentration 

Ks = dissociation constant
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The affinity constant (Km) is the concentration of the substrate (S) equal to the 
numerical value of the dissociation constant (Ks).
When S = Ks, then v = 1/2Vmax. Therefore Km is the concentration at which half o f 

the enzume molecules are saturated with the substrate.

The rate o f accumulation of ^^C-Ll in hepatocytes incubated with different 
concentrations of the compound, is shown in Figure 5.2. The plot shows saturation 

kinetics. The curve can be transformed into a straight line using the Lineweaver- 

Burk transformation (Figure 5.3). The maximal uptake capacity (Vapp^^x) was 1.7 
± 0.2 nmol LI/m g cell protein/min and the affinity constant (K app^) was 730 ± 15|i 
mol Ll/1.

5.4.3 Effect of temperature and selective inhibitors on the accumulation of l^C- 
L1 by hepatocytes

The uptake of ^^C-Ll was examined at 4°C and at 37°C in the absence and 

presence o f metabolic inhibitors. Sodium azide and carbonyl cyanide-m- 
chlorophenylhydrazone (CCCP) deplete cellular ATP and therefore inhibit energy- 
dependent active transport (Heytler and Prichard, 1962). Monensin is a sodium 
ionophore which forms stable complexes with monovalent ions that are able to cross 
the plasma membrane (Loike et al, 1993). Monensin eliminates transmembrane Na"*”- 
gradient and therefore inhibits secondary active transport processes which are 
dependent on the sodium gradient produced by Na‘̂ /K“''-ATPase. Colchicine blocks 
microtubule polymerization and therefore inhibits cell processes such as pinocytosis 
which depend on functioning microtubules.

The results in Figure 5.4 show that accumulation of ^^C-Ll by hepatocytes was 
significantly reduced by incubation at 4°C (p<0.01) and by incubation in the 
presence of sodium azide (p<0.05). Colchicine had no effect. The results in Figure 
5.5 indicate that the intracellular accumulation of l^C -L l is dependent on metabolic 

energy. In the presence o f CCCP, the cellular accumulation of radioactivity was 
markedly decreased (p<0.01), whilst in the presence o f monensin cellular 
radfoactiVity was not signi'ficantly different from control cultures.

5.4.4 Hepatocyte uptake of l^C-Ll precomplexed with iron
The uptake o f [^'^C-Ll]gFe complex at 300pM ^^C-Ll is shown in Figure 5.6. 

The uptake of the iron complex into hepatocytes was three times lower than that of 
l^C -L l alone. Assuming that Img cellular protein corresponds to 5pi cell volume 

(Laub et al, 1985), after 4h o f incubation the intracellular concentration o f the [^^C- 
L l]gFe complex corresponds to 1324 ± 19pM LI while the intracellular 
concentration o f ^^C-Ll corresponds to 4027 ± 74pM LI. However, the intracellular
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concentration of radioactivity achieved after incubation of the hepatocytes with the 
iron complex was 4-fold greater than the concentration o f radioactivity in the 

medium, suggesting movement against its concentration gradient.

Figure 5.7 shows the uptake o f [l^C-Ll]gFe complex when hepatocytes were 

incubated for 15min with 50-2000tiM ^^C-Ll precomplexed with iron. The uptake 

of the iron complex was again considerably lower than that of ^'^C-Ll alone. The 

difference was approximately 3-fold for most concentrations examined. Within the 
concentrations tested, the uptake of the iron complex did not seem to show saturation 

kinetics.

5.4.5 Efflux of l^C -Ll from hepatocytes
The amount of l^C -L l released from hepatocytes preincubated with the compound 

is shown in Figure 5.8. The activity of released into the medium increased 

steadily during the incubation period studied. By 180min the amount o f radioactivity 
released corresponded to 13.6±0.45nmol LI/m g cell protein. Since at T=0 
intracellular radioactivity corresponded to 18.0±1.0nmol LI/m g cellular protein, it 
seems that by 3h, 76% of cell-associated radioactivity was released into the medium.

5.4.6 Uptake of l^C-Ll by red blood cells
Uptake of 500p.M ^^C-Ll by RBC is shown in Figure 5.9. ^^C-L\ was rapidly 

taken up by normal (N) and sickle (S) RBC at 37°C (307 ± 3 0 |liM  by 'N' and 251 ± 
44|aM LI by 'S' RBC after Imin) and intracellular concentration of LI remained 

constant thereafter. LI-uptake by those cells was not temperature-dependent and 
uptake was essentially the same at 4°C (Table 5.1). In contrast, L I gradually 
accumulated in thalassaemic RBC (T) incubated with 500pM l^C -L l, reaching 

concentrations three times higher than those of the incubation medium (1423 ± 167|i 
M LI at 6h). At 4°C, uptake of L I hy 'T' RBC was significantly reduced (p<0.01) 
(Figure 5.9; Table 5.1). LI-uptake by RBC was examined in the presence of 
different concentrations o f LI, at 40min, when uptake is linear. Figure 5.10 shows 

tbat at 4Cnf.n, u^/talce of W54(#0(#0t#M. ^^C-L l by N  aad T  c5ll?A^as u^isjttufable. 
Like in hepatocyte cultures, uptake o f  LI by 'T' RBC was significantly inhibited in 
the presence of saturating concentrations of ferric chloride (p<0.01), showing the 
poor membrane permeation characteristics of the (Ll)gFe complex (Table 5.1).

When T' RBC preincubated with 500pM 14C-L1 for 2h were lysed, 75% (actual 

values: 71 and 78%) of cellular radioactivity was recovered in the cytosol 
(haemolysate fraction). When haemolysate fractions were filtered, 80% (actual 
values: 75 and 85%) of the radioactivity was found in the ultrafiltrate fraction, 
indicating that most LI is present in a low molecular weight form.
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5.4.7 Efflux of l^C-Ll from red blood cells
The amount of LI released from RBC preincubated with 500|j,M for 2h, is

shown in Figure 5.11. LI-efflux was complete after 30min of reincubation o f cells 

with fresh medium. 'T  RBC released the highest amount of radioactivity (55 ± 4 

nmoles LI after 4h), followed by 'S' RBC (21 ± 2nmoles) and normal RBC (15 ± 
3nmoles). However, when the efflux of LI was related to the intracellular 
concentration of LI for each type of cell, no such differences were evident. L l-  
efflux from 'T' cells after 4h of reincubation represented 17 ± 2% of cell-associated 

radioactivity, from 'S' cells 25 ± 2% and from 'N' cells 15± 3%.

Effect of temperature and presaturation with ferric iron on the 
uptake of LI by red blood cells

Normal
(pmoles Ll/1)

Sickle
(pmoles LI/I)

Thalassaemic
(pmoles Ll/1)

14c-L1 (500hM X 

6h incubation, 37°C

457± 33pM 405 ±41pM 1423 ± 167pM**

14c-L1 (500hM), 

6h incubation, 4°C

300±45pM 322 ± 64pM 4 3 2 ± 4 1 p M 4

14C-L1(125hM),

2h incubation, 37°C

ND ND 250 + 13pM

14c-Ll(125|iM) + 
FeClg (45 pM),

2h incubation, 37°C

1

ND ND 49 ± 5pM 4

Table 5.1. Uptake of l^C-Ll by red blood cells. (**) signifies statistical difference 
at p<0.01 between intracellular concentration of LI in thalassaemic compared to 
normal RBC. (4) signifies difference at p<0.01 between LI concentration in 

thalassaemic RBC at 4°C or in the presence of saturating concentrations of ferric 
chloride and the appropriate thalassaemic controls. Statistical analysis was by 

Student's t-test for unpaired samples. Results are expressed as Mean ± SEM of three 
experiments.
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Uptake o f ‘̂‘C -L l by hepatocytes and K 562 cells
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Figure 5.1. Hepatocytes or K562 cells were incubated in the presence of 
600pM for up to 4 hours. At the end of incubation cells were washed
and analysed for radioactivity and protein content as described in the tex t 
Results are expressed as Mean ± SEM of three experiments.
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Saturation kinetics of ’'‘C -L l uptake by 
hepatocytes
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Figure 5.2. Hepatocytes were incubated for 15min with 50-2000|iM "^C-Ll. 
At the end of incubation cells were washed and analysed for radioactivity and 
protein content as described in the text. The rate of uptake of ' “̂C-Ll is 
expressed as nmol/mg cell protein/min and results are Mean ± SEM of three 
experiments.
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The L inew eaver-B urk transform ation of 
the saturation curve
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Figure 5.3. The saturation curve (Figure 5.2) was transformed into a 
straight line by plotting 1/V against 1/S. 'S' is the concentration of 
L1 in the extracellular medium (pM) and 'V  is the rate of intracellular 
accumulation of ^^C-Ll (nmol Ll/m g cell protein/min). This 
transformation allows the calculation of Vapp^^ (1/Vapp^^ is equal 
to 1/V when 1/S = 0) and Kapp^ ( -1/Kapp^ is equal to 1/S when 
1/V = 0).
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Effect of tem perature, sodium azide and 
colchicine on the uptake of ^^C-Ll by 

