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ABSTRACT

• Transferrin is a plasma iron transport protein responsible for binding iron released from 
the breakdown of red cells in macrophages and delivering this iron to developing red cells 
in the bone marrow. In health, about one-third of the two iron binding sites on transferrin 
molecules are saturated with iron. In iron overload, transferrin becomes fully saturated and 
iron is found in the plasma in forms which are not bound to transferrin, defined as non
transferrin bound iron (NTBI). In this thesis, the factors which determine the appearance 
and removal of NTBI have been examined. The effects of iron chelation therapy with 
desferrioxamine (DFO) have been compared both in vivo and in vitro. In order to do this, 
a novel modification of an existing HPLC based assay system has been developed. This 
assay has been designed following the discovery during the work on this thesis of an in 
vitro ‘shuttle’ effect of iron between nitrilotiiacetic acid (NTA) and DFO. This ‘shuttle’ 
leads to a falsely low measurement of NTBI, or a falsely fast apparent kinetic of NTBI 
removal, unless the free metal binding sites on DFO are blocked prior to the assay 
procedure. An aluminium blocking step has been developed whereby the remaining metal 
binding sites of DFO are blocked with an excess of aluminium prior to the NTBI assay. 
Using this approach, the kinetics of NTBI removal by DFO in vitro are relatively slow as 
is NTBI removal in vivo. NTBI removal by DFO is both concentration and time dependent 
but in iron overload NTBI removal is not complete at 10 |iM DFO (a clinically relevant 
plasma concentration) even after 8 hours. Having defined the aluminium blocking method 
in vitro, the kinetics of NTBI removal by a variety of clinical DFO regimens has been 
examined. DFO levels have also been measured using a novel immunoassay system which 
measures the iron bound form of DFO, namely ferrioxamine (FO). The removal of NTBI 
with 8 hour subcutaneous infusions of DFO (standard therapy) has been compared with 
NTBI removal with twice daily intramuscularly DFO boluses. Surprisingly, these studies 
suggest that NTBI removal as quantitated by reduction in the area under the curve is as 
efficient with the bolus regimen as 8 hour subcutaneous infusions. The kinetics of NTBI 
removal have been also examined with prolonged intravenous DFO therapy and suggest 
that NTBI removal may not be possible with conventional intravenous therapy. In a further 
study, the kinetics of removal with long acting depot DFO have been compared with NTBI 
removal with conventional therapy. The effects of a novel polymeric form of DFO (HES- 
DFO) on NTBI removal have been examined which suggest that this form of DFO may



result in significant quantities of loosely bound and potentially toxic forms of iron 

building up in plasma.
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CV Coefficient of variation
Cys Cysteine
D Dalton
DE Diamond-Blackfans
D cr Divalent cation transporter
DEAE Diethyl aminoethyl
DFO Desferrioxamine
DFP Deferiprone
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dl Decilitre
DMF Dimethylformamide
DMSO Dimethyl sulphoxide
DNA Deoxyribonucleic acid
DTPA Diethylenetriamine pentaacetic acid
DTT Dithiothreitol
eALAS Erythroid 5-aminolevulinate synthetase
EDTA Ethylenediamine tetraacetic acid
Bpo Erythropoietin

Ferrous ion
Ferric ion

FO Ferrioxamine

g Gram
Gly Glycine
GTP Guanosine-5 ’ -triphosphate
Gy Gray
Hb Haemoglobin
HEDTA N-(2-hydroxyethyl)-ethylenediamine tri
HES Hydroxyethyl starch
HES-DFO Hydroxyethyl starch-desferrioxamine
HFE Haemochromatosis gene
HIC Hepatic iron content
HIDA N-(2-hydroxyethyl)-iminodiacetic acid
His Histidine
HLA Human leukocyte antigen
4-HNE 4-Hydroxynonenal
HPLC High performance liquid chromatograpl
HPO Hydroxypyridinone
hr Hour
HRP Horse raddish peroxidase
IDA Iminodiacetic acid
IgG Immunoglobulin G
im Intramuscular
IRE Iron responsive element
IRE-BP IRE-binding protein
IRP Iron responsive protein
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IS Internal standard
iv Intravenous
Kg Affinity constant

K„ Rapid phase

Kp Slow phase

Kgff Effective stability constant
Kpgrt Partition coefficient
kD Kilodalton
kg Kilogram
KLH Keyhole Limpet haemocyanin
1 Litre
LDL Low-density lipoprotein
LIC Liver iron content
LIP Labile iron pool
M Molar

Metal ion 
mAU Milliabsorbance unit
MDA Malonyldialdehyde
MDS Myelodysplatic syndrome
mg Milligram
ml Millilitre
mm Millimetre
MM Multiple myeloma
Mn̂  ̂ Manganese ion
MOPS 3-[N-Morpholino]propanesulfonic acid
mRNA Messenger ribonucleic acid
mV Millivolt
MW Molecular weight
pg Microgram
pi Microlitre
pM Micromolar
NA Results not available
ND Not done or not determined
ng Nanogram
NGP N,N’-(5-nitro-l ,3-phenylene)bisglutaramide
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OH*

OH
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PIH
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RNA
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SDS-PAGE
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SI
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N-terminal
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Nickel ion 
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Natural resistance-associated macrophage protein
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Nitrilotiiacetic acid
Non-transferrin bound iron
Superoxide ion
Octadecylsilane

Hydroxyl radical

Hydroxide ion 
ortho-Phenylenediamine 
Lead ion
Phosphate buffered saline 
Peripheral blood stem cell 
Polyethyl ether ketone
pH at which half of any titrable group is dissociated
Pyridoxyl isonicotinylhydrazide
ReticuloendotheUal
Ribonucleic acid
Correlation coefficient
Revolution per minute
Subcutaneous
Standard deviation
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
Standard error of measurement 
Stimulator of Fe transporter 
Serum iron
N-succimidyl 3-(2-pyridyldithio)-proprionate
Streptavidin
Half-hfe
Transferrin bound iron 
Trichloroacetic acid 
Amino-terminal 
Carboxy-terminal
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Tf Transferrin
TfR Transferrin receptor
TGF Tumor growth factor
TI Thalassaemia intermedia
TIBC Total iron-binding capacity
TM Thalassaemia major
Tris Tris(hydroxymethyl)aminomethane hydrochloride
TS Thalassaemic serum
Tyr Tyrosine
UCL University College London
UIBC Unsaturated iron-binding capacity
UIE Urine iron excretion
UK United Kingdom
3’-UTR 3’-Untranslated region
5’-UTR 5’-Untranslated region
UV Ultraviolet
WBC White blood cell
WHO World Health Organization

yr Year
Zinc ion

°A Angstrom

°C Degree Celsius

e Molar absorptivity
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CHAPTER 1

GENERAL INTRODUCTION

The aim of the work in this thesis is to determine the factors which affect non-transferrin 
bound iron (NTBI) levels in plasma. A major part of this work entailed examination of the 
nature of the interaction of Desferrioxamine (DFO) with plasma NTBI. This form of 
plasma iron, which is present when transferrin becomes saturated in iron overloaded 
conditions, is thought to be toxic and should therefore be removed by iron chelation 
therapy. Little is known about the mechanisms by which iron chelation therapy may 
remove NTBI, for example whether direct removal of NTBI from plasma is necessary or 
achievable, or whether inhibition of NTBI formation is a more important and acliievable 
mechanism. In order to address these questions it is first necessary to review the current 
state of knowledge about factors influencing the rates of formation and clearance of NTBI 
and about the iron pools with which iron chelators interact. Because DFO is the most 
extensively used iron chelator, the work in this thesis primarily addresses the interactions 
of NTBI with this iron chelator. Before describing current knowledge about NTBI, DFO 
and their possible interactions, a brief review of physiological and pathological iron 
metabolism is given.

1.1 THE IMPORTANCE OF IRON IN BIOLOGY

Iron (Fe: element 26 in the periodic table) is the second most abundant metal (after 
aluminium) and the fourth most abundant element in the Earth’s crust. In aqueous solution, 
it has two oxidation states, ferrous, Fe(II) and ferric, Fe(III) which can participate in many 
biochemical reactions. These include the electron-transport chain, the activation of 
molecular oxygen, nitrogen and hydrogen, the decomposition of noxious derivatives of 
oxygen such as peroxide and superoxide, the synthesis of DNA, and the binding of oxygen 
by haemoglobin, myoglobin and haemerythrins. At neutral pH values, ionic composition, 
and oxygen tension of most physiological fluids, the stable state of iron is Fe(IH). Fe(II) is 
readily oxidized to Fe(HI) by oxygen molecules, and easily identified each time a rusty 
precipitate forms in a beaker of ferrous salt standing in air. The hydrolytic propensity of 
ferric ion (Fe^ )̂ is so great that the equilibrium concentration of the free, hydrated form 
cannot be above 10 M in neutral solution. Thus, living organisms have to evolve specific
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iron-sequestering molecules to maintain the element in solution, available for transport and 
for biosynthesis of essential iron proteins and enzymes. To inhibit the iron-catalyzed redox 
reactions, some iron-binding compounds may lower the exposure of cells to potentially 
damaging species such as peroxide, superoxide, and hydroxyl radical (Aisen and 
Listowsky, 1980).

Except in the Lactobacillus species, iron is an essential nutrient probably universally 
required by living cells for their normal physiological functions. Plants in calcarious or 
alkaline soil develop special means of procuring iron from their adverse environment. Iron 
assimilation in microorganisms involves special carriers, termed siderophores, which are 
over-produced to sequester iron with either low or high affinity from their surroundings 
under low iron stress. Siderophores (Greek: iron bearer) or siderochromes are low 
molecular weight (MW), Fe(III)-specific ligands with formation constants in the range of 
10 °̂-10 °̂ M, and typically possessing catecholate or hydroxamate functions. Examples of 
siderophores are ferrichrome, enterobactin, enterochelin, aerobactin, parabactin and DFO 
which are widely used in iron chelation therapy (Neilands, 1982). Animals have adapted 
complex mechanisms to transport and store iron by synthesizing transporters of iron such 
as transferrin and molecules designed to store iron such as ferritin.

Iron is essential for the growth of almost all living organisms and is involved in a large 
number of biological systems such as in oxygen transport, activation and detoxification, in 
nitrogen fixation and in many reactions of photosynthesis. However, when iron is present 
in excess or in forms where the electrons are incompletely coordinated, it has the potential 
to participate in the generation of harmful free radicals, due to its facile ability to redox 
cycle between the Fê "̂  and Fê  ̂ oxidation states. The consequences of this will be 
discussed in detail in this thesis because non-transferrin bound plasma iron forms, being 
incompletely liganded, behave in this potentially toxic manner.

1.2 HUMAN IRON METABOLISM

1.2.1 Content and distribution of body iron in health

The average iron content of a healthy human is 40-50 mg per kg body weight, the majority 
of which is present as haemoglobin (30 mg/kg). About 4 mg/kg is present in myoglobin in 
muscle tissues and 2 mg/kg is present in cells as iron-containing enzymes. The remaining 
body iron is present in the storage form of ferritin or haemosiderin, predominantly in liver.
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spleen and bone marrow. Storage iron is usually between 0 and +.+2000 mg (mean 769 
mg for men and 323 mg for women) (Jacobs, 1974), depending on 
the balance between available dietary iron and the iron requirements of the individual 
(Bothwell et al., 1979).

1.2.2 Iron pools within the body

In healthy humans iron containing molecules can be divided into storage iron pools, 
transit iron pools, functional iron pools and regulatory iron pools. In iron overload, 
additional forms of iron may be found including plasma non-transferrin bound iron forms.

1.2.2.1 Transit iron pools

Transferrin

Transferrin is the key protein in transferring iron from macrophages, after the catabolism 
of haemoglobin, and delivering the iron to developing red cells in the bone marrow. In 
humans, the liver cell is the source of almost all the circulating apotransferrin, which is 
approximately distributed in equal portions between the plasma and extracellular fluids. 
Apotransferrin is the iron-depleted form of transferrin with a half-hfe of about eight days 
(Huebers and Finch, 1987) and with MW of 80,000. Transferrin is a bilobular single-chain 
glycoprotein with two similar lobes at the N- and C-terminals (Bailey et al., 1988) as 
shown in Figure 1.1. It is capable of binding two atoms of ferric iron when an anion 
such as bicarbonate is present. Transferrin carries iron to developing red cells and other 
cells in the body, particularly growing or proliferating cells (Huebers and Finch, 1987). 
After delivering iron to cells, transferrin is promptly returned to the plasma to bind new 
iron atoms. In the absence of transferrin, iron cannot be dehvered to the bone marrow for 
haemoglobin synthesis. The transferrin saturation is the proportion of the available sites for 
iron binding on transferrin that are occupied by iron atoms and is represented as a 
percentage of total iron binding capacity. A detailed description of the role of transferrin in 
iron transport is given in Section 1.2.4.
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Figure 1.1 Ribbon diagram showing the characteristic folding of transferrin into two 
lobes. Iron atoms are shown as filled circles (From Aisen, 1994).
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Labile iron pool

The labile iron pool (LIP), transit iron pool or chelatable iron pool is thought to represent 
cytoplasmic iron associated with low-affinity ligands and is rapidly accessible to chelators 
(Halliwell and Gutteridge, 1990; Hershko and Weatherall, 1988, Rothman et al., 1992). 
This LIP is probably derived from transferrin, endogenous haem breakdown or the 
mobilization of ferritin iron, which is available for haem synthesis, for the activation of 
iron-dependent enzymes, for incorporation into ferritin or for a return to extracellular 
transferrin (Jacobs, 1976; Breuer et al., 1995). Evidence from cell and tissue extractions 
suggests that these labile iron fractions can exist in Fe(II) and Fe(III) oxidation states 
(Jacobs, 1977; Pollack, 1992) which can potentially participate in free radical formation via 
Fenton reactions. LIP is sensed and ultimately controlled by iron responsive proteins 
(IRPs) that regulate transferrin receptor and ferritin expression. Interestingly, some iron 
chelators appear to inhibit the malarial growth in Plasmodium berghei -infected rats 
(Hershko et al., 1988) and in Plasmodium falciparum -infected red cell cultures (Loyevsky 
et al., 1999), by the intracellular chelation of LIP in parasitized erythrocytes.

Recent work by Cabantchik and coworkers, using the fluorescent probe calcein, has 
given further insights into the nature of the LIP (Breuer et al., 1995; Cabantchik et al., 
1996; Breuer et al., 1996; Fpsztejn et al., 1997; Zanninelli et al., 1997). The work of this 
group suggests that the LIP is present as Fê  ̂ (Breuer et al., 1995) at concentrations of 
0.24-0.4 |LtM in K562 cells. LIP increases in these cells with acute iron loading but rapidly 
recedes with a T̂ /̂  of 27 minutes (Breuer et al., 1996). Iron chelation treatment leads to a 
fall in the LIP, the rate of which is dependent on the lipid solubilities of hydroxypyridinone 
and other chelators (Zanninelli et al., 1997). Currently, Picard et al., have proposed a 
model that ferritin H subunits play a role in controlling the LIP in murine erythroleukaemia 
cells (Picard et al., 1998). An increase of reductive stress in LIP can eliminate oxidative cell 
damage in intact hepatocytes (Staubli and Boelsterli, 1998).