hepatocytes
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Figure 5.4. Hepatocytes were preincubated at 37°C (control), at 4°C 
and at 37“C with 30mM NaN3 or 30pg/ml colchicine for 15min. 
300pM "‘C-Ll was added to the cultures and cells were incubated for 
a further 2h. Cells were maintained at 37°C (control), 4°C or 37°C with 
azide or colchicine for the duration of the experiment. At the end of the 
incubation cells were washed and analysed for radioactivity as 
described in the text. Results are expressed as Mean ± SEM of three 
experiments. Significant differences in the uptake of ‘'^C-label compared 
to control were identified at p<0.05 (*) and p<0.01 (**) levels using 
unpaired Students t-test.
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Effect of cyanide and monensin on the 
uptake of ' C -L l by hepatocytes
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Figure 5.5. Hepatocytes were preincubated at 37°C with medium (control), 
lOpM CCCP or lOpM monensin for lOmin. 300pM '^C-Ll was added to the 
cultures and the cells were incubated for a further 15min. Cells were 
maintained with CCCP or monensin for the duration of the experiment. At the 
end of the incubation cells were washed and analysed for radioactivity and 
protein content as described in the text. Results are expressed as Mean ± SEM 
of three experiments. *p<0.01 compared to control, using Students t-test.
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Uptake o f ‘'‘C -L l and ('"C -Ll);-Fe by 
hepatocytes
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Figure 5.6. Hepatocytes were incubated with 300pM *'‘C-L1 or 
presaturated with ferric chloride (300pM '"^C-Ll, lOOpM FeClg) for up 
to 4h. At the end of the incubation cells were washed and analysed for 
radioactivity and protein content as described in the text. Results are 
expressed as Mean ± SEM of three experiments.
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The rate o f uptake of ^^C-Ll and (^^C-Ll)^- 
Fe by hepatocytes
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Figure 5.7. Hepatocytes were incubated for 15min with 50-2000pM 
’"‘C-Ll or with ’"^C-Ll presaturated with ferric chloride (molar ratio of 
chelator : iron was 3 : 1). At the end of incubation cells were washed 
and analysed for radioactivity and protein content as described in the 
text. Results are expressed as Mean ± SEM of three experiments.

113



Efflux o f *''C from  hepatocytes  
preincubated with “̂*C-L1
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Figure 5.8. Hepatocytes were preincubated with 300pM for 2
hours. Cells were then washed as described in the text and reincubated 
with fresh medium (without ’"^C-Ll) for up to 3h. At the end of the 
incubation, medium was collected and cells were lysed. Radioactivity 
was determined in the medium and related to cell protein content. 
Results are Mean ± SEM of three experiments.
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Uptake of ^^C-Ll by red blood ceils
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Figure 5.9. RBC from patients with thalassaemia intermedia (T) (n=3), sickle 
cell anaemia (S) (n=3) and normal volunteers (N) (n=3) were incubated with 
500pM ’"^C-Ll at 37 or 4°C for up to 6 hours and analysed for radioactivity as 
described in the text. Results are expressed as Mean ± SEM of three 
experiments.
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Concentration-dependent uptake of ^^C-Ll by
normal and thalassaemic red blood cells

8000

7000

^  6000 
3 .

5000o
a -m -T

-d-N4000OL3
I j 3000

2000

1000

2000 6000 80000 4000 10000

LI concentration in medium (gM)

Figure 5.10. Red blood cells from normal volunteers (N) (n=3) of 
patients with thalassaemia intermedia (T) (n=3) were incubated with 
different concentrations of "̂̂ C-Ll for 40min and analysed for 
radioactivity as described in the text. Results are expressed as Mean ± 
SEM of three experiments.
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Efflux of ^^C-Ll from red blood cells
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Figure 5.11. RBC from normal volunteers (N) (n=3), patients with 
thalassaemia intermedia (T) (n=3) or sickle cell anaemia (S) (n=3) were 
preincubated with 500pM ’"^C-Ll for 2 hours, washed twice and 
reincubated in fresh medium (without ’'*C-L1) for up to 4 hours, as 
described in the text. The amount of LI released into the medium was 
determined from the radioactivity of the supernatant and the specific 
activity of ’"^C-Ll.
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5.5 DISCUSSION

The effective mobilisation o f intracellular iron by an iron chelator is determined by 

(i) the rate at which the iron chelator passes across the plasma membrane and enters 
into the cell, (ii) the intracellular concentration of this iron chelator, (iii) the affinity 

of the chelator for intracellular iron and (iv) the ability of the chelator-iron complex 

to exit the cell.
L I has very good membrane permeation characteristics. ^^C-Ll is rapidly taken 

up by normal and sickle red blood cells and also by the erythroleukaemia cell line 
K562, reaching equilibrium across the cell membrane within one minute of 
incubation. These findings are in agreement with Hamilton et al, (1994), who 
reported that ^^C-Ll is transported across Caco-2 cells with a high apparent 

permeability coefficient (Papp = 1.3x10"^ ±0.1 cm/sec) and found that this transport 
is non-saturable.

L I has high affinity for ferric iron (P3= 10^^) (Section 1.5.3.1), forming a neutral, 
hydrophilic (Kpar <0.001), 3:1 chelator:iron complex. This complex has poor 

membrane permeation characteristics, and this is evident by the inhibition of L l-  
uptake both by hepatocytes and thalassaemic red blood cells, when the drug was 
precomplexed with ferric chloride. Experiments with red blood cells described in 
this chapter showed that LI accumulates in thalassaemic but not sickle or normal 
RBC. Thalassaemic RBC have the highest levels of intracellular iron, particularly in 

the form of ferritin and haemosiderin. Jacobs et al (1981) found that the 
concentration of H-type ferritin in RBC of patients with thalassaemia major is 150 

times higher than that in normal cells while in homozygous sickle cell disease it is 
two times higher. Non-heme, non-ferritin iron is deposited on the cytoplasmic 

surface o f thalassaemic and sickle RBC membranes and comparable amounts o f this 
type o f iron are found in sickle and thalassaemia cells (Repka et al, 1993). The 
intracellular accumulation of LI in thalassaemic RBC is probably due to the 
chelation of intracellular iron by LI and the slow exit o f the larger and more 

hydrophilic complex from those cells. This finding was also observed in vivo, in 

Chapter 2, where the concentration of l^C -L l in the liver o f iron-loaded was higher 

than those of control animals.
L I chelates iron from thalassaemic and sickle RBC membranes (Shalev et al, 

1995), ferritin (Kontoghiorghes et al, 1987c; Brady et al, 1989) and haemosiderin 
(Kontoghiorghes et al, 1987c). The difference in the uptake of L I by thalassaemic 
and sickle RBC indicates that LI chelates iron from ferritin, the concentration of 
which is higher in thalassaemic cells. It is possible that mobilization o f iron from 
ferritin is temperature-dependent because at 4°C there was no difference in the
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uptake of LI by thalassaemic, sickle or normal cells. The mechanism of ferritin-iron 

release is not completely understood but is thought to involve an NADH-FMNH2- 
dependent enzyme system (Crichton, 1991), which could explain the temperature- 

dependence of the ^^C-L\ accumulation in thalassaemic red blood cells. Brady et al 

(1989), observed that the iron released by LI from ferritin molecules is similar to 

that from iron cores and concluded that LI and other 3-hydroxypyridinones act by 
penetrating the protein shell and interacting directly with the iron core. In vitro, LI 
causes a very slow release of ferritin iron, taking more than a day to reach 

completion (Kontoghiorghes et al, 1987c). In contrast, maximum accumulation of 
LI in thalassaemic RBC reached completion after approximately 4 hours of 
incubation, suggesting that LI would mainly chelate iron that was spontaneously 

released from ferritin. However, more work is required to provide direct evidence 

for this. Analysis of thalassaemic RBC lysates showed that 80% of intracellular LI 
was in a low molecular weight form, presumably as the unbound chelator or the L l-  
iron(III) complex, the remaining possibly associated with ferritin or haemosiderin.

The clinical implications of this intracellular accumulation o f L I in thalassaemic 
RBC remain to be elucidated. Chelation of non-heme, non-ferritin membrane iron 
would be very advantageous considering the role of this form of iron in the 
generation of free radicals, lipid peroxidation and membrane damage. Oral LI 

treatment of thalassaemic patients decreases membrane free iron and H2Ü2-induced 
lipid peroxidation (Shalev et al, 1995). However, when LI is complexed to iron it 
exits from cells very slowly. This could be a problem at low chelator concentrations 
(<20 pM) which favour the formation of partially dissociated LI-iron complexes, 
catalysing the generation of free radicals (Porter et al, 1989).

In contrast to the unsaturable transport of LI into red blood cells and the 
erythroleukaemia cell line K562, the accumulation of l^C -L l in hepatocyte 
monolayer cultures is saturable and is dependent on the availability of metabolic 

energy. This would suggest that LI is transported into hepatocytes by a carrier- 
mediated mechanism and/or intracellular LI is changed to a form which is also 

radioactive but does not exit the cell membrane as readily. Although preliminary, the 

results from HPLC analysis o f cell lysates do not support the active transport 

hypothesis. Furthermore, transport processes would be expected to reach equilibrium 

quickly in isolated cell preparations (typically <5min). However, uptake of ^^C-Ll 
by hepatocyte monolayers reached equilibrium after about 2h of incubation and this 

transport profile would be more typical of a metabolic process. Therefore, it seems 
more likely that the intracellular accumulation of ^^C-Ll in hepatocytes could 
possibly be explained partly by the complexing of LI with hepatocellular iron and 
partly by the conversion of the drug to a hydrophilic metabolite.
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L I-G is the most important metabolite o f LI (Section 1.5.3.2). The compound is 

larger and more hydrophilic than LI and therefore, it is conceivable that it could 
potentially accumulate intracellularly. UDP-glucuronosyltransferase (GT) is present 

in the liver but also in several extrahepatic tissues (kidneys, intestine, lungs, skin, 
testes and spleen) (Bock et al, 1980). This enzyme has two different forms, each 

specific for different substrates. It is not yet known what form of the enzyme is 

responsible for the glucuronidation of LI and the tissue where LI is glucuronidated. 
Nevertheless, glucuronidation reactions are known to occur in isolated rat 
hepatocytes (Bock et al, 1976). It is therefore possible that once LI is inside 

hepatocytes, it is converted to L l-G  which is still radioactive but larger and more 
hydrophilic than LI and therefore less able to diffuse out o f the cell membrane. In 
this case the observed saturation kinetics would be due to GT and not to a membrane 
carrier enzyme.

It is interesting that the rate of efflux of LI and/or metabolites from hepatocytes 
is higher than that from red blood cells. Efflux o f radioactivity was still linear 3h 
following reincubation of hepatocytes in fresh medium and the total amount released 
by that time accounted to 76% of cell-associated radioactivity. In contrast, efflux 
from red blood cells was complete after about 30min of reincubation and by 4h, only 
17% of cellular radioactivity was released by thalassaemic red blood cells. The 
existence o f a mechanism to actively transport L I and/or its metabolites out of 

hepatocytes, is possible.
To conclude, this chapter shows that L I has excellent membrane permeation 

characteristics. LI accumulates in sites with high concentration o f available iron 
such as thalassaemic red blood cells, presumably because the Ll-iron(III) complex is 
larger and more hydrophilic than LI. Uptake o f LI by hepatocyte monolayers is 

saturable and depends on the availability of metabolic energy. Whether this 

accumulation represents an active mechanism of LI transport into hepatocytes or 
intracellular metabolism remains to be determined.
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Chapter 6

CYTOTOXICITY OF LI AND DFO IN CELL CULTURE
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6.1 SUMMARY

This chapter examines the toxicity of LI and DFO in cell culture. LI and DFO 

were found to induce apoptosis in proliferating activated T-lymphocytes and in the 
promyelocytic cell line HL60, but not in resting peripheral blood lymphocytes or 
granulocytes. The induction of apoptosis was quantified by propidium iodide 

staining o f apoptotic/dead cells and flow cytometry. In activated T-lymphocytes 

incubated with the chelators at equivalent iron-binding concentrations ( 3 0 0 | liM  L I or 
lOOjiM DFO) for 24 hours, LI caused a 54% increase in cell death and DFO a 57% 

increase. In HL60 cells incubated with the same chelator concentrations for 24 hours, 

LI caused a 50% increase in cell death and DFO a 40% increase. DNA 
cytofluorometry of HL60 cells treated with either chelator showed an increase in the 

percentage o f cells with hypodiploid DNA content. Presaturation of the chelators 
with ferric chloride abrogated these effects. LI and DFO did not induce apoptosis in 

resting peripheral blood lymphocytes or granulocytes, even after 48 hours of 
incubation. LI and DFO inhibited cell proliferation and DNA synthesis in HL60 and 
K562 cells. The mean concentrations of each chelator required to inhibit 
proliferation by 50% (IC50) were 195 ± 25pM and 458 ± 50pM for L I and DFO, 
respectively, in HL60 cells and 563 ± 170pM and 599 ± lOOpM, respectively, in 
K562 cells. These findings suggest that LI and DFO induce apoptosis to 
proliferating cells and this is mediated by intracellular iron depletion. The 
cytotoxicity of LI and DFO to proliferating cells is related to cell cycle deregulation 
due to inhibition of DNA synthesis.

6.2 INTRODUCTION

Iron is required for normal cell function, growth and division and therefore it is 

essential to virtually all forms of living organisms. Iron deprivation caused by iron 

chelators has profound effects on cell growth and division. Previous chapters in this 
thesis focused on the efficacy of LI an an iron chelator and its interaction with sites 

important in iron overload. The experiments in this chapter investigate the toxicity of 
L I and DFO in proliferating cells in culture.

The most serious complication of LI treatment is myelotoxicity, presented as 

agranulocytosis (2% incidence) or less severe neutropenia (2.4%) in patients treated 
with the drug (Al-Refaie et al, 1994c) and leucopenia in animals (Porter et al, 1991). 
DFO has been given therapeutically to an infant with acute leukaemia and caused 
leukaemic cytoreduction (Estrov et al, 1987).
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Proliferating cells have high iron requirements and this is reflected by an increase 

in the expression of transferrin receptors (Omary et al, 1980). When transferrin 
receptors are blocked, DNA synthesis and growth of mitogen-stimulated 
lymphocytes are inhibited (Mendelsohn et al, 1983).

The toxicity o f DFO (Hoffbrand et al, 1976; Ganeshaguru et al, 1979; Foa et al, 
1986) and LI (Pattanapanyasat et al, 1992; Al-Refaie et al, 1994b) in proliferating 

cells is well documented. Both chelators arrest the cell cycle in a dose-dependent 
manner causing a blockade at the Gl-S border (Hoyes et al, 1992). The suggested 

mechanism for this is inhibition of ribonucleotide reductase, an iron-containing key 

enzyme in DNA synthesis responsible for the reduction of ribonucleotides to 
deoxyrib onucleotides.

Cell death due to a number of cytotoxic agents has recently been shown to occur 
by apoptosis. Apoptosis or programmed cell death is an active form of cellular 

suicide. The DNA within the nucleus of apoptotic cells is digested by an endogenous 

nuclease that cleaves chromatin between individual nucleosomes. DNA 
electrophoresis resolves individual bands (DNA ladder) that differ in size by 
approximately 180 base pairs, the intemucleosomal repeat size (Schwartz & 

Osborne, 1993).
In addition to its physiological role, apoptosis also occurs in many types of cancer 

cells exposed to chemotherapeutic drugs such as the antimetabolites methotrexate 
(Miyashita & Reed, 1993) and hydroxyurea (Bayly et al, 1994). The experiments in 

this chapter compare the effects of LI and DFO in proliferating and resting cells and 
examine whether the cytotoxicity caused by these chelators occurs by apoptosis. The 
effects o f LI and DFO were compared with those of hydroxyurea, an inhibitor of 
ribonucleotide reductase (Nyholm et al, 1993) and actinomycin D, an inhibitor of 
RNA synthesis and inducer of apoptosis in several cell systems (Martin et al, 1990).

6.3 M ATERIALS AND METHODS

6.3.1 C ulture of HL60 and K562 cells
The promyelocytic cell line HL60 and the erythroleukaemia cell line K562 were 

grown in suspension cultures at 37°C, in a humidified atmosphere o f 5% CO2 in air. 
Culture medium was RPMI-1640 containing 2mM L-glutamine, 25mM HEPES and 
supplemented with 10% FCS, lOOU/ml penicillin G and 100|ag/ml streptomycin 
(complete medium). Cells were cultured at densities between 2-7x10^ cells/ml to 

ensure exponential growth was maintained. Cell viability prior to each experiment, 
as determined by the trypan blue exclusion test was >95%.
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6.3.2 Isolation and culture of peripheral blood lymphocytes and granulocytes
Peripheral blood from healthy volunteers was taken into preservative-free heparin 

(2 U/ml). Samples (10ml) were diluted to approximately twice the original volume 

with HBSS and layered onto an equal volume of Ficoll-Hypaque/Histopaque 
gradient. The mixture was centrifuged at 400g for 30min at 4°C. Low density 
mononuclear cells were collected from the upper interface while granulocytes were 

collected from the lower interface. Cells were washed twice with HBSS (800g x 
lOmin for the first wash and 400g x 5min for the second) and resuspended in RPMI- 
1640 containing 10% PCS and antibiotics as above. Cells were incubated at 37°C in 
a humidified atmosphere of 5% CO2 in air. Mononuclear cell cultures were 

preincubated for 2 hours to enable monocytes to adhere to the plastic surface. After 
this time, the lymphocyte suspension was collected and resuspended in fresh RPMI- 

1640 medium supplemented with 10% PCS and antibiotics.
Purity o f granulocytes was assessed by morphology of May-Grunwald Giemsa 

stained cytospin preparations. Purity of T-lymphocytes was assessed by indirect 
immunofluorescence with the anti-CD2 monoclonal antibody (MoAb). Mitogen 
stimulated lymphocytes (activated T-lymphocytes) were obtained by incubation of 
lymphocytes for 5 days in complete medium with phytohaemagglutinin (PHA, Ip. 

g/ml). Subsequently they were sub cultured in complete medium and in the presence 
of recombinant interleukin-2 (20 U/ml) until they were used.