1.2.2.2 Storage iron pools

Ferritin

Ferritin is the principal protein for iron storage and has a half-hfe of about 60 hours. 
Almost all cells contain ferritin, which functions as a storage site for iron and as an 
accessible reserve for iron that has been acquired by the cell in excess of its metabolic
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demands. As shown in Figure 1.2A-C, the protein is a spherical shell of MW about
450,0000 g/mol made up of 24 subunits that are designated as the H (heavy) and L (light) 
subunits. The greatest number of L subunits are found in cells of tissues that have 
specialized roles in iron storage, for instance liver and spleen whereas H subunit is 
abundant in heart muscle. The walls of the ferritin shell are approximately 10 °A thick and 
surround a spherical space approximately 80 °A in diameter (Theil, 1987). The amount of 
iron as a crystalhne core of ferric-oxide-phosphate is varied in the protein shell. 
Measurement of non-haem iron concentrations show relatively large amounts in the liver, 
spleen and bone marrow. The spherical space can contain a maximum of 4,500 iron atoms, 
which is equivalent to about 0.25 M, or about lO'^-fold more concentrated than Fe(III) ions 
in aqueous solution (Donlin et al., 1998).
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Figure 1.2 Molecular models of ferritin: 3-fold channel with the three intersecting 
subunits (A), 4-fold channel with the four intersecting subunits (B) represented as 
ribbons and all 24 subunits (C) (From Donlin et al., 1998).
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The concentration of ferritin in serum of healthy persons is directly related to the available 
storage iron in the body and is higher in men than women, with a range between 12 and 
250 pg/1. In patients with iron-deficiency anaemia ferritin concentrations are below 12 pg/1; 
conversely, the concentration may be as high as 10,000 |ig/l in serum of patients with iron 
overload (Jacobs et al., 1978). The concentration of serum ferritin appears to reflect the 
storage iron in macrophages and hepatocytes so that it can be used to monitor therapeutic 
removal of excess storage iron.

Haemosiderin

Haemosiderin is the major iron storage protein present when excessive iron deposits in 
the tissues. The structure of haemosiderin is supposed to relate to ferritin (Fisbach et al., 
1971). However the exact chemical nature of haemosiderin is not well understood. It is 
known to be a water insoluble protein possessing a high iron to protein ratio (Crichton and 
Ward, 1992), probably consisting of degraded ferritin protein and ferric hydroxide 
polymers or cores of varying size (Hoy and Jacobs, 1981). These could potentially be 
involved in the formation of hydroxyl radicals (O'Connell et al., 1986) and consequently 
liver tissue damage (Weir et al., 1984). Whereas ferritin is the major iron-storage protein in 
the liver in the absence of iron overload, haemosiderin is predominantly found in the iron 
overload conditions (Halliday et al., 1994) and in some liver diseases such as liver 
cirrhosis and acute hepatitis (Graudal et al., 1996).

1.2.2.3 Functional iron pools

A brief description of other key iron binding molecules in human metabolism is given 
below. A detailed account of the stmcture and function of these molecules is beyond the 
scope of this thesis. Nevertheless, a brief overview is required in order to set the context of 
NTBI.

Haemoglobin

Haemoglobin (Hb) is a spheroidal tetrameric haemoprotein composed of two pairs of a- 
and p-globin polypeptide chains with a haem, ferroprotoporphyrin IX, as prosthetic group 
bound covalently at a specific site in each chain (Bunn and Forget, 1986) (Figure 1.3).
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A planar haem molecule consists of a ferrous ion atom located in the centre of a 
tetrapyrrole ring which is tightly bound to the protein subunits. Strong hydrophobic 
interactions and a single co-ordinate bond between the imidazole ring of the proximal 
histidine residue of globin and Fe(II) are responsible for binding haem to the globin.

Haemoglobin A (HbA) is the major adult haemoglobin comprising of two «-chains (each 
containing 141 amino acids) and two p-chains (each containing 146 amino acids) written as 
«2̂ 2- Two billion erythrocytes are produced each day in the normal adult (Brittenham,
1994). Each red cell also contains over a billion iron atoms located in the tetrameric haem 
centre of Hb. With the binding of an oxygen molecule to haem iron, each unliganded a or p 
subunit undergoes a conformational change in tertiary stmcture and subsequently causes an 
increase in the oxygen affinity of the remaining unliganded subunits.

M yoglobin

Myoglobin consists of between 150 and 160 amino acid residues in a single polypeptide 
chain, called globin, being species dependent and associated with a haem group like 
haemoglobin. The folded globin chain forms a crevice that almost completely encloses a 
haem group (McKee T and McKee JR, 1999). Amino acid residues of the myoglobin 
molecule are appreciably different from those of haemoglobin (Maclean, 1978). 
Myoglobin, found in high concentrations in skeletal and cardiac muscle, gives these tissues 
their characteristic red colour and serves mainly as oxygen storage and as a facilitator of 
intracellular O2 diffusion.

The cytochromes

The cytochromes are named for their intense red-orange colour and are found in most 
aerobic life forms. They play important roles in dioxygen utilisation, mitochondrial 
respiration, and electron transport in photosystems I and II. The cytochromes involved in 
electron transport are classified as cytochromes a, b and c. The iron atom in all 
cytochromes can alternate between Fê  ̂ and Fe^^oxidation states. Comparatively, the 
microsomal cytochrome-P450s contain haem iron as a prosthetic group (Crichton, 1990). 
The major functions of the cytochrome-P450s are involved in the biosynthesis and 
catabolism of endogenous compounds such as steroids and are relevant to the oxidative 
metabolism of exogenous compounds such as drugs and chemicals.
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Lactoferrin

Lactoferrin is a non-haem, single-chain bilobed 80-kD glycoprotein containing two N- 
linked complex biantennate oligosaccharides to bind two Fe^  ̂ (Baker et ah, 1987). It was 
first characterized as a red iron-binding protein from bovine and human milk and has been 
subsequently found in nearly all body fluids and in the secondary granules of neutrophils 
(Masson and Heremans, 1968; Bennett and Kokinski, 1979). The iron-binding sites of 
lactoferrin retain their affinity for the metal under very acidic conditions (Groves, 1960). 
Human milk lactoferrin contains 0.10-0.11% iron. Blood lactoferrin originates in 
neutrophils which release lactoferrin during exocytosis of specific granules. It is present in 
the plasma of normal humans at concentrations of 0.1-2.6 mg/1 and at higher concentrations 
in lactating women and patients with chronic myeloid leukaemia (Rumke et al., 1971; 
Bennett and Mohla, 1976). Lactoferrin in blood may inhibit division of macrophage and 
granulocyte progenitor cells in the bone marrow (Hangoc et al., 1987) and may also 
regulate iron retrieval and processing during erythrocyte catabolism and biogenesis 
(Retegui et al., 1984). Lactoferrin is unlikely to play a significant role in plasma iron 
transport but has been proposed to mediate the hypoferraemia of acute inflammation by 
blocking iron release from macrophages (Van Snick et al., 1974). Hepatocytes take up iron 
from lactoferrin by endocytosis (McAbee and Esbensen, 1991); however, the role of 
lactoferrin in hepatic iron metabohsm remains unclear. Clinically, plasma lactoferrin has 
been used as a marker of neutrophil populations and activation (Suzuki et al., 1991).

1.2.2.4 Iron-containing enzymes

Catalase

Catalase consists of four subunits, each containing a haem group. In the native state of 
this enzyme the oxidation state of iron is Fe(III). Catalase is particularly abundant in the red 
cells and liver. In the liver this enzyme is primarily located in small subcellular organelles 
called peroxisomes where it is involved in the catalysis of hydrogen peroxide (William, 
1974; Jones and Wilson, 1978). In peroxisomal detoxification, catalase can use a variety of 
substances, for instance, methanol, ethanol, formic acid, nitriles and phenols, as its 
electron donor. Catalase can inhibit the hydrogen peroxide-mediated apoptosis in 
neutrophils (Rollet-Labelle et al., 1998).

Ribonucleotide reductase
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Figure 1.3 Quaternary structure of haemoglobin. The protein contains four subunits, 
designated a and 6. Each subunit contains a haem group (From McKee T and McKee JR, 
1999).
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Ribonucleotide reductase is the rate limiting iron-containing enzyme responsible for the 
free radical-mediated reduction of ribonucleotides to deoxyribonucleotides in de novo 
DNA synthesis and shows an increase in activity associated with prohferation and 
malignant transformation (Takeda et ah, 1981). It also requires the iron and oxygen for its 
activity to regenerate the tyrosine free radical (Telander et ah, 1983). This enzyme is 
considered as a target for chemotherapeutic agents and iron chelators to inhibit cell growth 
and proliferation (Cory and Carter, 1988; Hoyes et al., 1992). Recently, the X-ray 
structure of Escherichia coli ribonucleotide reductase has been demonstrated to confirm its 
catalytic and allosteric mechanisms (Jordan and Reichard, 1998).

Aconitase

Amino acid sequence homology of about 30% was first noted between the iron- 
regulatory protein (IRP) and porcine mitochondrial aconitase (Rouault et al., 1991; Hentze 
and Argos, 1991), an 83 kD protein which serves to catalyse the stereospecific conversion 
of citrate to isocitrate. This is a four domain iron-sulphur protein [4Fe-4S] of which 
domains 1-3 are relatively tightly packed and form a cleft with the fourth domain which is 
linked by a flexible hinge-linker peptide. Iron binding to this fourth domain is relatively 
labile. This cleft serves as the active site of the aconitase enzyme. It has become apparent 
that cytoplasmic aconitase is a distinct gene product localised on chromosome 9 and is 
structurally identical to IRPl. It contains all 23 of the amino acids required for iron 
regulatory element (IRE) binding. Thus cytoplasmic aconitase rather than mitochondrial 
aconitase is likely to be the main protein responsible for IRPl activity. All 4 iron atoms are 
required in the cluster for full aconitase activity when this form shows negligible IRE 
binding. Removal of the labile iron (fourth domain) atom is not sufficient to promote full 
IRE binding, however, the iron free form (found in iron deficient cells) being necessary for 
such binding.

Lipoxygenases and cyclooxygenases

Lipoxygenases are large, single chain, nonhaem-iron containing enzymes of MW up to 
103 kD that use molecular oxygen for the diooxygenation of arachidonic acid to form 
hydroperoxides (Veldink and Vliegenthart, 1984). They have been identified in many 
plants (eg. soybean) and animals (e.g. liver microsomes, platelets and neutrophils). 
Soybean lipoxygenase (MW-94 kD) contains a single iron per molecule of enzyme and 839
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amino acids which are organized in two domains: a beta-sheet N-terminal domain and a 
large, mostly helical C-terminal domain. The iron is present in the C-terminal domain 
facing two internal cavities that are probably the conduits through which the fatty acid and 
molecular oxygen gain access to the metal (Prigge et al., 1997).

In mammals, hpoxygenases catalyze the formation of hydroperoxides as the first step in 
the biosynthesis of several inflammatory mediators. Arachidonic acid is the key precursor 
of two families of potent physiological effectors which require the enzyme cyclooxygenase 
for the synthesis of prostaglandins and thromboxanes and the lipoxygenases for the 
synthesis of leukotrienes and lipoxins, compounds that regulate important cellular 
responses in inflammation and immunity. While aspirin and other non-steroidal anti
inflammatory compounds are potent inhibitors of cyclooxygenase, no effective 
pharmacological inhibitor of lipoxygenase is presently available. Lipoxygenase substrates 
are known to be released from phospholipids in the myocardium during ischaemic events. 
Because of the importance of these compounds, lipoxygenases have been the subject of 
extensive study, from detailed kinetic measurements to cloning, expression, and site- 
directed mutagenesis (Prigge et al., 1997). Interestingly, some metal chelators can exert 
anti-inflammatory activity by inhibition of oxygen radical production, by inhibition of 
eicosanoid synthesis and by inhibition of metalloenzymes (Hirschelmann et al., 1988). The 
5-lipoxygenase activity in rat peritoneal neutrophils as well as the 12-lipoxygenase activity 
in human platelets can be inhibited in vitro by curcumine (Ammon et al., 1993). It has 
been shown that soybean 15-lipoxygenase can be inhibited by hydroxypyridinone iron 
chelator based on the formation of chelate-iron complexes (Abeysinghe et al., 1996). 
Models of the mammalian lipoxygenases based on the soybean structure provide clues 
about the structural determinants of the positional specificity of the enzyme, and can be 
used as targets for the design of more effective inhibitors.

1.2.2.5 Regulatory iron pools

The iron in the cytosolic LIP is distributed in several cellular compartments (Ponka et al.,
1998). It has been shown that the LIP involves generation of reactive oxidant species 
(Okada, 1996), and serves as the intracellular chelatable iron pool (Hoyes and Porter, 
1993) or as the regulatory iron pool associated with the control of cellular iron metabolism 
(Hentze and Kuhn, 1996). Levels of LIP are modulated predominantly by the rate of iron 
uptake from transferrin, and the rate of ferritin synthesis and breakdown (see Section 
1.2 .6 ).
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Iron regulatory proteins (IRPs), IRPl and IRP2, are cytoplasmic RNA-binding proteins 
that respond to intracellular iron levels by binding to specific mRNA stem loops, known as 
iron-responsive elements (IREs). IRPl is cytosolic aconitase, an iron-sulphur protein 
encoded by a gene on chromosome 9 (Kennedy et al., 1992) which is distinct from 
mitochondrial form. Comparatively, IRP2 lacks aconitase activity, but can bind to IREs 
with a similar affinity to IRP 1 and function as effectively as a translational repressor in 
vitro (Guo et al., 1995).

The IRE binding site for the IRPs is a hairpin-shaped loop composed of a conserved 28- 
nucleotide sequence which is present in the 3’untranslated region (3’UTR) of transferrin 
receptor (TfR) mRNA, the 5’untranslated region (5’UTR) of ferritin mRNA, and the

mRNA for the erythroid-specific form of 3-aminolevulinic acid synthase (Klausner, 1993).

IRPl has an RNA-binding site inhibited by the presence of iron (Hentze et al., 1989), 
whereas the mode of action of IRP2 is unknown but it is subject to degradation by an iron- 
dependent pathway (Samaniego et al., 1994). Therefore, low intracellular iron levels 
promote IRPl binding to the 5’-position of the IRE on transferrin receptor (TfR) mRNA, 
which consequently leads to increase its stability and production and promotes receptor- 
mediated endocytosis. Whereas this effect promotes IRPl binding to the 3’-position of the 
IRE on ferritin mRNA to reduce ferritin synthesis, thus increasing the availabihty of 
intracellular iron. Inversely, iron uptake by the TfR is reduced and iron storage in newly 
synthesized ferritin is stimulated under condition of excess iron.