6.3.3 Incubation of cells with iron chelators and their iron complexes
All solutions were freshly prepared in RPMI with 2% PCS. Chelator-iron 

complexes were fully saturated. Por this, a 1:3 molar ratio of iron:Ll and 1:1 molar 
ratio of iron:DPO were used. Concentrations of the chelator-iron complexes were 
expressed as iron-binding equivalents, for example, lOOpM Pe/Ll corresponds to 
300pM LI saturated with lOOpM PeClg while lOOpM Pe/DPO corresponds to lOOp 

M DPO saturated with lOOpM PeClg. Cells were resuspended in RPMI with 2% 

PCS at an initial density of 5x10^ cells/ml and incubated at 37°C with the following: 
(i) LI (150, 300, 450pM) alone or saturated with ferric chloride, (ii) DPO (50, 100, 

150pM) alone or iron-saturated and (iii) PeClg (50, 100, 150pM), (iv) hydroxyurea 
(40mM) and (v) actinomycin D (Ipg/ml). Por the cell proliferation and DNA 

synthesis experiments cells were incubated in the same way but with varying 

concentrations of LI or DPO (50-600pM) and compared to control cultures with no 
chelator present.
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6.3.4 Determination of cell death by flow cytometry
The proportion of non-viable cells (cell death) was assessed after staining with 

propidium iodide as described by Elstein & Zucker, (1994). Propidium iodide (lOjuil 
o f 0.05mg/ml) was added to 200pl o f cell suspension immediately before FACS 

analysis. Propidium iodide selectively enters fragmented and dead cells and binds to 

nucleic acids in DNA and RNA. These cells therefore fluoresce allowing the 
quantification of cell death when analysed by flow cytometry (Lysys ii, ver 1.1, 

Becton Dickinson).

6.3.5 DNA gel electrophoresis
6.3.5.1 Preparation o f DNA

The method used to assess the presence of oligonucleosomal DNA fragments 
characteristic o f apoptotic cell death was that described by Panayiotidis et al, (1993). 
At the appropriate time period, cells were collected in 1.5ml eppendorf tubes, 

pelleted and lysed by adding 0.5ml lysis buffer (Appendix 2). DNA was precipitated 
by adding 5M NaCl (0.1 ml/tube) and 0.6ml/tube isopropanol to the mixture and 
incubating sample overnight at -20°C. Samples were then centrifuged at lOOOOg for 

20min at 4°C and air-dried. Pellets were dissolved in 15|li1 TE buffer (Appendix 2) 
and treated with DNase-free RNase (0.5 U/tube) at 37°C for 30min.

6.3.5.2 Gel electrophoresis
Details of DNA gel electrophoresis are given by Sambrook et al, (1989). 

Electrophoresis was through agarose because although agarose gels have a lower 
resolving power than polyacrylamide gels, they have a greater range o f separation. 
Agarose was prepared in THE buffer (Appendix 2) at 2% (wt/wt), poured into a 

mold and allowed to harden. Loading buffer was added to the DNA preparations 
(Appendix 2) at a ratio of 1:5 (v/v). Samples were then loaded on the gel and a 

voltage of 50V was applied for 3 hours. Gels were then removed, stained with 
ethidium bromide (lOp.1 ethidium bromide/100ml THE buffer) for about 20min, 

visualised under UV and photographed.

6.3.6 DNA cytofluorometry
This method is based on a modification of the nuclear flow cytometric assay 

described by Elstein & Zucker, (1994). Cells were collected and fixed overnight in 

0.25% paraformaldehyde at 4°C. Subsequently they were pelleted, incubated with 
0.2% Triton X-100 at room temperature for 5min and washed twice. Samples were 
then treated with DNase-free RNase (0.5 U/sample) for 1 hour at 37°C and washed 

twice. These procedures allowed the low-molecular-weight DNA fragments that

125



resulted from endonuclease degradation to diffuse out, leaving the cell with reduced 

DNA content. The proportion of cells with hypodiploid DNA content was assessed 

by flow cytometry (Lysys ii, ver 1.1, Becton Dickinson) after staining with 

propidium iodide (0.05mg/ml).

6.3.7 Cytospin preparations
Single cell suspensions were prepared at 10^ cells/ml and ISOfxl of cell suspension 

was added to each prepared funnel with labelled slide and filter attached. The 
cytocentrifuge (Cytospin 2, Shandon) was spun at 300rpm for 2min. Slides were 

removed, air-dried and stained with the May-Grunwald stain.

6.3.8 Cell proliferation
HL60 and K562 cells were cultured for 24 hours with LI or DFO as described 

(Section 6.3.3). At the end of this incubation period, viable cells were counted by the 
trypan-blue exclusion test with a Neubauer counting chamber. A  minimum of 500 
cells were counted for each sample.

6.3.9 DNA synthesis
HL60 and K562 cells were cultured for 24 hours with LI or DFO as described 

(Section 6.3.3). For the final 4 hours of incubation triplicate aliquots o f 2x10^ cells 
from each test sample were plated in 96-well microtitration plates and 0.5|aCi [^H]- 
thymidine im RPMI 1640 medium was added to each well. The cells were harvested 
onto fibreglass filters with an Automash 2000 cell harvester. The filters were dried 
overnight and radioactivity was counted in a ^-scintillation counter (LKB).

6.4 RESULTS

6.4.1 Effect of LI and DFO on proliferating cells
6.4.1.1 Determination o f cell death by flow cytometry

Figure 6.1 A shows the cytotoxicity of the iron chelators LI and DFO towards 
activated T-lymphocytes. Results are expressed as the means o f duplicate 
observation and are representative o f two independent experiments. At 300|iM LI 
and lOOjaM DFO (equivalent iron-binding concentrations) the chelators induced 

similar degrees of cell death at 24 hours (54% increase in cell death caused by LI 

and 57% by DFO). At 12 hours the toxicity of L I (34%) was greater than that of 

DFO (14%). LI and DFO at equimolar concentrations (150|liM) induced comparable 

cytotoxicity to activated T-lymphocytes at 24 hours (56% increase in cell death
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caused by LI and 48% increase by DFO), but at 12 hours the cytotoxicity induced by 
LI (27%) was greater than that of DFO (17%). Increasing the concentration o f LI 
from 150|aM to 450|iM resulted in greater toxicity at 12 hours (35%) but the same 

toxicity at 24 hours (55%).

Figure 6. IB shows the effect of LI and DFO on HL60 cells. At equivalent iron- 
binding concentrations (300|liM LI and 100|iM DFO), LI caused a 13% increase in 

cell death at 12 hours and 50% at 24 hours, whereas DFO caused a 40% increase at 

24 hours but no effect at 12 hours.

Presaturation of LI and DFO with ferric chloride abrogated the toxicity o f both 
chelators to HL60 cells at 12 or 24 hours and to activated T-lymphocytes at 12 
hours. Presaturation of the chelators with iron also prevented the 24 hour toxicity of 

LI to T-lymphocytes but not that o f DFO. Ferric chloride alone at comparable 
concentrations did not induce DNA fragmentation and had no effect on the 
percentage of dead cells.

Hydroxyurea (40mM) caused 47% increase in cell death at 12 hours and 64% at 24 

hours in activated T-lymphocytes and in HL60 cells it increased cell death by 21% at 
12 hours and 55% at 24 hours. Actinomycin D (1 fag/ml) increased cell death by 40% 
at 12 hours and 61% at 24 hours in activated T-lymphocytes and by 38% at 12 hours 
and 64% at 24 hours in HL60 cells.

6.4.1.2 DNA gel electrophoresis
Electrophoresis of activated T-lymphocytes incubated with the chelators for 24 

hours showed the appearance of DNA fragmentation characteristic o f apoptosis 

(Figure 6.2). Presaturation of LI with iron prevented DNA fragmentation. 

Hydroxyurea and actinomycin D also caused DNA fragmentation to activated T- 

lymphocytes after 24 hours of culture.

6.4.1.3 DNA cytofluorometry
L I, DFO and hydroxyurea all caused an increase in the percentage o f HL60 cells 

with hypodiploid DNA content (Figure 6.3). When these cells were incubated with 
the iron-saturated chelators, this effect was abrogated.

6.4.1.4 Morphology
Cytospins prepared from HL60 cells cultured with LI (300tiM) or DFO (lOOpM) 

for 24 hours showed nuclear chromatin condensation, budding o f the plasma 

membrane and the presence of membrane-bound apoptotic bodies (Figure 6.4). 

When cells were incubated with the iron-saturated chelators these morphological 
characteristics were not seen.

127



6.4.1.5 Cell proliferation
Both LI and DFO inhibited proliferation o f HL60 and K562 cells in a dose- 

dependent manner (Figure 6.5). The mean concentration of each chelator required to 

inhibit proliferation by 50% (IC50) was 195 ± 25p,M and 458 ± 50|xM for L I and 

DFO, respectively, in HL60 cells and 563 ± 170p.M and 599 ± 100p.M, respectively, 

in K562 cells.