The IRP-containing tissues demonstrate differences in the amounts of IRPl and IRP2. 
Previous studies have shown that IRPl is abundant in tissues containing large amounts of 
storage iron such as liver and spleen (Yu et al., 1992), and IRP2 is abundant in tissues 
requiring a large amount of iron, for instance heart and skeletal muscles (Guo et al., 1995). 
The effects of IRP-IRE interactions on cellular iron homeostasis are described in further 
detail in Section 1.2,6.

1.2.3 Iron absorption

Iron balance is physiologically regulated through control of intestinal iron absorption. 
Absorption of dietary iron is highly conserved since no specific mechanisms for iron 
excretion are available except for the obligatory losses through exfoliation of
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gastrointestinal mucosal cells, through bile, urine and skin in small proportions. 
Approximately 0.5-2 mg of iron is lost daily and balanced by controlled dietary iron 
absorption of 0.5-2 mg per day by the upper intestinal mucosa. Most of the dietary iron is 
absorbed in the duodenum and the jejunum, mainly as Fe(II) and only to a small extent as 
Fe(ni) (Turnbull, 1974).

Haem iron (haemoglobin and myoglobin in meat) is generally taken up into the apical 
cytoplasm of mucosal cells by a specific haem receptor, and the relationship between the 
ingested content and percentage of absorbed haem iron is linear. It has been suggested that 
proteins and degraded proteins may preserve haem iron in the monomeric state. Mucosal 
haem oxygenase breaks down the haem molecule resulting in non-haem iron in the

intracellular pool. Large amounts of non-haem iron inhibit haem iron absorption and vice 
versa (Hallberg et al, 1979b).

Dietary non-haem iron is distributed in plants as metalloproteins, soluble iron and phytate 
complexes, and in animal-derived food including ferritin, haemosiderin, milk lactoferrin, 
egg yolk and citrate-, phosphate-complexed iron. It is solubilized by hydrochloric acid in 
the stomach to form ionized iron (predominately Fe^ )̂ and subsequently binds to small 
molecules such as ascorbic acid, citric acid, peptides, amino acids, sugars, fatty acids and 
bile acids to prevent iron from precipitation; therefore, achlorhydria or gastrectomised 
patients are likely to develop iron-deficiency anaemia. Fe(II) remains in solution at a higher 
pH. Chelated iron binds to the surface of mucosal cells, and translocates across the 
microvillous membrane of the mucosal cells. Iron is bound to an iron binding factor, then 
transported in the cytoplasm of mucosal cells, and finally released at the basolateral site of 
the plasma membrane into the portal hepatic circulation. Non-haem iron absorption is 
influenced by the total dietary iron content which can be inhibited by cereal phytate, 
polyphenolic compounds, dairy calcium and dietary fibre. A previous study has 
demonstrated that DFO interferes with the absorption of haem and non-haem iron (Levine 
et al., 1988), suggesting the existence of a common LIP, as well as a shared transcellular, 
interstitial and intravascular transport pathway.

The regulation of iron absorption is still incompletely understood but is increased by a 
number of well identified factors such as iron deficiency, anaemia, hypoxia and iron 
turnover. Iron transport through the enterocyte can be seen as a two stage process: the first 
involves uptake across the brush border (apical) membrane and the second the transfer of 
iron across the basolateral membrane and into the blood stream. The duodenum appears to
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be the part of the intestine which can modulate its iron absorption the most. Absorption of 
haem iron is increased in iron-deficiency patients and is relatively greater than non-haem 
iron absorption (eg, four-fold at serum ferritin of 100 jig/1 or approximately two-fold at 
serum ferritin of 30 pg/1). Increased plasma iron turnover is associated with increased iron 
absorption, but iron storage is inversely related to iron absorption.

It is known that absorption of iron across the brush border epithelium of the small 
intestine is independent of the TfR which has been localized to the basolateral but not the 
luminal surface of enterocytes (Lombard et al., 1990). However, iron is hkely to be 
reduced to the ferrous state before absorption as there is evidence of ferrireductase activity 
at the microvillus border (Riedel et al., 1995).

The product of the HFE gene has been shown to be important in iron absorption. Over 
80% of adult haemochromatosis patients are homozygous for a missense mutation 
(Cys282Tyr or C282Y) in the HFE gene, initially termed HLA-H. whereas a second 
mutation (His63Asp or H63D) has been found in a significant number of compound 
heterozygotes with clinical features of genetic haemochromatosis (Merry weather-Clarke et 
al., 1997) (see Section 1.3.1.1). Structural analysis of the HFE protein has shown a 
completely non-functional peptide-binding site including folding of a, domain and 
inaccessible tyrosine residues for peptide binding (Feder et al., 1996). Due to the 
Cys282Tyr mutation, the disulphide bridge in this region is broken, preventing the 
association between HFE and pj-microglobulin which is necessary for further processing 
and transport to the cell membrane (Feder et at., 1997; Waheed et al., 1997). Hence, HFE 
is likely to have a functional role on the cell surface but does not appear to bind peptide. 
HFE protein is found in the sinusoidal epithelium and Kupffer cells (Bastin et al., 1998), 
and on the basolateral surface of intestinal mucosal cells (Parkkila et al., 1997). Laboratory 
investigation has shown the interaction between HFE and TfR on the plasma membrane 
(Gross et al., 1998), the quaternary complex formation of HFE with TfR and transferrin 
(Lebron et al., 1998), and the effect of HFE to reduce transferrin-mediated iron uptake in 
HeLa cells (Roy et al., 1999). The presence of HFE within the crypt cell may serve as a 
sensor of body iron status, either directly or by its interaction with the TfR on the 
basolateral surface and within endosomal compartments.

There is important recent evidence for an endosomal iron transport protein, of the Nramp 
(natural resistance-associated macrophage protein) family, which is also important in the 
intestinal iron uptake step (see Section 1.2.5.2). Mutations in this protein are
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responsible for the microcytic anaemia phenotype in the mk mouse (Fleming et ah, 1997) 
and the Belgrade rat (Fleming et al., 1998). This metal transport protein, also referred to as 
DCTl, is ubiquitously expressed (particularly in the proximal duodenum) to induce the 
uptake of ferrous ions and transports a variety of other divalent metal ions by a mechanism 
coupled to a proton gradient (Gunshin et al., 1997). DCTl has been identified to be as the 
rat isoform of Nramp2 because of its homology to Nramp 1 which is found only in 
macrophages. There is an abundance of DCTl mRNA in the mucosa of the proximal small 
intestine. It is likely that Nramp2 (DCTl) is the key protein that imports iron from the 
human intestinal lumen. It has been suggested that HFE may influence the enterocyte 
precursor to absorb iron appropriately by modulating Nramp2 expression (Griffiths et al., 
1999).

With respect to the transfer step, Hephaestin has recently been implicated (Vulpe et al.,
1999) and preliminary findings with the cloning of novel transporters have been reported 
(McKie et al., 1999) which may also be involved in the transfer step. Other factors are 
undoubtedly involved in regulation of iron absorption from the gut. It has long been known 
that a membrane bound reductase protein of the duodenal mucosa plays a key role in iron 
absorption by reducing ferric iron to the ferrous state (Riedel et al, 1995) before its active 
uptake.

1.2.4 Plasma iron transport and turnover

In the aerobic extracellular environment in multicellular organisms, Fe(II) is oxidised to 
less soluble Fe(III) that is required for normal functions. Thus, complexing agents 
including transferrin, ferritin, lactoferrin, haemopexin, haptoglobin and albumin have 
evolved to bind Fe(III) and maintain it in a soluble form which can be utilized by cells. 
Normally the plasma iron concentration is 10-30 |iM and the plasma transferrin 
concentration is 22-35 pM (with twice this iron binding capacity due to its two iron binding 
sites) so that the transferrin saturation is approximately 30%. Consequently, the plasma and 
intestinal fluid express unsaturated transferrin which can bind iron absorbed from the 
intestine or released from cells in the body. Plasma iron concentration declines during 
infancy and pregnancy, infections, malignancies, nephrotic syndrome, in iron deficiency 
and after trauma. It increases in haemochromatosis and in haemolytic, hypoplastic and 
megaloblastic anaemias. When plasma iron concentrations are elevated, plasma transferrin 
concentration is usually lowered and the iron-binding capacity is small. Plasma transferrin 
may be completely saturated in severe iron overload, the iron absorbed from the intestinal
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tract or released from cells is then bound to proteins or ligands in plasma instead of 
transferrin, in plasma with the formation of non-transferrin bound iron (NTBI).
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Figure 1 .4  Schematic diagram of overall iron metabolism in humans (Turnbull, 1978).

Transferrin is mostly distributed in extracellular fluid of the body, from plasma to 
interstitial fluid, lymph vessels and back to blood circulation. The major functions of 
transferrin are to maintain extracellular iron (5-7 mg of transferrin-bound iron in normal 
human plasma. Figure 1.4) in a soluble form which is suitable for cellular uptake, and to 
regulate iron supply to many iron-requiring cells (20-30 mg/day), particularly to developing 
erythroid cells, via receptor-mediated endocytosis. In addition, transferrin restricts the 
uncontrolled entry of excess iron into cells with the resultant risk of cellular damage. Iron 
requirement is 0.7-1.4 g during pregnancy and 1 mg/day during lactation (Turnbull, 1978).
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Plasma iron turnover rate is approximately 30-40 mg per day which mainly occurs as a 
result of haemoglobin catabolism from old red cells in bone marrow, liver and spleen 
where the sinusoids are freely permeable to transferrin. Transferrin is not catabohsed 
during the process of plasma iron turnover. Some iron taken up by erythrocyte precursors 
in the bone marrow is not carried foi*ward into the circulating erythrocytes but is transferred 
to reticuloendothelial cells when some erythroid precursors are prematurely destroyed. 
When circulating eiythrocytes aie phagocytosed by macrophages at the end of their life 
span, iron is finally returned to plasma transferrin. A small proportion of iron goes through 
the liver which can exchange iron with transferrin. In iron overload, some proteins such as 
ferritin and albumin may play a role to scavenge an excess iron as NTBI in plasma and 
cleared from plasma by receptor-mediated and nonspecific endocytosis, mainly by liver and 
to a lesser extent by other non-erythroid tissues.

1.2.5 Cellular iron uptake

1.2.5.1 Transferrin-dependent iron uptake

Transferrin mediated iron uptake is dependent on the cellular iron requirements, the 
number of transferrin receptors, their affinity for transferrin, their endocytosis and the 
acidification of the endocytic vesicles (pH 5.5).

The process of transferrin endocytosis can be distinguished into 4 steps (Qian and Tang,
1995). Firstly, one iron-bound transferrin molecule binds to each subunit of the receptor on 
the cell surface with the affinity constants (Ka) of 1.1x10 * M*‘ for diferric transferrin and 
of 4.6x10'® M'* for apotransferrin. The process of ligand-receptor binding is independent of 
cell metabolism. Secondly, the receptor-transferrin-iron complexes are clustered together, 
localized in clathrin-coated pits, and eventually internalized in endosomes. Depending on 
H^-ATPases, an ATP-dependent proton pump induces the endosomes to be acidic (pH 5-6) 
forming the compartment of uncoupling of receptor from ligand (CURL) and leading to

iron release from the protein. Weak bases, metabolic inhibitors of H  ̂ionophores and some 
iron chelators (2,2’ bipyridine and 1, 10-phenanthroline) can inhibit iron uptake from 
transferrin. Thirdly, iron is released from both binding sites of the transferrin molecule in 
acidic endosomes, then reduced to Fe^  ̂ and eventually translocated across endosomal 
membranes to intracellular iron complexes such as haem, ferritin, ATP, AMP, amino acids 
and peptides. Finally, the endosome containing the receptor-transferrin complex passes to 
the Golgi and is then returned to the cell membrane where the complex is exposed to the
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extracellular pH, whereas apotransferrin released from the receptors returns to the plasma. 
This mechanism of iron uptake usually occurs in immature erythroid cells, cultured and 
perfused hepatocytes and fibroblasts.

Recent work has identified candidate intermediary molecules for exiting iron from the 
endosome and delivering this directly for iron utilisation, namely divalent cation transporter 
1 (DCTl) or natural resistance-associated macrophage protein 2 (Nramp2) (Flemming et al, 
1997; Gunshin et al, 1997) for iron(II) and possibly mobilferrin for iron(III) (Conrad et 
al., 1996). The role of DCTl (Nramp2) is discussed in detail in Section 1 .2 .5 .2  under 
“non-transferrin iron uptake”, but it clearly plays a pivotal role in the exit of transferrin 
delivered iron from endosomes (Flemming et ah, 1997; Gunshin et al., 1998). Mobilferrin 
appears to be a molecule with MW of 56 kD which is homologous to calreticulin, and to 
accept iron directly from the endosome in pulse chase experiments and donates it to 
haemoglobin (Conrad et al., 1996). This protein was first implicated in iron transit in 
intestinal cells through a transferrin independent pathway, and it was shown that 
mobilferrin represented the shared common pathway for iron derived from transferrin 
dependent and transferrin independent uptake which is ultimately destined for iron 
utilisation. The transferrin receptor independent uptake (e.g. from ferric citrate) utilises a 
cell surface integrin(^Conrad et al., 1993) which binds iron(III) before donating iron(III) to 
cytoplasmic mobilferrin in K562 cells (Conrad et al., 1996). In this scheme, iron derived 
from both the transferrin receptor dependent and transferrin independent pathways enters 
the same intermediate pool bound to mobilferrin. Iron is bound to mobilferrin as iron(III) 
and has to be reduced to iron(ll) before being utilised for haem synthesis, possibly by 
flavin monooxygenase which is closely associated with mobilferrin acting as a 
ferrireductase (Conrad et al., 1996).

In non-erythroid cells in particular, transferrin mediated iron uptake by mechanisms not 
involving the classical endocytotic pathway are now recognised. The most important cell in
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this respect is the hepatocyte. The liver is a major site of iron storage and is particularly 
susceptible to injury from iron overload after iron accumulates in the liver cells 
(Bonkovsky, 1991). Iron can be taken up by the liver by several pathways including: (I) 
receptor-mediated endocytosis and pinocytosis of iron-bound transferrin or ferritin (Sciot, 
1991), (2) reduction and carrier-facilitated internalization of iron from transferrin without 
internalization of the protein moiety of transferrin, (3) uptake of low MW, non-protein 
bound forms of iron, and (4) uptake of haem iron from haem-albumin, haemopexin, or 
haemoglobin-haptoglobin complexes (Figure 1.5). Pathway 2 is probably the major one 
for iron uptake by hepatocytes. Evidence from computer simulation indicates that the 
apparent difference in the iron uptake process observed between reticulocytes and 
hepatocytes may result from the contribution made by pinocytosis to the iron uptake 
process (Bakoy and Thorstensen, 1994).
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Figure 1.5 Pathways of normal hepatic iron metabolism (Modified from Halliday et al., 
1994).
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1.2.5.2 Transferrin-independent iron uptake

Many studies have demonstrated that iron can enter cells by mechanisms that are 
independent of transferrin. For example, low MW NTBI including Fe(III)-citrate and 
Fe(U)-ascorbate can be taken up by mouse intestinal mucosal cells and transported to the 
endosomes by a membrane carrier-mediated process. This process can be reversed by 
chelating agents such as ethylenediamine tetraacetic acid (EDTA) and desferrioxamine 
(DFO) or competitively inhibited by some divalent cations such as Co^  ̂ and Mn̂ "̂ . 
Similarly, transferrin-depleted reticulocytes can incorporate iron from ^^Fe-PIH, ferric 
aroyl hydrazone (Richardson, 1997) and iron complexes of DL-penicillamine or citrate 
(Parkes et al., 1995). AU results have showed that low MW NTBI can be taken up by 
reticulocytes for haemoglobin synthesis in pait via a carrier-mediated process without the 
involvement of transferrin and the transferrin receptor. With the membrane transport 
process, saturable or specific uptake of iron displayed saturation kinetics with a value of 
approximately 0.2 pM and was competitively inhibited by other divalent transition metal 
ions such as Co^ ,̂ Mn̂ "̂ , Ni^  ̂ and Zn̂  ̂ (Barisani et al., 1995). This uptake was pH- and 
energy-dependent, and also temperature-sensitive (Richardson, 1997).

Transferrin-independent NTBI uptake has been investigated in mammaUan ceUs and 
tissues. NTBI uptake experiments have been undertaken both in perfused in cultured cells, 
with iron chelates including Fe(III)-DTPA, Fe(III)-NTA and Fe(III)-citrate or ferric 
ammonium citrate. Uptake of these non-transferrin iron forms has been demonstrated in 
cultured cells such as HeLa cells, human skin fibroblasts, Chinese hamster ovary ceUs and 
L1210 cells. It is not a rate-limiting step (Kriegerbeckova et al., 1995), and the different 
cells have different metal specificities which can be inhibited by some divalent cations such 
as Ca^̂ , Cû "", Zn̂ "", Cd̂ "̂  and Mn̂ "" (Sturrock et al., 1990).

NTBI uptake into heart

It has been demonstrated that the uptake of low MW iron by cultured rat myocardial cells 
is 200-fold greater than transferrin iron uptake, resulting in the increase of lipid 
peroxidation (Link et al., 1985) and of abnormal cardiac function (Moreb et al., 1987). 
Previous evidence based on Mossbauer spectroscopic, isotopic iron and electron 
microscopic studies showed the gradual deposition of dense haemosiderin-like particles 
occurring in membrane-bound structures after iron uptake (Bauminger et al., 1987; Shiloh 
et al., 1992). Parkes et al. (1993) have demonstrated that loading cultured rat 
myocardiocytes with ferric ammonium citrate promoted a dose and time dependent increase
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in the rate of NTBI uptake. The enhanced rate of NTBI uptake in iron loaded cells reverted 
to control rates after treatment with therapeutic concentrations of iron chelators, for 
instance, DFO, l,2-dimethyl-3-hydroxypyrid-4-one and l,2-diethyl-3-hydroxypyrid-4- 
one. These findings suggested that sarcolemmal damage may result from the excessive 
extracellular NTBI levels in acute iron poisoning, whereas the slow deposition of iron in 
lysosomes may induce the increase of lysosomal fragility during chronic iron overload 
(Link and Hershko, 1993). In addition, the increased rate of uptake of NTBI may 
exacerbate iron loading of the heart and contribute to iron-mediated cardiotoxicity, whereas 
the clinical benefits of chelation therapy may be enhanced by the down-regulation of NTBI 
uptake.

NTBI uptake into liver

In iron overload, NTBI is rapidly cleared from the plasma by the liver (Wright et al., 
1986). Hepatocytes, as well as taking up transferrin bound iron, take up NTBI from 
plasma (Fawwaz et al., 1967; Baker et al., 1981). This is an important iron clearance 
mechanism in iron overloaded conditions when transferrin becomes saturated, and is a 
highly efficient process with a single pass extraction with 1 |XM ferrous or ferric ion of 59- 
75% (Brissot et al., 1985). Experimental studies reported that the uptake of low MW NTBI 
species including Fe(II)-citrate and iron complexed to histidine, fructose, oxalate, glutamate 
and tricine by liver cells is dependent on the carrier-mediated process with saturable 
kinetics. Uptake of ferric ion may be more rapidly saturable than ferrous ion (Grolich et al., 
1979). Ferrous NTBI uptake requires calcium (Wright et al., 1986) and is reversibly 
inhibited by divalent cations such as zinc, cobalt and manganese (Wright et al., 1986). A 
common transport mechanism for these metals was proposed many years ago (Thomson 
and Valberg, 1972) possibly through a membrane transport system dependent on a negative 
electrical potential difference (-28 mV) across the cell membrane (Wright et al., 1988). The 
recent discovery of the DCTl transporter (see below) is a candidate mechanism. The rate of 
NTBI uptake is increased in perfused liver of iron deficient animals (Zimelman et al., 
1977). High rates of iron uptake are observed if iron is complexed to citrate, histidine, 
fructose, oxalate or glutamate (Brissot et al., 1985). In vitro cultures of hepatocyte cell 
lines suggests that both reductive and non-reductive uptake of NTBI is modulated by 
intracellular iron levels (Randell et al., 1994). Iron delivered to hepatocytes from NTBI is 
found within lysosomes (Batey et ai., 1980) as ferritin within 30 minutes (Wright et al., 
1986) and this may be available for chelation before incorporation into ferritin (Cole and 
Glass, 1983; Kim et al., 1985). An uptake mechanism for inorganic iron(III) which
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involves the binding of iron(III) to a transmembrane integrin at the cell membrane and its 
transfer onto cytosolic mobilferrin has been described in gut mucosal cells (Conrad et al., 
1993) and in K562 cells (Conrad et al., 1996). It remains to be established whether this 
mechanism is important in NTBI iron uptake and how this relates to DCTl. As discussed 
above there is recent evidence that the uptake of citrate iron (NTBI) shares a mechanism 
with the endocytosis independent of transferrin uptake pathway (Trinder and Morgan,
1997).

NTBI also plays a potentially important role in free-radical induced hepatotoxicity. The 
uptake of NTBI by the liver is a pathway of clearing excess iron from blood circulation in 
iron overload, and has been also studied in rat isolated hepatocytes. Consequently, it has 
been suggested that NTBI clearance by the rat liver is based on a passive transport and is 
independent of the content of the LIC (Wright et al., 1986). The NTBI uptake is time- and 
temperature-dependent with a Michaelis-Menten constant of 1.25 pM, and requires a 
transporter (Barisani et al., 1995).

NTBI uptake into other cells

NTBI uptake into other cells has been studied less fully. NTBI uptake into rabbit 
reticulocytes was investigated and it was found that this mechanism required a carrier- 
mediated process (Morgan, 1988). Recently NTBI uptake into rat reticulocytes has been 
shown to be dependent on the DCTl mechanism (Garrick et al., 1999).

Mechanism o f non-transferrin iron uptake into cells

It has been clear from the above observations that an efficient mechanism exists for the 
uptake of low molecular iron species into a variety of cell types. Until recently, an uptake 
mechanism for such iron had not been identified. However, with the recent identification of 
DCTl (Nramp2 see below) a possible uptake mechanism has now been identified. It 
remains to be determined whether this is the only uptake mechanism and whether the same 
mechanism exists on all cell types. Gunshin et al. (1997) identified DCTl as a new metal
ion transporter abundant in the proximal duodenum in the rat. This transporter is active for 
many metal ions and mediates active transport on the cell membrane and in endosomes. It 
comprises 561 amino acids and 12 putative membrane-spanning domains. Functionally, 
DCTl is upregulated by dietary iron deficiency and is potentially a key mediator of
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intestinal iron absorption as well as uptake of low MW NTBI into erythroid cells (Garrick 
et al., 1999).

DCTl is now recognised to be equivalent to the natural resistance associated macrophage 
protein (Nramp2). The Nramp family consists Nramp 1 and Nramp2 proteins in mammals. 
Nramp 1, previously known as Ity/Lsh/Bcg, was originally recognised to be important for 
the natural resistance of mice to infection against intracellular macrophage pathogens 
(Atkinson et a l, 1997). Nramp 1 is expressed in the lysosomal compartment in 
macrophages (Gruenheid et al., 1999)

Nramp2 has an even wider range of tissue expression than Nramp 1. In haemopoietic 
precursors, it is expressed primarily in recycling endosomes and colocalized with 
transferrin at the plasma membrane in primary macrophages and macrophage cell hnes 
(Gruenheid et al., 1999). Nramp2 is involved in rodent intestinal and reticulocyte iron 
assimilation (Fleming et al., 1997), and is almost certainly the same as DCTl (Fleming et 
al., 1998). Two independent cloning studies have identified Nramp2 as the first 
mammalian transmembrane iron transporter which plays essential roles in metal 
homeostasis. This transporter is important for the uptake of a number of divalent cations in 
addition to Fê  ̂(Gunshin et al., 1997). The microcytic {mk) strain of mutant mice and the 
Belgrade (b) strain of mutant rats both have the same missense mutation in Nramp2, in 
which glycine 185 is changed to arginine (Glyl85Arg or G185R) resulting in severe 
impairment of transmembrane iron transport, especially affecting apical iron absorption in 
the small intestine, and endosomal iron transport in reticulocytes (Fleming et al., 1997;
1998). When the G185R mutation was examined in mice, nearly all Nramp2 function was 
lost; consequently, iron transport was defective (Su et al., 1998). Molecular cloning 
evidence in Xenopus oocytes demonstrated that DCTl or Nramp2 is an iron-regulated 
proton-coupled divalent cation transporter and possibly functions in controlling iron entry 
across the apical membrane and in the export of iron out of endosomal vesicles (Wood and 
Han, 1998). The G185R mutation therefore appears to affect transmembrane iron transport 
by a change in the function of Nramp2 (Su et al., 1998). These results suggest that 
Nramp2 or DCTl is the major transmembrane iron transporter in mammals.

The expression of Nramp2 has been investigated in duodenal biopsy samples of 
haemochromatosis patients homozygous for the C282Y mutation. The concentrations of 
Nramp2 mRNA is increased suggesting that an elevated Nramp2 expression may promote 
duodenal iron uptake and cause iron overload (Zoller et al., 1999). Expression of the HFE 
and Nramp2 genes has been investigated in the human intestinal cell line Caco-2.



50

Accordingly, HFE mRNA and protein were increased whereas Nramp2 mRNA was 
decreased resulting in an increased iron status in Caco-2 cells (Han et al., 1999).

The importance of DCTl in uptake of non-transferrin iron into other cell types has not 
been fully investigated. It is clear that this transporter is important in uptake of NTBI into 
reticulocytes, as uptake is decreased in Belgrade rats homozygous for the G185R mutation 
(Garrick et al., 1999). The relevance to uptake into hepatocytes and myocytes has not been 
examined however. It is also possible that other as yet unidentified transporters for NTBI 
exist in these and other cells. One possible such transporter is the Stimulator of Fe 
Transport (SFT). Some metabohc inhibitors such as rotenone, antimycin and 2,4- 
dinitrophenol effectively reduce ATP levels, and inhibit the uptake of NTBI by K562 cells 
(Gutierrez et al., 1998). These inhibitors possibly affect the ferrireductase-dependent 
transbilayer passage of Fê "̂  and/or Fê  ̂in K562 cells via the SFT (Gutierrez et al., 1998). 
SFT is a 40 kD membrane protein with six membrane-spanning domains and contains a 
putative iron-binding RExxE motif similarly found in the yeast iron transporter Ftrl and 
ferritin L-chains. Unlike Nramp2, expression of SFT can stimulate the uptake of both Fê "̂  
and Fe^  ̂ (Yu and Wesshng-Resnick, 1998). Interestingly, the two transporters (Nramp2 
and SFT) appear to be quite distinct in their specificity towards iron and its valency, and 
may have redundant functions in both transferrin and non-transferrin bound iron uptake. 
As discussed in Section 1 .2 .5 .1 , mobilferrin has been proposed as candidate molecule 
for uptake of iron(III) by a variety of cells (Conrad et al., 1996). The relevance of this 
mechanism to other NTBI uptake mechanisms requires further clarification however.

1.2.6 Regulation of cellular iron uptake and storage

Cellular iron homeostasis encompasses the mechanisms by which the concentration of 
iron in the cell is maintained at a level sufficient for cellular requirement but not too high to 
cause toxic effects. This is obtained by regulating the iron uptake with the association of 
intracellular iron. Generally, all cells in the organism require iron and control the uptake 
and storage of iron by modulating mechanisms between IREs on mRNA and IRPs. IRPs 
sense cytosolic iron levels in order to regulate the intracellular uptake and storage of iron by 
translational control of the synthesis of transferrin receptors and ferritin (Kuhn, 1994).

In the case of ferritin synthesis, translational regulation is through a single cis acting 
stem loop region in ferritin mRNA, 5’to the translated region. This region is referred to as 
the IRE. Five similar stem loop sequences are also found in untranslated regions (UTR), 3’ 
to the transferrin receptor coding region (Hentze et al., 1987; Aziz and Munro, 1987; Casey
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et al., 1988). These stem loops have close sequence homology with a regulatory element 
on ALA synthetase mRNA, which is shared across a variety of mammalian species.

Interestingly, sequences corresponding to IREs have also been identified in the 5’UTR of 
the mRNA encoding the erythroid form of 5-aminolevulinate synthase (eALAS) (Cox et 
al., 1991). As this enzyme is the first in the pathway of haem biosynthesis and is rate 
limiting, the control point for haem synthesis may also be under control of IREs. Hence, 
not only are iron storage and iron uptake into cells modulated by IRE but also iron 
utilisation. All of these are orchestrated at the post transcriptional level by the availability of 
intracellular iron, presumably through the labile intracellular iron pool, although the exact 
form of iron which interacts with IRPl and IRP2 is not yet clear.
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Transferrin receptor synthesis is regulated by controlling the stability of cytoplasmic 
transferrin receptor mRNA. Five IREs are present in the 3’UTR of transferrin receptor 
mRNA. When intracellular iron is low, an iron atom is lost from IRP and the resultant open 
IRP conformation binds to the IREs in the 3’UTR. The stability of the mRNA is thus 
increased and cytoplasmic degradation is reduced, consequently the amount and the 
synthesis of transferrin receptors is increased resulting in cellular iron uptake increase 
(Figure 1.6). Conversely, when the iron level is high and additional iron uptake is not 
required, IRP binds a further iron atom causing a conformational change which inhibits 
binding to IREs. Because of this, the synthesis of transferrin receptors declines, resulting 
in a decrease in iron transport into the cell.