6.4.1.6 DNA synthesis
Both LI and DFO caused a dose-dependent reduction in [^H]-thymidine uptake by 

HL60 and K562 cells (Figure 6 .6). This inhibition of DNA synthesis was apparent in 
HL60 cells at chelator concentrations greater than 100|liM. In K562 cells inhibition 
of DNA synthesis occured at higher concentrations of LI and DFO.

6.4.2 Effect of L I and DFO on resting cells

When granulocytes or lymphocytes isolated from peripheral blood were incubated 
with the iron chelators or hydroxyurea for 24 hours, the proportion of non-viable 

cells was not different from control (Table 6.1). Peripheral blood lymphocytes were 
kept in culture for 48 hours and at that time point, the proportion of viable cells in 

test samples incubated with LI or DFO was not different from control samples. 
Electrophoresis of the DNA from the peripheral blood lymphocytes at 48 hours 

(Figure 6.7) showed that all cell DNA present was intact. In contrast, actinomycin D 

increased cell death by 32% at 24 hours and 61% at 48 hours in lymphocytes and by 
30% at 24 hours in granulocytes (Table 6.1). DNA from lymphocytes incubated with 
actinomycin D for 48 hours showed the characteristic ladder appearance (Figure 

6.7).
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Cytotoxicity of iron chelators in activated T- 
lymphocytes and HL60 cells
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Figure 6.1. Cytotoxicity of iron chelators in activated T-lymphocytes (A) and 
HL60 cells (B). Cells were incubated for 12 or 24 hours with medium alone 
(control), actinomycin D (Ipg/ml), hydroxyurea (40mM), ferric chloride, iron 
chelators and their iron-saturated complexes at 37°C. Cell death is expressed 
as percentage of dead cells over percentage of spontaneous dead cells (control). 
Values are means of two independent experiments. * Percentage of dead cells 
less than control.
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DNA fragmentation in activated T-lymphocytes incubated
with iron chelators
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Figure 6.2. Electrophoresis of DNA from activated T-lymphocytes following 
incubation for 24h, with medium alone (control), actinomycin D (lp,g/ml), 
hydroxyurea (40mM), ferric chloride, iron chelators or their iron-saturated 
complexes. DNA ladded = molecular weight markers in base pairs.
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DNA cytofluorometry of HL60 cells incubated with
iron chelators
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Figure 6.3. DNA cytofluorometry of HL60 cells incubated for 24h with medium 
alone (A), hydroxyurea, 40mM (B), LI, 450|aM (C), Fe/Ll, 150|uM (D), DFO, 150|li 

M (F), FeCl], 150|iM (G) or actinomycin D, l|ag/ml (H). Values are means of 
duplicate cultures, representative of two independent experiments. M l = Percentage 
of cells with hypodiploid DNA content.
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Morphology of HL60 cells incubated with iron chelators
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Figure 6.4. Morphology of HL60 cells after incubation for 24h with medium alone 
(A), 300pM LI (B), lOOpM Fe/Ll (C), lOOpM DFO (D) or lOOpM Fe/DFO (E). 
May-Grunwald Giemsa stained cytospin preparations were viewed under the 
microscope and photographed. Arrows point to apoptotic cells.

134



Effect of iron chelators on cell proliferation
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Figure 6.5. HL60 (A) and K562 (B) cells were cultured for 24 hours in the 
presence of inreasing concentrations of LI and DFO. Controls received an 
equivalent volume of culture medium. The number of viable cells was assessed 
by the trypan blue exclusion test. The results are expressed as a percentage of 
control values and represent the Mean ± SEM of 3 separate experiments in 
triplicate.
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Effect of iron chelators on DNA synthesis
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Figure 6.6. HL60 and K562 cells were cultured for 24 hours in the presence 
of increasing concentrations of LI or DFO. Controls received an equivalent 
volume of culture medium. Thymidine incorporation was measured after a 4 
hour pulse with [^H]-thymidine. Results are expressed as a percentage of 
control values and represent the Mean ± SEM of 3 independent experiments 
in triplicate.
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DNA fragmentation in peripheral blood lymphocytes
incubated with iron chelators
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Figure 6.7. Electrophoresis of DNA from peripheral blood lymphocytes incubated 
for 48h with medium alone (control), actinomycin D (Ipg/ml), hydroxyurea (40mM), 
ferric chloride, iron chelators or their iron-saturated complexes. DNA ladder = 
molecular weight markers in base pairs.
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Cytotoxicity of LI and DFO to peripheral blood lymphocytes
and granulocytes

Lymphocytes
% Dead cells 

(24h)

Lymphocytes
% Dead cells 

(48h)

Granulocytes
% Dead cells 

(24h)

LI
150pM 0 0 2
300pM 0 0 3
450pM 0 0 1

Fe/Ll
50pM 5 9 ND

lOOpM 3 9 1
150pM 3 10 2

DFO
50pM 0 0 ND

lOOpM 1 0 0
ISOpM 0 0 0

Fe/DFO
50pM 9 15 ND

lOOpM 6 4 2
150pM 9 3 2

Fe
50pM 7 5 ND

lOOpM 8 4 0
150pM 14 14 0

Hydroxyurea (40mM) 3 5 5

Actinomycin D (Ip 32 61 30
g/ml)

Table 6.1. Lymphocytes and granulocytes were isolated from peripheral blood as 
described (Section 6.3.2). Cells were incubated for 24 or 48 hours with medium 

alone (control), iron chelators, their iron-saturated complexes, ferric chloride, 
hydroxyurea and actinomycin D at 37°C. Dead cells were assessed in duplicate 
cultures by propidium iodide staining and flow cytometry. Cell death is expressed as 

the percentage of dead cells in test cultures after substracting the percentage o f dead 
cells in control cultures. Values are the means of two independent experiments in 
duplicate. ND = not determined.
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6.5 DISCUSSION

Apoptosis or programmed cell death is an active process accompanied by distinct 

morphological and biochemical changes that include internucleosomal DNA 
degredation by endonucleases and nuclear condensation, budding o f the plasma 

membrane and the production of membrane-bound apoptotic bodies. This can be 
distinguished from necrotic death which proceeds by early loss o f membrane 

integrity and collapse of cellular homeostasis (Smets, 1994).

This study shows that LI and DFO induce apoptosis in proliferating T- 
lymphocytes and HL60 cells hut not in resting peripheral blood lymphocytes or 
granulocytes. Incubation of activated T-lymphocytes for 24 hours with either DFO 
or LI induced DNA fragmentation characteristic o f apoptosis. Morphological 
examination of HL60 cells incubated with the chelators for 24 hours showed nuclear 
chromatin condensation, budding of the plasma membrane and the presence of 

apoptotic bodies.
Cell death was quantified by propidium iodide staining and flow cytometry. In 

activated T-lymphocytes incubated with either iron chelator for 24 hours there was 
more than 50% and in HL60 cells more than 34% increase in cell death. LI and DFO 

have also been found to induce apoptosis in thymocytes and in the erythroleukaemia 
cell line K562 (Porter et al, 1994). In agreement with these results, DNA 
cytofluorometry of HL60 cells showed that the proportion of cells with hypodiploid 
DNA content (apoptotic cells) increased from 6.6% (control) to 22.5% with 450|liM 

LI and 20.8% with 150|liM DFO. In contrast, when resting peripheral blood 
lymphocytes or granulocytes were treated with iron chelators at the same 
concentrations for up to 48 hours, virtually all DNA remained intact and there was 
no increase in the proportion of dead cells compared to control. In the same cell 
system, the RNA synthesis inhibitor, actinomycin D, an inhibitor o f RNA synthesis 

and inducer of apoptosis (Martin et al, 1990) was still able to cause DNA 
fragmentation.

Cell cycle deregulation is a general trigger for apoptosis and this association 
between cell cycle progression and cell death accounts for the observation that high 
turnover hematopoietic tissues are particularly prone to apoptosis (Smets, 1994). 

Cellular proliferation is sensitive to iron chelation probably because of inhibition of 

DNA synthesis. DNA synthesis in proliferating cells is inhibited by DFO (Hoffbrand 
et al, 1976; Ganeshaguru et al, 1979; Foa et al, 1986; Poison et al, 1990) and by L1 

(Pattanapanyasat et al, 1992). In this chapter, both LI and DFO inhibited cell 
proliferation and DNA synthesis of HL60 and K562 cells. The concentrations o f LI

139



and DFO required to inhibit cell proliferation and DNA synthesis were comparable 
to the concentrations required to induce apoptosis.

The suggested mechanism for the effect of iron chelators on cell proliferation and 

DNA synthesis is inhibition of ribonucleotide reductase (RR). RR is a key enzyme in 
DNA synthesis responsible for the reduction of ribonucleotides to 

deoxyribonucleotides. One of the two subunits of RR contains a binuclear ferric iron 

centre and a stable tyrosyl free radical. Nyholm et al, (1993a) found that even in the 

absence of any chelators, iron is spontaneously lost from the protein in a 
temperature-dependent process. The authors proposed that iron is removed passively 
from the intracellular compartment by DFO and other iron chelators, thus preventing 

regeneration of the iron-radical centre rather than actively removed from the iron- 
radical centre. An intracellular soluble, 'chelatable', low molecular weight pool of 

iron is thought to exist. This is non-ferritin, non-enzymatic iron in transit between 
more stable compartments (Cazzola et al, 1990). It would be reasonable to expect 
that iron chelators such as LI and DFO would chelate iron from this low molecular 
weight iron pool, thus limiting the supply o f iron needed to maintain the activity of 
RR, which turns over rapidly.