When the iron concentration in the cell is low, IRP also binds to a hairpin-loop structure 
in the 5’UTR of ferritin mRNA. The binding of IRP to this IRE in the mRNA blocks the 
formation of an active polyribosome complex which is involved in translating ferritin 
mRNA to femtin protein. Thus less ferritin is synthesised when intracellular iron is at low 
concentrations. On the other hand, when more iron is available, the IRP binds to iron 
atoms and undergoes a conformational change. This inactive IRP conformation does not 
recognise and cannot bind to the IRE, so that ribosomes can assemble on the mRNA and 
proceed to translate ferritin (Figure 1.7).
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Figure 1.7 Translational control of ferritin synthesis in response to iron (From Becker et 
al., 1996).



54

Aboaame

Osyadative
psîis-î' enzyw

Regulatory protein binds IRE; 
mRNA protected; 

transferrin receptor synthesis high

H igh  iron

3 '

Regulatory protein cannot bind IRE; 
mRNA degraded; 

transferrin receptor synthesis low

Figure 1.8 Control of degradation of transferrin receptors (TfR) mRNA in response to 
iron (From Becker et al., 1996).



55

1.3 IRON OVERLOAD

1.3.1 Causes of iron overload

Iron overload may be primary, associated with the inherited disorder of iron absorption 
namely hereditary haemochromatosis, or secondary to other causes such as blood 
transfusion.

1.3.1.1 Primary iron overload

The disease described as genetic, hereditary, idiopathic or HLA-linked haemochromatosis 
is inherited as an autosomal recessive disorder of iron metabolism which is most commonly 
seen in caucasoids. Because too much dietary iron is absorbed from the gut, excess iron 
accumulates in many organs, eventually causing clinical manifestations such as diabetes, 
skin pigmentation, hypogonadism, arthritis, liver cirrhosis or cardiac failure. Iron overload 
may be seen in men at any age but in women is usually manifested after the menopause. 
Expression of the disorder is also influenced by dietary iron intake.

H istory

This disease was first recognised in the nineteenth century and named as 
Haemochromatis by Von Recklinghausen. It had been suggested by Sheldon that this 
defect was inherited and one of the most common inherited diseases in European 
populations. Subsequently, MacDonald (1965) described the relation between iron excess 
and cirrhosis in haemochromatosis conditions. This disease is different from the African 
iron overload (Moyo et al., 1998) or neonatal haemochromatosis (Knisely et al., 1987) or 
juvenile haemochromatosis (Camaschella et al., 1997). The link with HLA was noted by 
Simon et al.(1976) and finally the HFE gene was identified in 1996 (Feder et al., 1996).

Genetic evidence

The linkage between HLA-A and inherited haemochromatosis has been known since 1975 
but a telomeric or centromeric location for the HFE gene relative to HLA-A has not been 
determined (Worwood, 1994). Recently, the defective gene has been identified and shown 
to be the HLA class 1 like gene HFE, previously called HLA-H) located on chromosome 6
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(Feder et al., 1996). They found that 83% of haemochromatosis patients were homozygous 
and 5% heterozygous for a single substitution of cysteine with tyrosine at amino acid 
residue 282 (Cys282Tyr or C282Y) whereas 12% of patients were not linked to 
chromosome 6p. In addition to the C282Y mutation, a substitution of histidine with 
aspartic acid (His63Asp or H63D mutation) has been reported in haemochromatosis 
patients. Both the wild-type and mutant HFE proteins expressed by this gene are associated 
with the plasma membrane of intestinal epithelial cells and bind p^-microglobulin (Feder et 
al., 1997). In cultured cells, both proteins complex strongly with the TfR; comparatively, a 
small amount of C282Y protein bound to the TfR when presented alone. Wild-type HFE 
protein decreased the affinity of p^-n^croglobulin for TfR whereas H63D protein 
complexed with the TfR and lowered its affinity for iron binding (Feder et al., 1998). 
Histological examination has demonstrated that HFE protein is present on Kupffer cells and 
sinusoidal linings of endothehum cells in the liver, in the crypts of normal gut, and on 
capillary endothelium in the cerebellum and cortex (Bastin, 1998). These findings suggest a 
function for HFE in the control of body iron content and distribution.

Iron loading status

When the iron overload condition was analysed in haemochromatosis patients 
homozygous for the C282Y mutation, the results showed that transferrin saturation was 
typically over 55% in men and 50% in women and serum ferritin concentration was greater 
than 300 |Xg/l in men and 200 |Xg/l in women. By contrast, laboratory investigation of 
compound heterozygotes for the C282Y and H63D mutations showed that 22% individuals 
had a normal ferritin level, whereas 78% had increased an ferritin concentration (Martinez 
et al., 1997). In a study by Merryweather-Clarke et al. (1997) HFE genotyping in 
haemochromatosis patients defined by clinical features, showned that 91% were C282Y 
homozygotes, 3% were compound heterozygotes, 1.5% were C282Y heterozygote, and 
3% are H63D heterozygotes. Interestingly, all C282Y homozygotes had an increased 
hepatic iron content (HIC), 98% of haemochromatosis patients had a transferrin saturation 
greater than 45% whereas 15% had a hepatic iron index less than 1.9 mmol/kg per year 
(Bacon et. al., 1999).

A number of studies have shown that both transferrin and its receptor function normally in 
haemochromatosis, but up to 35% of serum iron (SI) can be detected as NTBI. In 
symptomatic patients the removal of excess iron from the body must be done by weekly or 
twice-weekly phlebotomy of 500 ml. Phlebotomy leads to a marked increase in iron
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absorption. If the treatment is stopped, the serum iron level and transferrin saturation 
immediately increase followed by an increase in serum ferritin concentration. Chelating 
agents such as DFO may be used as a substitute method for removal of iron when anaemia, 
hypoproteinaemia or cardiac disease is severe enough to preclude phlebotomy.

1.3.1.2 Secondary iron overload

Secondary iron overload may be defined as a quantitative increase in total body iron 
which is not caused by a primary genetic defect of increased iron absorption. Excess iron 
comes either from parenteral iron administration as repeated blood transfusions or from 
increased absorption of iron from the gastrointestinal tract such as may occur with chronic 
ingestion of excess iron, or from increased absorption secondary to anaemia.

Severe anaemias requiring regular blood transfusions result in an inevitable input of 
excess iron. This is because when the transfused red blood cells reach the end of their 
lifespan and are destroyed within the phagocytic cells of the macrophage system, the iron 
released from catabohsed haemoglobin cannot be excreted physiologically. Examples of 
transfusion related iron-loading anaemias are p-thalassaemia major, chronic renal failure, 
aplastic anaemia, myelodysplastic syndromes and some cases of sickle cell disease 
(Pippard, 1994).

In thalassaemia major, iron loading is predominantly derived from blood transfusion but 
excess iron absorption may also contribute. A unit of red cells, processed from 420 ml of 
donor blood, contains approximately 200 mg of iron (0.47 mg iron/ml of whole donor 
blood or 1.16 mg iron/ml of packed red cells). Splenectomised patients with thalassaemia 
major receive the red cells derived from approximately 300 ml of whole blood per kg 
annually (range 200-400 ml whole blood/kg) (Modell, 1977) to maintain a mean 
haemoglobin level of 12 g/dl. This volume of transfused blood is equivalent to 0.4 mg/kg 
of transfused iron daily or 28 mg of iron in an adult weighing 70 kg. The transfusion 
requirements in unsplenectomised patients are generally higher and may contribute to an 
increased rate of iron loading. In one study of patients on hypertransfusion regimens who 
required more than 250 ml of packed red cells/kg per year, splenectomy decreased the 
annual iron loading by an average of 39% (Graziano et al., 1981). However, 
hypertransfusion generally decreases the rate of splenic enlargement (O'Brien et al., 1972), 
and the early introduction of a hypertransfusion regimen may diminish the extent to which 
the spleen contributes to an increased blood transfusion requirement (Modell, 1977). 
Added to the transfusional iron is gastrointestinal iron absorption, accounting for a further
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1-4 mg daily (Pippard and Weatherall, 1984). Thus, iron will accumulate at a rate of 0.4- 
0.5 mg/kg/day or 28-35 mg/day in a splenectomized adult patient with thalassaemia major 
who weighs 70 kg.

In thalassaemia intermedia, blood transfusion is intermittent or absent, and the increased 
iron loading is mainly as a consequence of excess iron absorption. The degree of excess 
iron absorption depends on several factors such as the degree of ineffective erythropoiesis, 
the extent of erythroid expansion and the severity of the anaemia, all of which are highly 
variable in thalassaemia intermedia syndromes. In one study, patients with thalassaemia 
intermedia absorbed 26-73% of food iron (Pippard et al., 1979). In another study, patients 
with this form of thalassaemia absorbed 60% (range 17-90%) of a 5 mg dose of ferrous 
sulphate while healthy controls absorbed 10% (range 5-15%) (Modell, 1979; Pippard et 
al., 1979). In yet another study, absorption varied from 20-75% in HbE/p-thalassaemia and 
correlated with plasma iron turnover, transferrin saturation and liver iron concentration 
(Pootrakul et al., 1988). Iron absorption in thalassaemia intermedia can thus be up to 5-10 
times normal, or 0.1 mg/kg/day (Gordeuk et al., 1987).

In sickle cell disorders, there is no evidence of iron overload in the absence of blood 
transfusion (O'Brien, 1978). Indeed, a variable proportion of untransfused patients may be 
iron deficient (Vichinsky et al., 1981; Davies et al., 1984; Rao et al., 1984). Repeated 
simple blood transfusions will inevitably lead to iron overload, but exchange transfusions 
will not result in iron loading if performed in such a way that transfusional iron input is 
matched by that removed during manual exchanges (Porter and Huehns, 1987) or by 
automated red cell exchanges (Cohen et al., 1992).

Monitoring o f  transfusional iron overload

The iron status of patients can be monitored by several methods to define the amount of 
iron accumulated and its distribution in the various organs. In transfusion-dependent 
anaemias, a rough estimate of the total body iron burden may be obtained by calculating the 
amount of blood administered. An increase in serum iron and transferrin saturation are 
early indicators of transfusional iron overload, but their sensitivity and specificity are not 
very high. In the absence of liver damage, serum ferritin concentration correlates with 
transfusional iron burden and is the most frequently used parameter to monitor 
transfusional iron overload and its treatment. Serum ferritin values consistently above 
2,500)ig/L are associated with an increased risk of cardiac mortality from iron overload
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(Olivieri et al., 1994). Other approaches which have been advocated are the measurement 
of liver iron by biopsy or by non invasive methods such as SQUID (superconducting 
quantum interface device) (Olivieri and Brittenham, 1997).

1.3.2 Changes in iron distribution with iron overload

1.3.2.1 Changes in tissue iron

Changes in tissue distribution and clinical manifestations of excess iron are influenced by 
the mode and rate of iron loading and by the absolute levels of tissue iron within the body. 
Increased iron absorption leading to a predominantly parenchymal distribution of iron 
loading is a feature of genetic haemochromatosis but is also found in many conditions 
associated with ineffective erythropoiesis (Cavill, 1975; Pippard and Weatherall, 1984; 
Pootrakul et al., 1988).

Iron overload may develop as a consequence of increased absorption of iron over a 
prolonged period or from repeated red cell transfusions. There appears to be no mechanism 
for shutting off iron absorption in iron overloaded conditions. For example, the chronic 
ingestion of excess iron in Bantu siderosis (up to 150 mg/day) is not associated with a 
compensatory decrease in iron absorption, resulting progressive iron overloading 
(Bothwell et al., 1964). Iron absorption is also increased in many conditions associated 
with ineffective erythropoiesis, even in the presence of iron overload (Cavill et al., 1975).

In hereditary haemochromatosis, excess iron absorption takes place with normal iron 
content diet and without evidence of ineffective erythropoiesis. The distribution of excess 
iron differs from that seen in the early stages of transfusional iron overload. The excess 
gastrointestinal absorption in hereditary haemochromatosis results in an early accumulation 
of hepatocellular iron, whereas early transfusional siderosis is initiated with excess 
accumulation of iron in mononuclear cells.

Post mortem examination of patients with thalassaemia major (Modell and Matthews, 1976) 
shows striking variability in the iron concentration in different tissues. Iron is found at high 
concentrations in liver, heart and endocrine glands, with very little present in striated 
muscle and none in the brain and nervous tissue. In the absence of chelation therapy, 
siderosis in liver macrophages and hepatocytes correlates with the number of units of blood 
transfused, with age and with LIC (Risdon et al., 1975). With more advanced iron



60

overload or in splenectomised patients, hepatocyte deposition predominates (Risdon et al., 
1975). Hepatocellular deposition of iron predominates in chronically transfusion dependent 
patients with iron overload. Consequently, liver cirrhosis usually develops in the fourth 
and fifth decades of life in hereditary haemochromatosis.

Significant siderosis in myocardial tissue is usually seen after approximately 100 units of 
blood have been transfused. Free radical-induced myocardial damage causing cardiac 
failure is a frequent cause of death in thalassaemia major patients in their second and third 
decades unless iron chelation treatment given. In transfusional iron overload, cardiac iron is 
preferentially distributed to the ventricular myocardium compared with atrial myocardium 
or conducting tissue (Buja and Roberts, 1971). Ventricular myocardial iron distribution is 
uneven, being maximal in the subepicardium, intermediate in the subendocardial region and 
papillary muscles, and least in the middle third of the ventricular myocardium. Focal areas 
of fibrosis may also be seen in papillary muscles or ventricles (Buja and Roberts, 1971). 
The uneven distribution of iron makes endocardial biopsy an unreliable tool for assessing 
cardiac iron concentration and iron-mediated cardiac damage (Fitchett et al., 1980; Barosi et 
al., 1989).

Excess iron is also widely deposited in endocrine glands and this may lead to multiple 
endocrine failure such as diabetes mellitus, hypogonadism, hypoparathyroidism and 
hypothyroidism, although these features are varied (Zurlo et al., 1989; Gabutti and Piga,
1996). The anterior pituitary gland is particularly sensitive to iron loading and this results 
in hypogonadotrophic hypogonadism.

The reasons for the uneven distribution of body iron in transfusional overload are not 
fully understood but likely reflect variable tissue distribution of both transferrin and non
transferrin iron uptake mechanisms. In heart cells in vitro there is evidence for both 
transferrin-mediated (Favaet al., 1981) and non-transferrin mediated uptake of iron (Link 
et al., 1985; Parkes et al., 1993), consistent with the finding that cardiac iron correlates 
with both semm iron and transferrin saturation in thalassaemia (Barosi et al., 1989). The 
appearance of NTBI in plasma could be a key prerequisite to iron loading of tissues that 
lack significant numbers of transferrin receptors but possess uptake mechanisms for NTBI.

1.3.2.2 Changes in plasma iron and NTBI formation in iron overload

Evidence fo r  existence o f NTBI
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Evidence that iron may exist in plasma unbound to transferrin and that this form of iron 
may be toxic was first provided by Hershko et al. (1978). Despite considerable skepticism 
initially, the evidence for the existence of NTBI has now become persuasive. NTBI was 
firstly recognised as nonspecific iron present in thalassaemic serum, which was chelatable 
and subsequently dialysable or filtrable (Hershko et al., 1978). It has been characterized as 
bleomycin-reactive iron present in the plasma of patients with iron-overload which can 
generate harmful hydroxyl radicals and promote lipid peroxidation (Gutteridge et al., 1985; 
Halliwell and Gutteridge, 1986). It has been suggested that NTBI is probably a low MW 
iron complex loosely bound to plasma proteins such as albumin (Hershko and Peto, 1987). 
An independent study proposed that such NTBI may be ferritin iron (Pootrakul et al.,
1988). By using the HPLC/NMR technique, it has been postulated that NTBI in plasma of 
patients with iron-overloaded haemochromatosis is mainly present as iron citrate and also 
iron-citrate-acetate complexes (Grootveld et al., 1989). Singh et al. (1990) hypothesized 
that NTBI in thalassaemic semm comprises low MW iron complexes and iron loosely 
bound to semm proteins. Nevertheless, the precise nature of nonspecific NTBI has not 
been characterized.

Relevance o f NTBI to the pathophysiology o f iron overload in thalassaemia

In patients with p-thalassaemia major, transfusional iron accumulates at a rate of 0.25-0.4 
mg/kg body weight per day (Gordeuk et al., 1987). In patients with thalassaemia 
intermedia in whom regular transfusions are not administered but in whom substantial 
ineffective erythropoiesis is ongoing, most of the iron released to the circulation is derived 
from catabolism of red blood cells at a rate approximately eight-fold greater than that 
observed in normal subjects (0.7 mg/kg/day). Clearly, significant daily iron accumulation 
places patients with both phenotypes at high risk of iron-induced toxicity (Hershko and 
Rachmilewitz, 1979). When the capacity of the plasma transferrin is exceeded, excess 
cataboUc iron emerges in the form of NTBI. This form of iron is highly toxic, resulting in 
rapid uptake of iron into tissues and if untreated, such tissue loading results in early death, 
usually from cardiac complications.

Following the first recognition of the potential importance of NTBI (Hershko et al.,
1978) subsequent studies have confirmed its existence (Anuwatanakulchai et al., 1984; 
Gutteridge et al., 1985; Wagstaff et al., 1985; Singh et al., 1990) and demonstrated that 
this fraction of iron may generate harmful hydroxyl radicals and promote lipid peroxidation 
in vivo (Gutteridge et al., 1985) particularly because intracellular mechanisms to detoxify
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radicals generated by excess iron (including superoxide dismutase, catalase and glutathione 
reductase) are absent in plasma.

By eliminating NTBI with optimal chelating therapy, the uptake of toxic iron species can, 
in principle, be prevented. The difficulty is that, because NTBI reappears within minutes of 
cessation of DFO infusion (Porter et al., 1996), standard chelation regimens may fail to 
clear NTBI for periods sufficient to prevent iron-mediated tissue damage. This is supported 
by the findings of pituitary failure and cardiac dysfunction in patients with apparently 
optimally previous treatment with DFO. The relationship between tissue iron loading, 
NTBI, organ damage, and standard regimens of iron-chelating therapy therefore requires 
further careful scrutiny.

While NTBI appears to be poorly correlated with estimates of body iron burden, 
including the serum ferritin concentration and transferrin saturation (Anuwatanakulchai et 
al., 1984; Al-Refaie et al., 1992), the relationship between NTBI and quantifications of 
body storage iron has not been studied systematically. Hitherto, this has not been possible 
mainly because of technical difficulties in the lehable measurement of NTBI, especially in 
serum samples in which iron-chelating agents are present. Methodology development 
allowed measurement of NTBI (Singh et al., 1990; Porter et al., 1996), and its rate of 
removal and reappearance, during DFO treatment in vivo (Porter et al., 1996). As will be 
shown later however, this methodology requires further modification.

The concentrations of NTBI and hpid-soluble antioxidants were investigated in p- 
thalassaemia major patients (Livrea et al., 1996). The results showed that NTBI was in the 
range of 4.5-54.8 |Lig/dl and had a positive trend with ferritin. The concentration of lipid- 
soluble antioxidants in these patients was depleted whereas a mild to severe hepatic damage 
was shown in 24 of 42 patients. These results suggest that the measurement of 
peroxidation products may be a simple measure of iron toxicity in thalassaemia, in addition 
to the conventional indices of iron status.

Chemical nature o f NTBI

As discussed above, the exact chemical nature of NTBI in iron overload has been the 
subject of considerable debate. While low MW NTBI species have been demonstrated both 
in the absence (Lau and Sarkar, 1984) and presence (Grootveld et al., 1989) of iron 
overload, NTBI is certainly present at very high concentrations (10'  ̂M) following acute
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iron poisoning, and in patients with chronic iron overload (10 ̂  to 10'̂  M). In the latter 
group, although other low MW species have been described (Lau and Sakar, 1984), iron 
citrate complexes may predominate (Grootveld et al., 1989) but 10'̂  M citrate (the 
concentration found in plasma; Harris, 1992) binds only low concentrations of iron at 
physiological pH. At higher concentrations, NTBI is likely to be polynuclear or bound to 
proteins such as albumin. It has also been suggested, though not demonstrated directly, 
that plasma ferritin may contribute to this higher MW pool (Pootrakul et al., 1978).

Uptake and kinetics o f NTBI

The kinetics of NTBI uptake has been studied in animal and tissue culture models using 
a variety of forms of iron prepared in vitro (e.g. iron-citrate, iron-NTA). The physiological 
relevance of these iron forms to the human situation is unclear. Nevertheless, such studies 
have shown that low MW ferric and ferrous citrate complexes are cleared rapidly in 
perfused rat liver by an efficient saturable first pass process with Kna value of 14-22 |iM.

The kinetics of higher MW forms of NTBI are presently unknown. NTBI is taken up 
rapidly by heart cells at 200 times the rate of iron released from transferrin (Link et al., 
1989), a process of uptake which, unlike transferrin-iron uptake which is inhibited at high 
tissue iron concentrations, may actually be increased by high tissue iron content (Randell et 
al., 1994). A detailed discussion of NTBI uptake mechanisms into liver, heart and other 
cells has been given in Section I.2.5.2.

Mechanisms o f toxicity by NTBI

The role of iron in promoting the conversion of superoxide and hydrogen peroxide into 
highly toxic, free hydroxyl radicals through the Haber-Weiss reaction is well documented 
(Halliwell and Gutteridge, 1986) and discussed below (Section 1,3.3). Previous 
evidence (Gutteridge et al., 1985) demonstrated that NTBI ultrafiltrates from 
haemochromatosis sera were capable of promoting the free-radical formation by xanthine 
oxidase and acetaldehyde, and stimulating the peroxidation of phospholipid liposomes. In 
the absence of detoxifying intracellular enzymes such as superoxide dismutase, catalase and 
glutathione reductase, NTBI may, as it has been shown to do in vitro (Gutteridge et al.,
1985), promote the formation of free hydroxyl radicals and accelerate the peroxidation of 
membrane lipids. Increased lipid peroxidation, usually regarded as the most significant 
event in the pathogenesis of cellular damage, may target polyunsaturated fatty acids
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resulting in the formation of highly reactive aldehydes such as malonyldialdehyde (MDA) 
and 4-hydroxynonenal (4-HNE), and leading to the formation of covalent links to proteins, 
or protein adducts (Houglum et al., 1990). As a result of this lipid peroxidation, increased 
lysosomal fragility has been observed iron-loaded livers (Seymour and Peters, 1978; Weir 
et al., 1984). NTBI also increases formation of MDA and conjugated dienes and is 
associated with increased respiratory excretion of low MW alkanes (Goddard and 
Sweeney, 1983; Dillard et al., 1984).

1.3.3 Pathology of iron mediated toxicity

1.3.3.1 Generation of free radicals by iron

Iron is made unavailable to participate in the generation of harmful free radicals by its 
binding to hgands such as transferrin. Nevertheless, in iron overload, plasma transferrin 
becomes saturated and NTBI is detectable (Hershko et al., 1978). Also, increased 
quantities of low MW iron in the cells (e.g. LIP) are potentially available to participate in 
free radical generating reactions. Iron is particularly important because it is present at 
sufficient concentration in tissues and due to the favourable redox potential of the Fê '*̂ /Fê '̂  
transition (between 4-0.35 and 4-0.5 V) which allows easy redox cycling between Fê '̂ /Fê .̂ 
Free radicals are defined as any species capable of independent existence that contains one 
or more unpaired electrons. One of the commonest reactions in the body is the iron- 
catalysed reduction of molecular oxygen in water to sequentially form products including

superoxide (O2 ), hydrogen peroxide (HjOj) and the hydroxyl radical (HO*). The iron- 
catalysed reaction between superoxide and hydrogen peroxide was first described by Haber 
and Weiss in 1934 and involves the sequential reduction and reoxidation of Fê .̂

O2 4- H2O2 -------- > O2 4- OH 4- HO* Haber-Weiss reaction

The hydroxyl radical (HO*) has also found great use in studying the structural properties 
of DNA and DNA-protein complexes. This species can be efficiently generated via the 
Fenton reaction from Fe(II)-EDTA in the presence of hydrogen peroxide and a reducing 
agent such as ascorbate. Hydrogen peroxide is relatively stable and non-toxic by itself. 
Furthermore, it is an important precursor of hydroxyl radicals, requiring the availability of 
catalytic trace elements such as iron, copper or cobalt.
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+ O2 <-------> + O2*

2 O2*’ + 2 <------ > H2O2 + O2 Fenton reaction

Fê + + H2O2 <--------> Fê + + OH* + OH

The hydroxyl radical can diffuse and abstract hydrogen atoms from DNA, a process that 
results in cleavage following subsequent chemical reaction. These and other reagents that 
facilitate DNA or RNA cleavage via hydrogen atom abstraction and free radical chemistry 
have been and are being identified. In the presence of iron(II) and oxygen molecules or 
iron(III) and hydrogen peroxide, bleomycin, an anti-tumour antibiotic isolated from the 
fungus Streptomyces, binds to DNA and induces single- and double-strand cleavages in the 
DNA molecule. Upon activation, a ferric peroxide or a high-valent species that abstracts 
hydrogen atoms from the deoxyribose rings of DNA is formed, and subsequently results in 
DNA cleavage. The various systems differ in that the hydrogen-abstracting agent may be a 
metal complex, often bound to the DNA (as in bleomycin), or a freely diffusable species 
such as a hydroxyl radical.

A number of physiological scavengers of toxic oxygen products exist such as superoxide 
dismutase which oxidises superoxide to hydrogen peroxide, catalase and glutathione 
peroxidase which scavenge hydrogen peroxide. Tissue damage will depend on the relative 
rates of formation and scavenging of harmful free radicals. Hydroxyl radical can damage 
several biomolecules including proteins, DNA and membrane phospholipids. Due to the 
weakness of adjacent double bonds, polyunsaturated fatty acids of membrane 
phospholipids are sensitive to peroxidation to form hpid peroxy radical and subsequently 
lipid peroxide. Lipid peroxides are stable but their decomposition can be catalysed by 
transition metals and metal complexes to cyclic-peroxides and -endoperoxides, with 
fragmentation to aldehydes including MDA.

It has been shown that liposome peroxidation depends on their charge (Kunimoto et al., 
1981). The site of peroxidation and whether the iron or hydroxyl radical is membrane 
associated will affect the incidence of any free radical producing reaction. Possibly, the 
protein proportion of normal cell membranes (up to 50%) will influence propagation of 
lipid reactions. Hence, cell systems are likely more suitable for studying iron mediated lipid 
peroxidation than noncellular systems. EDTA-Fe(II) complexes do not diminish the 
reactivity of iron salts in the Fenton reaction and may catalyse peroxidation (Gutteridge and
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Halliwell, 1989). In comparison DFO tightly binding to wiU completely inhibit lipid 
peroxidation in several systems (Gutteridge et al., 1979).

1.3.3.2 Mechanisms of cell damage

Because iron is concentrated in hepatocyte lysosomes in both primary and secondary iron 
overload, these organelles are particularly susceptible to lipid peroxidation (Kombrus and 
Mavis, 1980; Bacon et al., 1983). The resulting lysosomal fragility (Myers et al., 1991) is 
directly proportional to the degree of iron overload (Le Sage et al., 1986). Lipid 
peroxidation and damage to organelles as well as lysosomal fragility may lead to cell death 
but may also encourage fibrogenesis. Chromatographic evidence shows a large increase in 
the haemosiderin/ferritin ratio in iron overloaded myocardium and the increased amount of 
haemosiderin in the liver with iron overload is associated with greater lysosomal fragility 
(Fitchett et al., 1980). In addition, lysosomal fragihty is increased in iron overloaded 
patients with thalassaemia intermedia and trait (Frigerio et al., 1984), together with an 
increased hpid peroxidation in hver samples from both iron-loaded humans and animals 
(Britton et al., 1994). Histologically, lysosomal haemosiderin is increased in hepatocytes 
and in Kupffer cells of thalassaemia patients (Thakemgpol et al., 1996). Recently, Li et al. 
(1998) demonstrated that oxidised LDL-induced cell damage is associated with iron- 
mediated intralysosomal oxidative reactions leading to partial lysosomal rupture.

Iron-induced aldehyde lipid peroxidation products such as MDA (Houglum et al., 1990) 
and 4-HNE (Parola et al., 1993) have been shown to promote collagen gene expression 
and fibrogenesis in cultured fibroblasts and perisinusoidal stellate cells. Fibrogenesis is 
also associated with autocrine production of TGFp-1 in stellate ceUs (Bissell et al., 1995) 
and increased mRNA levels of TGFp-1 and procollagen al(I) have been observed in a 
model of iron and alcohol induced fibrogenesis (Tsakamota et al., 1995). Increased TGFp- 
1 expression and MDA protein adducts have also been reported in hepatocytes and 
sinusoidal cells of patients with genetic haemochromatosis (Houglum et al., 1997) 
suggesting that iron overload increases both hpid peroxidation and TGFp i expression, 
which together may promote hepatic injury and fibrogenesis. In other tissues, similar 
mechanisms are likely to be involved although the concentration and distribution of 
intracellular iron clearly differs between tissues.