The chemotherapeutic drug hydroxyurea has recently been shown to induce 
apoptosis in the hepatoma cell line FaO (Bayly et al, 1994). Hydroxyurea is also an 
inhibitor of RR by reducing the ferric iron centre to ferrous iron which subsequently 
leaks out of the protein (Nyholm et al, 1993b). In the present study, hydroxyurea was 
shown to cause apoptosis to activated T-lymphocytes and HL60 cells, but it did not 

accelerate apoptosis of the non-proliferating peripheral blood lymphocytes or 
granulocytes. The similarity between the effects of the iron chelators and 
hydroxyurea on proliferating and resting cells suggests that the cytotoxicity o f the 
iron chelators in proliferating cells in culture may be due to inhibition of RR.

Presaturation of LI and DFO with ferric chloride prevented cell death and 

apoptosis of activated T-lymphocytes and HL60 cells. This agrees with previous 
findings that addition of exogenous iron or presaturation o f the chelators with iron 

prevents or decreases their inhibitory effects (Pattanapanyasat et al, 1992; Al-Refaie 

et al, 1994b) and is consistent with the theory that both iron chelators exert their 
cytotoxic and antiproliferative effects through iron deprivation.

LI induced apoptosis more rapidly (within 12 hours) than DFO, even though by 24 
hours the effect of both drugs was similar. This could be related to a faster access of 
L I across cell membranes due to its low molecular weight, relative lipophilicity and 
neutral charge. However, the net positive charge o f DFO enables the progressive 
intracellular accumulation of the molecule as a function o f time (Hoyes and Porter, 
1993). Alternatively, the faster induction o f apoptosis induced by LI could be related
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to the faster chelation of iron by this drug. DFO cannot chelate iron from transferrin 

while LI can (Evans et al, 1992; Al-Refaie et al, 1995a). Furthermore, LI has been 

shown to release iron from ferritin and its iron-cores in vitro whereas DFO cannot 

(Brady et al, 1989). It is possible that in the present experiments L I was able to 

chelate iron extracellularly from the medium immediately upon its incubation with 
the cells and intracellularly both from the low molecular weight iron pool and from 
ferritin.

The apoptosis induced by DFO and LI in this study is observed at concentrations 

attainable in vivo. In patients receiving a standard single dose of L I (50mg/kg) 

orally, the maximum concentration of the drug appearing in the serum varies 
between 87-350|iM (Kontoghiorghes et al, 1990b), 52-151|LiM (Olivieri et al, 1990) 

and 7 3 - 3 5 6 |liM  (Al-Refaie et al, 1995b). DFO is normally given in subcutaneous (sc) 
infusions but occasionally in severe iron overload it is given intravenously (iv). 
During a 24-hour sc infusion of DFO (lOOmg/kg) the highest plasma concentration 
was 20.0 ± 2.4 |iM  in normal subjects and 8.3 ± 1.2 pM in iron-loaded subjects, 
whereas a single iv injection of DFO (lOmg/kg) results in plasma concentrations 
between 80 and 130|aM (Summers et al, 1979).

The results of this chapter suggest that the toxicity o f LI to myeloid cells in the 
clinical situation may be related to the effects of the drug on proliferating myeloid 
precursors and not on differentiated granulocytes. Proliferating cells have very high 
iron requirements because they synthesise large amounts of DNA (Cazzola et al,

1990), whereas non-dividing cells synthesise very little DNA and therefore their 
needs of iron are lower. The mechanism of toxicity of LI and DFO to proliferating 

cells in vitro is apoptosis. This would be difficult to reproduce in vivo because 

apoptotic cells are removed rapidly from the circulation (Matsubara et al, 1994). 
Furthermore, the incidence of neutropenia and agranulocytosis in iron-loaded 

patients treated with LI seems to be related more to an individual susceptibility to 
the toxic effects of L I rather than to a concentration-dependent inhibition of RR (Al- 
Refaie and Hoffbrand, 1994a).

Besides being toxic to myeloid cells, LI is also toxic to the joints and the incidence 
of joint involvement and arthritis in iron-loaded patients treated with L I is 18% and 
4% respectively (Bartlett et al, 1990; Agarwal et al, 1992; Al-Refaie et al, 1992). 

The formation of free radicals during incomplete complexation o f iron by L I has 

been suggested as a possible mechanism for the LI-induced joint toxicity 
(Berkovitch et al, 1994). CP94, a similar bidentate iron chelator, (Section 1.4.3.1) 
potentiates the hepatotoxicity and cardiotoxicity of iron overload when given in 

conditions favouring the formation of 1:1 and 2:1 CP94-iron complexes (Carthew et 
al, 1994). Whether the formation of 1:1 and 2:1 LI-iron complexes would also
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potentiate the toxicity of LI to proliferating cells and particularly myeloid precursors 
and whether such toxicity is mediated by apoptosis, remains to be determined.
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Chapter 7

CONCLUSIONS AND FUTURE PERSPECTIVES
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1,2 Dimethyl-3-hysroxypyrid-4-one (LI, deferiprone, CP20) is currently the most 

promising orally alternative to DFO for the treatment o f transfusional iron overload 
and has been shown to be effective in several long-term clinical trials 
(Kontoghiorghes et al, 1990a; Tondury et al, 1990; Agarwal et al, 1992; Al-Refaie et 

al, 1992; Al-Refaie et al, 1995c; Olivieri et al, 1995). However, L1 is only licensed 

in India and its use in other countries is still restricted to clinical trials. More 
information on the toxicity and pharmacology of the drug is needed before it can be 

more widely used. The work presented in this thesis consists of a combination of in 

vivo and in vitro investigations to gain a better understanding of the mode of action 

as well as the mode of toxicity of LI. This final chapter will provide a summary of 
the main findings o f this work; discuss these findings in the context of what is 
currently known about the drug and highlight some areas which need to be addressed 

in future studies.
The tissue distribution studies o f L 1 (Chapter 2) demonstrated the ability of the 

compound to penetrate rapidly all tissues in the body. This is not surprising 
considering that LI is a small (MW 139), relatively lipophilic (Kpar = 0.21) 
molecule with a neutral charge. Upon intravenous administration o f ^^C-Ll to 
normal rats, highest concentrations were found in the liver, followed by the kidneys 
and gastrointestinal tract. The high level of radioactivity in the kidneys and GI tract 
is probably due to urinary and biliary excretion of the drug. Biliary excretion of LI 

has only been directly addressed by Kontoghiorghes et al, (1990b), who found no 
faecal excretion of either LI or its glucuronide metabolite (L l-G ) in two patients 

with iron overload. However, subsequent studies showed that the total amount of LI 
and L l-G  recovered in the urine comprised 78 ± 13% (Mean ± SD) o f the LI dose 

administered to patients with iron overload (Al-Refaie et al, 1995b) and 55-60% 
(Singh et al, 1992) or 74% (Choudhury and Singh, 1995) in normal rats and 81% in 
rats iron-loaded with iron dextran (Choudhury and Singh, 1995), the remaining 

presumably excreted in the faeces. Measurement o f LI-induced iron excretion in the 
urine and faeces of patients with iron overload showed that faecal iron excretion 

accounts for 0% (Kontoghiorghes et al, 1990a), 15% (Olivieri et al, 1990) or 23 ± 

14% (Collins et al, 1994) of administered dose.
The relative importance of the urinary and faecal routes of iron excretion was 

addressed in Chapter 3. TMH-ferrocene was used for iron-loading rats because it 
induces parenchymal iron overload (Longueville and Crichton, 1986; Ward et al,
1991). TMH-ferrocene increases total liver iron 10-fold while the iron content of 
other tissues including spleen, is not altered significantly (Chapter 2). This pattern of 
iron-loading is useful for the study of iron chelators because parenchymal iron 
overload is responsible for serious organ dysfunction, whilst reticuloendothelial iron
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accumulation is relatively innocuous. The experiments in Chapter 3 demonstrated the 
effectiveness of LI in promoting faecal iron excretion in parenchymal iron overload. 

This increase in faecal iron excretion would reflect mobilisation o f liver iron and is 
therefore in agreement with the decrease in liver iron observed in TMH-ferrocene- 

loaded rats treated with L I, by Florence et al, (1992). Two main factors could be 

responsible for the difference between the LI-induced biliary iron excretion 

observed in patients with transfusional iron overload (Kontoghiorghes et al, 1990a; 
Olivieri et al, 1990; Collins et al, 1994) and in rats overloaded with TMH-ferrocene. 