Lipid peroxidation is also associated with hepatic mitochondrial and microsomal 
dysfunction in experimental iron overload (Britton et al., 1994). Mitochondrial swelling
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and amorphous densities developing in the matrix space have been associated with iron 
accumulation in the hepatocytes of Thai thalassaemia patients, possibly due to the iron 
compounds or free radicals mediating membrane damage (Thakemgpol et al., 1996). 
Mitochondrial damage may be caused by lactic acidosis following acute intestinal iron 
toxication. However, the progressive reduction of ADP-stimulated respiration and 
respiratory control rate has been found in iron-loaded rats when HICs are above 1000 
|Xg/g, together with an increase of lipid-conjugated diene formation (Hershko, 1989).

1.3.3.3 Clinical Consequences of excess iron

Iron overload in primary haemochromatosis, transfusion-related iron overload, 
ischaemia-reperfusion injury, and cardiac anthracycline toxicity can damage a variety of 
cells and tissues including heart, liver, pancreas, erythrocytes and endocrine glands 
resulting in organ dysfunction (Lesnefsky, 1994). In thalassaemia major, if chelation 
treatment is withheld, death from iron-induced cardiac failure is common from the second 
decade (Wolfe et al., 1985; Zurlo et al., 1989; Brittenham et al., 1994). In contrast, in 
conditions such as genetic haemochromatosis in which iron loading is slower, cirrhosis is a 
common presenting feature, usually in the fourth and fifth decades, and commonly leads to 
death from hver failure or hepatoceUular carcinoma. Cirrhosis is also a common feature in 
thalassaemia major, being present in 50% of patients at post mortem, and is particularly 
likely if chronic infective hepatitis C is also present. However, historically cirrhosis is a 
relatively uncommon cause of death in thalassaemia major (Zurlo et al., 1989).

Liver fibrosis may develop early in the course of thalassaemia major, even in the absence 
of infective hepatitis. For example, fibrosis has been observed as early as 3 years after 
starting transfusion (Angelucci et al., 1994). Fibrosis correlates with age, the number of 
units of blood transfused and with LIC (Risdon et al,, 1975). In these studies there was an 
exponential increase in hepatic fibrosis with increasing LICs. The increased degree of 
fibrosis was particularly apparent when LIC exceeded approximately 20 mg/g dry weight.

Pathological evidence on autopsied hearts from haemochromatosis patients showed a 
dilated heart with thickened ventricular walls. Iron accumulated more heavily on the 
ventricular walls and septum than in the atrial walls; the epicardium and the papillary 
muscles contained the most iron, and the conduction tissue the least. Iron distribution in 
endomyocardial biopsies of patients with primary or secondary iron overload significantly 
correlated with serum iron and transferrin saturation (Barosi et al., 1989). Investigation of
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heart tissues of iron-overloaded rats documented an increase of lactate dehydrogenase 
release and structural alterations at mitochondrial and sarcomere level (Pucheu et al., 1993). 
Recently, Link et al. (1999) have demonstrated that a-tocopherol, ascorbate, DFO and 
deferiprone can prevent iron toxicity to mitochondrial function in cultured, iron-loaded 
heart cells.

Damage to endocrine glands is a frequent comphcation in patients with thalassaemia 
major during puberty or adolescence (Modell and Berdoukas, 1984). Iron deposition is 
harmful to the endocrine glands, directly or through the hypothalamic-pituitary axis. 
Hypogonadism is common (Piga et al., 1988) leading to disturbances of growth and sexual 
maturation. Hypogonadism is typically secondary to anterior pituitary damage, and hence 
many female thalassaemias have secondary amenorrhea (Chatterjee et al., 1993). Growth 
retardation and delayed or failed puberty are also common in poorly chelated patients 
(Bronspiegel-Weintrob et al., 1990; De Sanctis et al., 1996). Insulin resistance diabetes, 
hypothyroidism (Merkel et al., 1988; Magro et al., 1990) and hypoparathyroidism 
(McIntosh, 1976) are seen in a variable proportion of patients, and the frequency of these 
complications is falhng with improved chelation therapy. Indeed, in optimally treated 
patients who receive more than 260 infusions of DFO each year, these complications are 
absent at 15 years follow up (Gabutti and Piga, 1996). Other features of iron overload 
include skin pigmentation, arthropathy, ascorbic acid deficiency and osteoporosis 
(Gordeuk et al., 1987).

The relevance of the rate of iron loading to the clinical manifestations of iron overload is 
further illustrated by the contrasting complications of excessive iron in thalassaemia major 
and intermedia. Thalassaemia intermedia is a heterogeneous collection of disorders with 
varying rates of haemolysis and iron absorption and different requirements for intermittent 
transfusions (Pootrakul et al., 1988). Because of the slower buildup of iron in thalassaemia 
intermedia, damaging levels of iron loading typically develop later than in thalassaemia 
major and may not affect pituitary function until the third or fourth decade or beyond. 
Therefore, in thalassaemia intermedia, growth and sexual development are typically 
unaffected by iron overload, and, when present, are more likely to be the consequences of 
ineffective erythropoiesis and anaemia.

Infections are the second most frequent cause of death in thalassaemia, occurring 
commonly in younger age groups (Zurlo et al., 1989). Postsplenectomy sepsis due to 
encapsulated organisms is an important contributor (Pinna et al., 1988). However, iron
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overload also appears to play a central role in increasing susceptibility to infection. There 
are several case reports of infection with Yersinia enterocolitica. Vibrio Vulnificus, 
Listeria monocytogenes, Escherichia Coli, Candida and Klebsiella species (Barry and 
Reeve, 1977; Hwang et al., 1994). The increased infective risk partly results from the 
saturation of transferrin with iron, depriving the body of an important mechanism to 
withhold this nutrient from bacteria. There is also evidence for defective neutrophil and 
macrophage function (Skoutelis et al., 1984; Ballart et al., 1986; Kutukculer et al., 1996), 
presumably secondary to the effects of excess iron. Some bacteria such as Yersinia are able 
to utilise iron from iron complexes of chelators (Robins-Browne and Prpic, 1985). This is 
particularly likely if the chelator is a naturally occurring siderophore such as DFO.

1.4 THALASSAEMIA

In this thesis, the interaction of iron chelators with the serum obtained from patients with 
thalassaemic disorders is described. Whilst a detailed review of the genetics and 
pathophysiology of thalassaemia is beyond the scope of this chapter, a brief description of 
thalassaemia is given here.

1.4.1 Pathophysiology of thalassaemia

The thalassaemia syndromes, also known as Cooley’s Anemia, constitute a diverse group 
of genetic defects of haemoglobin synthesis, characterized by diminished or absent 
production of the a- or p- globin chains of adult haemoglobin (haemoglobin A, HbA). The 
resulting imbalance in globin chains leads to the precipitation of globin chains in 
erythrocytes, ineffective erythropoiesis, and accelerated red cell destruction, with 
hypochromic, microcytic anaemia of varying severity. Other haemoglobinopathic disorders 
including HbS, HbE and Hb Constant Spring result from mutations in the coding 
sequences of the a- or p-globin genes.

Normal functional haemoglobin consists of a tetramer of two a- and two p-globin chains 
which are encoded by two clusters of closely linked genes, p-globin genes reside on 
chromosome 11 and include the two adult genes, delta (6) and beta (p), the two very similar

fetal genes, gamma-A ( \ )  and gamma-G (^y), and the single embryonic epsilon (e) gene. 
On chromosome 16 is found the a genes, including the duphcated and almost identically 
functional two a genes («i and af) and the embryonic zeta (Q gene The expression of a- 
like and p-like genes during development and in adult life is shown in Figure 1.9.



70

Mutation or deletion of critical elements in a- and p-globin genes may lead to disease 
manifestations ranging from inconsequential laboratory findings (microcytosis and 
hypochromia in a- and p-thalassaemia trait) to events incompatible with normal intrauterine 
growth and development (hydrops fetalis) as shown in Table 1.

The heterogeneity of the a- and p-thalassaemias reflects differences in the severity of the 
underlying mutations, the interaction of other genetic determinants, variability in 
effectiveness of several adaptive functions and possibly environmental factors. 
Thalassaemias constitute an extremely wide range of clinical conditions resulting from the 
interactions of many different forms of the disease and structural haemoglobin variants.
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Table 1 Classification of the thalassaemias

Type Genotypes

«^Thalassaemia Syndromes
“Silent carrier” (-«/««)
«-Thalassaemia trait (-«/-« ; —/««)
HbH disease (-«/—)
Hydrops fetalis

Hb Constant Spring genotypes (««^ /̂««)
Co-inherited «-thalassaemia + p-thalassaemia
p-Thalassaemia Syndromes

p-Thalassaemia minor [trait] m ^ )  or (p/p")
p-Thalassaemia intermedia homozygous for very mild mutations, 

persistence of HbF synthesis, 
compound heterozygote for mild

mutations (e.g. HbE/p-thalassaemia)

p-Thalassaemia major (P V ) or pVp^
Complex p-Thalassaemia syndromes
Hereditary persistence of fetal haemoglobin (HPFH) (HbF —>25% - 100%)
y-Thalassaemia (HbF ->  ~ 0%)
5-Thalassaemia (HbA2—> ~ 0%)
yôp-Thalassaemia (HbF + HbA2-> ~ 0%)

(Adapted from Rodgers, 1997)
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1.4.2 a-Thalassaemia syndromes

a-Thalassaemias result from genetic defects of a-globin chains leading to production 
which is partially or completely suppressed. This results in excess y- and p-globin chains 
which subsequently form soluble homotetramers, haemoglobin Bart’s (yj and 
haemoglobin H (pj, with the reduced production of adult haemoglobin, HbA (a^p;) and 
fetal haemoglobin, HbF (ozy;). However, the unstable tetramers, particularly HbH, can 
precipitate to form inclusions during the lifespan of the red blood cells. Thus, haemolysis 
rather than ineffective erythropoiesis is the major cause of the anaemia. These disorders 
have their highest prevalence among Southeast Asian populations (up to 30%).

HbH disease, due to deletions of three genes (-/-a) and usually the compound 
heterozygous state for the deletion forms of and a°-thalassaemia, presents as a 
moderately severe anaemia with splenomegaly and a hypochromic, microcytic blood film 
appearance. This disease is very frequent in South-East Asia and quite common in the 
Mediterranean. Haemoglobin level in HbH disease varies from 2 to 12 g/dl therefore, 
chronic blood transfusions are not usually required. HbH disease is a thalassaemia 
intermedia like syndrome which is usually clinically milder than p-thalassaemia intermedia 
(Mohamed and Jackson, 1998).

Haemoglobin Bart’s hydrops fetalis syndrome results from the interaction of two a° - 
thalassaemia determinants. Fetuses affected by this syndrome are completely unable to 
synthesize a-globin chains resulting in severe anaemia (Hb levels 3-10 g/dl) and finally die 
in utero or at dehvery. Recently, a few hydropic infants have been kept ahve with in utero 
blood transfusions followed by premature delivery

1.4.3 p-Thalassaemia syndromes

p-Thalassaemia is found throughout the world in formerly malarious regions. So far about 
150 different mutations have been described that give rise to p-thalassaemia, and there are 
phenotypic differences between them, p-thalassaemia usually results from mutations at the 
p-globin gene loci which cause either absent p-globin chain production (p°-thalassaemia) or 
a variable decrease in p-globin chain (p^-thalassaemia). This leads to imbalanced globin 
chain synthesis and excessive a-globin chains. On a molecular basis, most of the p- 
thalassaemias are caused by point mutations within the gene or its immediate flanking
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sequences, which results in either p“-thalassaemia or ^^-thalassaemia. The p-thalassaemias 
are rarely caused by major structural gene deletions except upstream and structural p gene 
deletions. Although the synthesis of the y-globin chain in HbF persists after birth, the 
combination of p- and y-globin chains is not sufficient to match the number of a-globin 
chains. The clinical manifestations of p-thalassaemia are related primarily to the degree of 
globin chain imbalance and can be phenotypically classified into three groups, thalassaemia 
major, thalassaemia intermedia and thalassaemia trait.

Thalassaemia major is usually a severe anaemia, and people who have it need regular 
blood transfusions in order to live. This results from the inheritance of two p-thalassaemia 
genes, compound heterozygous or homozygous states. The level of HbF plays a major role 
in determining the phenotypic severity of p-thalassaemia. Recently, immunoelectron 
microscopic study has confirmed that the inclusion bodies in p-thalassaemia consist entirely 
of precipitated a-globin chains. The excess of a-globin chains that are not combined with p- 
or y-globin chains, become associated with the red cell membrane or are subjected to 
proteolysis. Unbound a-globin chains precipitate in immature erythroid cells leading to 
defective erythroid maturation and ineffective erythropoiesis, and short red cell hfe span. 
The resulting haemolytic anaemia causes the ineffective bone marrow to proliferate 
erythroid cell production leading to marked expansion of bone marrow, skeletal 
deformities, osteoporosis and abnormal growth and metabolism. Splenomegaly 
subsequently occurs after the entrapment of abnormal red cells in the spleen. Due to an 
increase of intestinal iron absorption and repeated blood transfusions, progressive iron 
accumulation is a common complication of this disease, fron overload affects normal 
function of vital organs such as the heart and increases the susceptibihty to infection; these 
are the main cause of morbidity and mortality (see Section 1.3.3.3). An outline of the 
pathophysiology of p-thalassaemia is summarised in Figure 1.9
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Figure 1.9 A summary of the main pathophysiological features of the clinically 
significant a- and p-thalassaemia (From Rodgers, 1997; Weatherall, 1998).
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An increased production of erythropoietin (Epo) is a response to anaemia and results in 
marked erythroid hyperplasia and subsequent skeletal deformity. Production of 2,3- 
diphosphoglycerate in thalassaemic red cells has been increased in response to anaemia, 
with a consequent right shift of the oxygen dissociation curve. With thromboembolic 
complications, pulmonary arterial obstruction and hypertension, chronic hypoxia has been 
reported in patients with HbE/p-thalassaemia, particularly after splenectomy. Laboratory 
evidence suggests that abnormal thromboembolism in p-thalassaemia may be due to the 
flips of phosphatidylethanolamine and phosphatidylserine from the inner to outer leaflet of 
the red cell membrane providing a negatively charged surface on which coagulation can 
occur.

p-Thalassaemia trait is usually associated with the inheritance of a single p-thalassaemia 
gene (p° or p"̂) and is characterized by a mild anaemia with hypochromic microcytic red 
blood cells and increased amount of HbÀ2 and HbF.