Firstly, rats in contrast to primates are able to excrete large amounts of iron in the 
bile (Bothwell et al, 1979). Secondly, the large variation in the proportion o f iron 
excreted in the bile by iron-loaded patients could be related to differences in the 

hepatocellular iron stores of different patients. All patients examined in the above 
studies have been on blood transfusion therapy, which primarily causes 

reticuloendothelial as opposed to parenchymal iron overload. It is not yet known 
whether the LI-induced biliary iron excretion would be higher in patients with 
predominantly parenchymal iron overload, such as those with thalassaemia 
intermedia or idiopathic haemochromatosis.

Tissue distribution experiments showed that the concentration of LI in the liver of 
iron-loaded animals was higher than in normal animals (Chapter 2). Similarly, LI 

concentrates in thalassaemic red blood cells which have a higher content of 
intracellular iron (Chapter 5). This is presumably because when LI chelates iron(III) 
at a molar ratio o f 3:1, the resulting complex is larger and more hydrophilic (Kpar 
<0.001) than LI (Kpar = 0.21) and therefore the cellular transport of LI is 
significantly lower when complexed to iron (Hamilton et al, 1994; Chapter 5). The 
concentration of LI in iron-loaded tissues could have important implications in the 
pharmacokinetics of the drug and its mode of toxicity.

Pharmacokinetic experiments showed that parenchymal iron overload decreases 

the systemic exposure and increases the apparent clearance (Cl/F) and volume of 
distribution (Vd/F) of LI (Chapter 4). Parenchymal iron overload decreases the 

systemic exposure of LI presumably by increasing binding of the drug to the liver 

and excretion to the bile. Similar findings were reported by Rahman et al, (1992) in 

iron-loaded dogs. In patients with transfusional iron overload the pharmacokinetics 
o f LI are slightly different. Stobie et al, (1993) compared the pharmacokinetic 
profile of LI in patients with thalassaemia major with that in normal volunteers. 

They found that transfusional iron overload increases the volume of distribution o f 
LI but also prolongs the plasma half-life of the drug whilst not affecting its systemic 

exposure. Kontoghiorghes et al, (1990b) also observed that the plasma half-life of LI 
was longer in patients with transfusional iron overload as compared to one normal
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volunteer. The prolonged plasma half-life of LI observed in iron-loaded patients 

could be due to the slower elimination of the drug when bound to iron, possibly 
because o f its larger size, which is more than 3.3 times the size o f unbound L I. As 

these patients have transferrin saturation over 100%, LI would readily chelate iron 
and form this large complex, as soon as it appears in the blood. In contrast, rats 
loaded with TMH-ferrocene have normal transferrin saturation, total iron binding 

capacity and RE iron stores (Florence et al, 1992) and under these conditions there 
would be less iron in the blood available for chelation by LI. Therefore, one could 

speculate that the pattern of iron overload could potentially affect the 
pharmacokinetics o f LI.

Parenchymal iron overload increases the volume of distribution of L I by 

increasing the binding of the drug to iron within hepatocytes. Excretion o f the 
chelator-iron complex in the bile instead of exit of the complex to the blood, would 

decrease the systemic exposure of LI and increase its clearance. Reticuloendothelial 
iron overload and high transferrin saturation on the other hand, would also increase 

the volume of distribution of LI because o f increased binding o f the drug to iron- 
loaded tissues such as the spleen but also prolong the plasma half-life of LI because 
o f the slower elimination of the chelator-iron complex from the blood to the urine. 
At present there are no published data on the elimination o f the LI-iron complex 
from the circulation. Of interest is also the effect of LI-treatment on the 
pharmacokinetics of LI, particularly in situations of parenchymal iron overload. 

Pretreatment of iron-loaded rats with L I seems to exacerbate the effects of 
parenchymal iron overload on the systemic exposure, clearance and volume of 

distribution of LI (Chapter 4). Whether repeated treatment with LI increases the 
biliary excretion of the drug or its iron complex thus decreasing its systemic 

exposure, has to be addressed in future studies.

The conversion of LI to the non-chelating metabolite L l-G  limits the iron 
chelation efficacy of LI. However, the formation of L l-G  is related to the body iron 

status. Choudhury and Singh, (1995) have shown that the proportion o f L I excreted 
as L l-G  in the urine decreases from 38 ± 8.8% in normal to 2.5 ± 2.0% in rats iron- 
loaded with iron dextran. In contrast, there is no difference in the systemic 

availability of LI-metabolites (largely accounted by Ll-G ), between normal and 
TMH-ferrocene-loaded rats (Chapter 4). The difference between the two studies is 

probably, again, due to the different patterns of iron overload. Iron dextran induces 
primarily RE iron loading and although the authors allowed a 2-week no-injection 
period for equilibration of iron between the RE and parenchymal stores, this may not 
have been sufficient to divert all iron to the parenchymal stores.
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The main complications associated with the use of LI are agranulocytosis (4% of 
patients), transient liver abnormalities (44%), arthropathy (21%), zinc deficiency 

(14%) and nausea (8%) (Al-Refaie et al, 1995c). Patients who have developed 

agranulocytosis (Al-Refaie et al, 1994c) and joint problems (Bartlett et al, 1990; 

Agarwal et al, 1992; Berkovitch et al, 1994) have all been heavily iron-loaded. It has 

been suggested that the toxicity of LI is due to the formation of incomplete chelator- 
iron complexes, resulting in free-radical formation and tissue damage (Berkovitch et 
al, 1994). Carthew et al, (1994) observed that the iron chelator 1,2 diethyl-3- 

hydroxypyrid-4-one (CP94) increases the incidence o f cardiofibrosis and 
hepatofibrosis in iron-loaded gerbils, when given in a dosing regime which favours 
the formation of bidentate chelated iron. Tissue distribution experiments showed that 
the concentration of LI in the liver of iron-loaded animals (the only organ with 

increased iron content following loading with TMH-ferrocene) was higher than in 
control animals (Chapter 2). Similarly, LI accumulates in thalassaemic red blood 
cells, which have higher cytosolic iron than RBC from normal volunteers (Chapter 
5). Whether this accumulation of LI in sites o f iron overloaded plays a role in the 
toxicity of the drug, needs to be examined. LI therapy attenuates the 
malondialdehyde response of thalassaemic red blood cell membranes to in vitro 
stimulation with peroxide (Shalev et al, 1995). However, whilst 3-hydroxypyrid-4- 

one iron complexes are chemically inert and do not generate hydroxyl radicals at 
physiological pH (Hider et al, 1994), it is possible that at sub-optimal concentrations 
some of the intracellular chelated iron exists as the 2:1 and 1:1 chelator : iron 

complex, and this could potentially promote hydroxyl radical formation and 

cytotoxicity.
Redistribution of iron from relatively non-toxic sites such as the liver, to more 

harmful ones such as the heart could potentiate toxicity and tissue damage. This 
situation could arise if the chelator:iron complex can freely cross membranes and so 

deliver iron directly to the cell or if  the chelate donates iron to transferrin. In the 
presence of saturating concentrations of iron(III), cellular uptake of LI is 

significantly reduced (Chapter 5), presumably because the (Ll)gFe complex is larger 
and more hydroplilic than LI and therefore has poor membrane permeation 
characteristics. Iron can be transferred from the LI-iron complex to apotransferrin as 
well as from transferrin to LI and the direction of iron transfer depends on the 

saturation of transferrin and the concentration of LI (Al-Refaie et al, 1995a). 
Furthermore, it has been suggested that at low chelator concentrations, iron 
dissociates from the LI complex and is taken up by transferrin (Pippard et al, 1991). 

It is possible that in patients with iron overload and saturated transferrin, iron 
dissociates from the LI complex and is fed into the non-transferrin-bound-iron
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(NTBI) or other pools. This redistribution of iron may be useful in the treatment of 

the 'anaemia of chronic disorders' but is undesirable in iron chelation treatment of 

iron overload.

The most serious complication associated with LI treatment is agranulocytosis. 

The toxicity of LI and DFO to proliferating cells was examined in vitro (Chapter 6). 
Both LI and DFO are toxic to proliferating cells, causing apoptosis to the 

promyelocytic cell line HL60 and mitogen-activated T-lymphocytes but not to the 
resting peripheral blood lymphocytes or granulocytes. Cell cycle deregulation is a 
general trigger for apoptosis and high turnover haematopoietic tissues are 

particularly prone to apoptosis (Smets, 1994). Cellular proliferation is sensitive to 

iron chelation by LI and DFO because of inhibition of DNA synthesis. Experiments 
in Chapter 6 showed that LI and DFO inhibited the proliferation and DNA synthesis 
o f HL60 and K562 (an erythroleukaemia cell line) at concentrations comparable to 
those required to induce apoptosis. The suggested mechanism for this is inhibition of 
ribonucleotide reductase (RR), an iron-containing key enzyme in DNA synthesis 
responsible for the reduction of ribonucleotides to deoxyribonucleotides.

These findings suggest that the myelotoxicity of LI observed in the clinical 
situation is related to the effects of the drug on proliferating myeloid precursors and 

not on differentiated granulocytes. Proliferating cells have very high iron 
requirements because they synthesise large amounts of DNA (Cazzola et al, 1990), 
whereas non-dividing cells synthesise very little DNA and therefore their needs of 
iron are lower. However, the incidence of neutropenia and agranulocytosis in iron- 
loaded patients treated with LI seems to be related more to an individual 
susceptibility to the toxic effects of LI rather than to a concentration-dependent 

inhibition of RR (Al-Refaie and Hoffbrand, 1994a). As all patients who have 
developed agranulocytosis while receiving LI have been heavily iron-loaded (Al- 

Refaie et al, 1994c) and under conditions of iron excess 1:1 and 2:1 LI-iron 

complexes are more likely to be formed, it would be important to investigate the 
toxicity of these complexes to proliferating cells, particularly to myeloid precursors. 
However, such studies would be difficult to perform because these complexes are 

very unstable.
In summary, LI is an effective oral iron chelator. It has good membrane 

permeability characteristics enabling it to penetrate cells and access rapidly various 
tissues. The compound and/or its metabolites accumulates in hepatocytes by a 
saturable, energy-requiring mechanism. Whether this accumulation reflects active 

transport o f the compound to those cells or intracellular metabolism to a species with 
poor membrane permeation characteristics warrants further investigation. The drug is 
rapidly eliminated from the systemic circulation with a pharmacokinetic profile that
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is influenced by the degree as well as the pattern o f iron overload. LI accumulates is 
sites of iron overload such as the liver and is efficient in the mobilisation of 

hepatocellular iron. The reason for this accumulation is presumably the formation of 

the Ll-iron(III) complex which is larger and more hydrophilic than LI and therefore 

exits from cells more slowly. The clinical significance of this intracellular 

mobilisation of iron and whether it could potentiate the toxicity of the drug, remains 

to be determined. The most serious complication associated with the use o f L I is 

neutropenia and agranulocytosis. Both LI and DFO induce apoptosis in proliferating 

cells and this effect is mediated through iron deprivation with concomitant inhibition 
o f proliferation and DNA synthesis. Further work is required to elucidate how this 

response is triggered. Finally it has recently been suggested that bidentate iron 
chelators accelerate free-radical formation during incomplete complexing o f iron, 
causing tissue damage (Berkovitch et al, 1994; Carthew et al, 1994). Further work is 
required to examine the toxicity o f 2:1 and 1:1 Ll-iron(III) complexes in myeloid 
cells and whether they play a role in the development o f neutropenia and 
agranulocytosis.

Although LI is a potential alternative to DFO and is orally active, the side effects 
associated with its use are serious. The extensive conversion of LI to the non
chelating metabolite Ll-G , limits its effectiveness making it necessary to use high 
doses in order to obtain clinically useful levels of iron excretion. Hider and co

workers suggested that hydroxypyridinones could be chemically modified to prevent 
glucuronide- or sulphate- conjugation. In this way their chelating ability would be 
retained at a lower therapeutic dose (Hider et al, 1994). A  further refinement 

proposed by these authors is to design pyridinones that are only metabolised by 

Phase I processes to hydrophilic species. These metabolites would be able to chelate 

iron, particularly from the extracellular compartment. The search for the optimal iron 
chelator must continue.
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APPENDIX 1.

Plastic, glassware and reagents were purchased from the following manufacturers: 

Plasticware:

All plasticware was of tissue culture grade unless indicated otherwise.

20ml Universal containers Sterilin Ltd, UK
7ml Bijou bottles
5, 10 and 25ml graduated pipettes

Tissue culture flasks 
1.8ml Cryotubes

50ml screw cap conical tubes

Tissue culture multi-well plates

Flowpore D 0.2 and 0.45pM filters

20ml Scintillation vials

1.5ml Eppendorf tubes

Fibreglass filterpaper

Swinnex disc filter holders 
47 and BOpM, type PP net filters

Life Technologies, UK

Greiner Labortechnik Ltd, UK 

Flow Laboratories Ltd, USA 

Sartorius, Germany 

Canberra Packard, UK 

Eppendorf, Germany 

Whatman International Ltd, UK 

Millipore, UK

Primaria petri dishes (60x15mm) Marathon Laboratory Supplies,
Polysterene round-bottom tubes (12x75mm)

Syringes (l-50m l capacity) 

Cannulaes, intravenous (1mm) 

1ml and 0 .2ml tips

Sherwood Medical, UK 

Arterial Medical services, UK 

Anachem, UK

Glassware:

Glassware used for general use was Purexware which was routinely washed in 
detergent and rinsed in distilled water. Other glassware is listed below:

Microscope slides 
Cover slips

BDH, UK
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Pasteur pipettes Bilhate Ltd, UK

Dissection instruments and anaesthetics:

AU instruments used for the dissection of animals and liver perfusion procedures 
were purchased from J  Weiss & son Ltd, UK

Fluothane ICI Pharmaceuticals

Janssen Pharmaceutica, BelgiumHypnorm 

General reagents:

All reagents were Analar or tissue culture grade where possible.

Actinomycin D 
Agarose
Bovine serum albumin 
Ethidium bromide 
Histopaque 
Hydroxyurea 
Propidium iodide 
Sodium Azide

Anti-CD2 MoAb

Carbonyl Cyanide- 
m-Chlorophenylhydrazone (CCCP) 
Monensin (sodium salt)

Collagenase H 
DNase-free RNase 
Gentamycin (500x)
Tris

Copper Sulphate 
DMSO (Dimethylsulphoxide) 
Ferric Chloride 
Folin-Ciocalteu reagent 
Trichloroacetic acid 
Sodium Carbonate 

Sodium Citrate 
Sodium hydroxide

Ficoll-Hypaque

Sigma, USA

Becton Dickinson, USA 

Calbiochem Novabiochem, UK

Boehringer Mannheim, Germany

BDH chemicals Ltd

Nycomed Pharma, Norway
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Phytohaemagglutinin Wellcome Pharmaceuticals, UK

Recombinant human interleukin-2 NBS Biologicals

Scintillator 299 Canberra Packard

Tissue culture media:

Dulbecco's MEM (with 25mM HEPES Life Technologies, UK 
and 4500mg/L D-glucose)
Foetal calf serum, heat inactivated 
Penicillin and Streptomycin 
RPMI-1640 (with 25mM HEPES 
and 2mM L-glutamine)
Hank's basic salt solution (HBSS)
Hepatocyte attachment medium

Radioisotopes:

^H-Leucine (ImCi/ml) Amer sham, Berks, UK
^H-Thymidine (ImCi/ml)
^H-Uridine (ImCi/ml)
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APPENDIX 2. PROTEIN ASSAY, BUFFERS AND REAGENTS 

Protein assay
Cellular protein was measured using a modified Lowry method (Schleif & 

Wensink, 1981). This method is capable of detecting l|ag/ml o f protein. The required 

amount o f sample or standard were added to test tubes and diluted to 0 .8ml with 
water. Test-tubes were chilled on ice. Ice-cold trichloroacetic acid (0.2ml/tube) was 
then added and the mixture was allowed to sit on ice for 30min. Samples were then 
centrifuged in an eppendorf microfuge for 2min and the supernatant was discarded. 

Sodium hydroxide (0.5M NaOH, 0.2ml/tube) was added and the samples were 

thoroughly mixed and incubated at room temperature for more than 2h. Protein 
reagent C was then added at 1 ml/tube, and samples were mixed and allowed to stand 

for lOmin. Protein reagent D was then added at 0.1 ml/tube and allowed to stand for 

l -2h at room temperature. Absorbance was read at 660nm.
For each batch of samples, a standard curve was prepared, consisting o f 2-100|Lig 

bovine serum albumin (BSA) in water. Samples and standards were run in 
duplicates.

Reagent A. 2% Na2C0 g (wt/vol)
Reagent B. 0.5% CUSO4 .5H2O (wt/vol), plus 1% Na"^-citrate 
Reagent C. A + B, 50:1 (made fresh)
Reagent D. Phenol reagent (Folin-Ciocalteu), diluted 1:2 with water just before use. 

Buffers used in DNA electrophoresis
These buffers were used for the DNA gel electrophoresis described in Chapter 6. 

Lysis buffer (lOmM Tris, ImM EDTA, 0.2% Triton X-100)

TE buffer (lOmM Tris [PH 7.4] and ImM EDTA [PH 8.0])

TEE buffer was made up as a 5x concentrated solution which was stored at room 
temperature and used at a working strength of 0.5x.

Concentrated stock solution of TBE (per liter):
54g Tris base, 27.5g boric acid and 20ml 0.5M EDTA (PH 8.0)
Working solution of TBE (0.045M Tris-borate and O.OOIM EDTA)

Loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF and 40% (w/v) 
sucrose in water)
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APPENDIX 3.

Rat and mouse expanded diet No. 1 (Special Diets Services, UK). Nutritional 
analysis.

Nutrient Level Units

Energy 14.7 MJ/kg
Fat 2.50 %
Protein 17.9 %
Fibre 3.00 %
Calcium 0.82 %
Phosphorus 0.73 %
Sodium 0.32 %
Chlorine 0.47 %
Potassium 0.70 %
Magnesium 0.16 %
Iron 106 mg/kg
Copper 14.0 mg/kg
Manganese 63.0 mg/kg
Zinc 61.0 mg/kg
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APPENDIX 4b.

Typical HPLC chromatogram of l^C-Ll

TIME (min)
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