Thalassaemia intermedia usually refers to a milder phenotype of homozygous p- 
thalassaemia major or compound heterozygous p-thalassaemia in combination with a p- 
thalassaemic variant (e.g. Hb Lepore or HbE), in which the patients can survive without 
regular transfusions. It includes a very wide range of people with clinical manifestations 
ranging from severe anaemia requiring intermittent transfusions to an asymptomatic 
condition. A variety of clinical problems in the severe thalassaemia intermedias without 
regular transfusions have been reported including bone deformity and fractures, 
extrameduUary haemopoietic tumours, leg ulcers, autoimmune haemolysis and 
thromboembolism and infection (Mohamed and Jackson, 1998). Major genotypic factors 
involve the nature of the mutation, or mutations in compound heterozygotes, the co
inheritance of different a-thalassaemia alleles and the ability to produce HbF. HbE/p- 
thalassaemia is one of the most common p-thalassaemia intermedias and HbE the second 
commonest abnormal haemoglobin in the world, distributed mainly in Asia (from India 
through China) and sporadically in Europe (e.g. Turkey). HbE/p-thalassaemia is usually 
but not always milder than p-thalassaemia major. In fact, it is usually like thalassaemia 
intermedia. Some people with HbE/p-thalassaemia need regular blood transfusions, some 
need transfusions occasionally, some need to have their spleen removed, and a few are 
very well with no treatment at all. The variable clinical severity is not fully understood but 
high levels of persisting HbF in adult life are generally associated with a milder clinical 
course.
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1.4.4 Management of |3-thalassaemia major

A detailed discussion of the management of thalassaemia is beyond the scope of this 
chapter. Two different treatments are now possible, traditional treatment including blood 
transfusion, chelation therapy and splenectomy, and bone-marrow transplantation. The 
combination of transfusion and iron chelation is now the reference treatment for 
thalassaemia major. Yearly red blood cell transfusion equivalent in thalassaemia major 
amounts to 200 ml/kg body weight or 94 mg iron/kg is combined with iron chelation to 
remove the excess iron. The iron pools which are accessible for chelation and the actions 
and use of chelators are described in detail below.

p-thalassaemia major requires blood transfusion from about two months after birth, with 
the rapid consequent accumulation of excess iron. Similarly, HbE/p-thalassaemia may also 
need regular blood transfusion. When the spleen becomes too active and starts to destroy 
red blood cell, transfusions become less effective. Then it may become necessary for a 
surgeon to take the spleen out. The monitoring of growth and sexual development and the 
screening for endocrine and cardiac disturbances form an important part of the package of 
management if the best outcome is to be obtained. Although bone-marrow transplantation 
offers the potential of a permanent cure, it has a higher risk as the patient becomes older 
develops an enlarged Uver and portal fibrosis or has a poor quality of previous iron 
chelation. The major area of potentially transfusion dependent thalassaemia patients is Asia, 
with an estimated 42,000 births annually with p-thalassaemia or HbE/p-thalassaemia. There 
are approximately 2000 p-thalassaemia homozygous births annually in Europe, even 
though effective antenatal diagnosis and prevention programmes have been introduced in 
some countries including Cyprus, Greece and Italy. While p-thalassaemia is prevalent in 
some countries, the medical infrastructure does not exist to provide safe and regular blood 
transfusions. In other countries blood transfusion is available but iron chelation with DEO, 
the most extensively evaluated iron chelator, is prohibitively expensive. Because of the cost 
of DEO treatment, the inconvenience and consequent poor comphance associated with its 
use, alternative orally active iron chelators such as derivatives of hydroxypyridinones are 
under investigation.

Alternatively, sibling allogeneic transplantation has advantages in selected cases over 
combined transfusion and chelation therapy. The most favourable reports in sibling 
transplantation show a 93% rejection free survival over 3 years in well-chelated patients 
without hepatomegaly or hver fibrosis (Lucarelli et al., 1993). This compares to 91%
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cardiac disease free survival after 15 years for patients who keep their serum ferritin 
concentrations below 2500 p,g/l on the conventional DFO chelation therapy (Ohvieri et ah, 
1994). Advances in treatment with either chelation or bone marrow transplantation need to 
be accompanied by an active screening and prevention programme for thalassaemia 
syndrome if limited health resources are not to be overwhelmed in these countries.

Re-activation of fetal globin genes is an alternative way of therapy for future research. 
The administration of hydroxyurea, 5-azacytidine, or butyrate analogues can stimulate HbF 
production (Olivieri et al., 1998b). Re-activating the y-genes in p-thalassaemia patients not 
only adds some HbF into the ineffective thalassaemic red cells, thereby increasing their 
oxygen carrying capacity, but also binds with the excess unpaired a-chains. Accordingly, 
this can prevent the intracellular a-chain precipitation and avoid premature death of the 
erythroid precursors in the marrow and of the red cells in blood circulation (Loukopoulos,
1997). However, the agents which have been evaluated so far are not sufficiently effective 
in most cases of thalassaemia major to be useful in regular clinical practice. More research 
is required to identify in more detail the mechanisms for HbF regulation and to identify 
more effective agents.

1.5 PRINCIPLES OF IRON CHELATION THERAPY

1.5.1 Aims of iron chelation therapy for iron overload

The purposes of iron chelation therapy in iron overload are firstly to produce negative 
iron balance thereby reducing excess body iron to a safe level and secondly to detoxify the 
excess iron while and until the first objective is achieved. Iron is an essential element for 
the normal function of all living cells, but is harmful to tissues and organs. The 
mechanisms which usually protect iron from participating in free radical generating 
reactions become swamped.

1.5.1.1 Achievement of negative iron balance

Rates of iron accumulation in thalassaemia major and intermedia have been discussed 
; above. The transfusion requirements in unsplenectomised patients may increase over three 
I fold (Modell, 1977). The combination of increased iron absorption with transfused iron 
I will accelerate the iron overloaded condition in patients with ineffective erythropoiesis.
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Hence, a target for excess iron of about 0.4 mg/kg/day in splenectomised patients and 0.5 
mg/kg/day in those with an intact spleen may be a realistic estimate of the required iron 
excretion to be induced by iron chelators.

Following administration of DFO, the relative proportions of iron excretion by these two 
routes vary considerably, both between patients and also at different times of the 
transfusion cycle (Pippard et al., 1982). While iron overload is decreased, the efficiency of 
iron chelation may fall. This requires dosage increments to achieve negative iron balance, 
which occasionally leads to toxic levels. Theoretically, negative iron balance should be 
achieved at all excess tissue concentrations of iron which are hable to be harmful to the 
patient. If the chelation efficacy of DFO were ideally 100% then a dose of 6 mg/kg daily 
would be enough to achieve negative iron balance, whereas the usual dose of the drug is 
40-60 mg/kg daily making it only 10% efficient (Porter et al., 1989; 1998). The orally 
active hydroxypyridinone (HPO), deferiprone (DFP) is even less efficient in this regard 
(3.8%) (Al-Refaie et al., 1995).

1.5.1.2 Reduction of tissue iron to safe levels

Normally, LICs are less than 1 mg/g hver dry weight but mildly increased in 
heterozygotes for hereditary haemochromatosis (3-7 mg/g dry weight) associated with a 
normal hfe expectancy without cardiac or liver complications. LICs of 7-15 mg/g dry 
weight carry an increased risk of liver and cardiac damage. When LICs are above 15 mg/g 
dry weight, there is a greatly increased risk of cardiac damage and early death (Brittenham 
et al., 1994).

Because of the inefficiency of iron chelation and the increased risk of chelator-induced 
toxicity as iron levels fall, a reahstic goal with chelation therapy is to achieve LICs in the 
range of 3-7 mg/g dry weight which, while higher than normal, are not known to be 
harmful. Indeed, LICs within or below this range can be achieved with standard doses of 
DFO (Aldouri et al., 1987; Olivieri, 1996). In principle, a similar target range should be 
sought with any new chelator regimen, although the precise relationship between LICs and 
clinical complications of transfiisional iron overload remains uncertain. The prognostic 
value of serum ferritin in chelation treatment with iron overload has been described above.

1.5.1.3 Minimisation of iron mediated cell damage
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The mechanisms by which iron induces molecular and cellular damage have been 
described in Section 1.3.3. Iron chelators can minimise the damage from uncoordinated 
redox active iron either by chelating it directly (this can in principle occur rapidly) or 
indirectly by reducing total body iron to levels where uncoordinated iron species are 
reduced to safe levels. This process is slow; therefore, the rate at which chelators bind to 
toxic iron pools is likely to have an important influence on iron mediated cell damage. As 
will be described below, the efficiency of how chelators interact with toxic iron pools 
differs depending on the properties of the chelator.

While it may take months or years to remove all the excess iron from iron-loaded 
subjects, a well designed chelator should ideally decrease the damage caused by the iron 
until all the excess iron has been removed. In order to do this, harmful iron pools must be 
removed rapidly by chelation and rendered harmless. In order for iron to be made 
unavailable to participate in the generation of free radicals, it must be fully coordinated at 
each of its six ligand binding sites. If any of these remain partially coordinated, iron may 
participate in the Fenton reaction, resulting in lipid peroxidation with organelle and cell 
damage from hydroxyl radicals. The design of a chelator is cmcial to preventing these 
events. In general, hexadentate ligands, which have 6 co-ordination sites and hence bind 
iron in a 1:1 ratio, scavenge iron at low chelator concentrations more efficiently and are 
more stable in their iron complexed forms than bidentate or tridentate chelators. The latter 
chelator classes have 2 or 3 iron coordinating sites per ligand respectively and therefore 
require 3 or 2 chelating molecules respectively to coordinate iron(III) completely. EOT A, 
which only coordinates one free electron, does not diminish the reactivity of iron salts in 
the Fenton reaction and indeed may catalyze such reactions (Gutteridge and Halliwell,
1989). By contrast, the hexadentate DFO and physiological ligands such as lactoferrin and 
transferrin which surround the iron more completely are powerful inhibitors of lipid 
peroxidation in several systems (Gutteridge et al., 1979). The iron-chelate complexes of 
bidentate hydroxypyridinone, being less stable than the hexadentate DFO, can generate free 
radicals and damage cell membranes with increased lipid peroxidation and loss of cell 
viability, particularly if the chelators have high lipid solubility (Dobbin et al., 1993).

1.5.2 Possible sites of iron chelation in the body

There are two alternative pathways by which DFO chelates iron; firstly, by interception of 
iron released from macrophages after the breakdown of haemoglobin from old red cells and
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secondly, the intrahepatocyte chelation of iron. Chelation from the first route results in 
urinary iron excretion whereas chelation by the second route apparently results in faecal 
iron excretion. Iron chelator might compete for iron with plasma transferrin at the site of 
iron delivery to red cell precursors, or other iron-requiring cells, such as liver cells. A 
previous study showed that the uptake of transferrin-bound iron by receptor-mediated 
endocytosis is not inhibited by DFO, even though some chelators may reduce this (Ponka 
et al., 1979). Iron delivered to the hepatocyte by other uptake mechanisms such as by 
ferritin is only available for chelation once within the cell, as is iron from haemosiderin, 
haptoglobin and haemopexin.

1.5.2.1 Chelation of intracellular iron.

Evidence for the existence of this chelatable iron pool has come from many experimental 
approaches in several cell types. The most frequently used current term is the LIP described 
above. It is likely, although not proven, that the LIP described by Cabantchik and co
workers is the same as the rapidly chelatable iron pool. Iron entering the cells becomes 
transiently chelatable before it is incorporated into ferritin (Pippard et al., 1982). It was 
found that the amount of DFO chelated iron from tissue homogenates correlated with that 
which was ultrafiltrable and was bound to intracellular small ligands (Mulligan et al.,
1986). The intracellular chelatable pool has been investigated experimentally in 
reticulocytes, marrow cells, intestinal epithelial cells, leukocytes, alveolar macrophages and 
hepatocytes. It was found that 21% of iron in the Chang cell line was present as non-haem, 
non-ferritin iron and this labile pool was rapidly chelatable with BDTA, DFO or transferrin 
(Bailey-Wood et al., 1975; White et al., 1976). Using calcein as a fluorescent probe, it has 
been shown that the LIP in K562 cells is present at 0.4 jiM with an estimated chelation time 
of 2 hours (Breuer et al., 1995). This is similar to values obtained with ^^e-labelled rat 
hepatocytes and analysed for DFO-chelatable ^̂ Fe concentration (Rothman et al., 1992). It 
has been suggested that low MW ligands including GTP, ADP, ATP, pyrophosphates, 
2,3-diphosphoglygerate, ascorbic acid, glutathione, cystein, glucose, fructose, citrate, 
lactose and riboflavin complex with LIP (Jacobs, 1977; Weaver and Pollack, 1989; 
Pollack, 1992). Recently, the ultrasensitive fluorescent probe calcein has been introduced 
to study the nature of LIP (Breuer at al., 1995; Cabantchik et al., 1996; Breuer et al., 1996; 
Epsztejn et al., 1997; Zanninelli et al., 1997) and demonstrates the LIP is present as Fe(II) 
at concentrations of 0.24-0.4 |iM in K562 cells. Iron chelation treatment results in a fall in 
the LIP, the rate of which is dependent on the lipid solubilities of chelators (Zanninelli et 
al., 1997).
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1.5.2.2 Extracellular iron sources

Potential sites where iron chelators could remove iron have been extensively investigated 
in laboratory animals (Hershko et al., 1978) and in clinical trials (Hershko and 
Rachmilewitz, 1979) and shown in Figure 1.10. Iron chelated in the plasma 
compartment from iron released from macrophages is excreted almost exclusively in the 
urine whereas iron chelated in hepatocytes is excreted in the faeces (Hershko and 
Weatherall, 1988).
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Figure 1.10 Potential sites of action of iron chelators (From Hershko and Weatherall, 
1988).

1.5.3 Properties of chelators determining access to iron pools

1.5.3.1 Chemical properties



82

A compound with a high binding constant as well as a high degree of specificity for iron 
is required to remove iron in vivo effectively and safely. Iron(III) possesses an extremely 
high charge density due to a spherically symmetrical tripositive charge of radius 0.65 “A; 
therefore, it binds tightly to atoms bearing a highly negative charge density, particularly to 
oxygen species such as carboxylates, catecholates and HPO. Iron(III) is most stable when 
coordinated with 6 oxygen atoms. These may be supplied by three chelator molecules 
donating two oxygen atoms each (three bidentate chelators), or two chelator molecules 
providing three oxygen atoms (two tridentate chelators) or one molecule donating six 
oxygen atoms (a hexadentate chelator) (Singh et al., 1995).

The stabihty of the metal complex is influenced by the number of covalently linked arms 
on the chelator molecule; consequently, hexadentate ligands are more stable than bidentate 
ligands and also have greater binding power at low concentrations (>20 |iM). 
Comparatively, bidentate-hgand complexes (2:1 and 1:1) partially dissociate at low 
concentrations and these generate hydroxyl radicals. For example, the coordination of iron 
by a bidentate ligand (L) occurs as follows:

[Fe-L]'+ [Fe-Lî]^ Fe-L,
1:1 complex 2:1 complex 3:1 complex

The stability (affinity) constant for iron(III) is given by FFe-Ln^ l̂
[Fe’^][L]"

where n = 3 in this case.

The affinity of bidentate ligands for iron(III) reflects the pK  ̂values (the pH at which half 
is dissociated) of the two chelating oxygen atoms-the higher the affinity, the higher the pK  ̂
values. The stability of iron(III) can be enhanced over that observed with bidentate 
chelators using oligodentate structures. Unfortunately, tridentate and tetradentate ligands 
have an undesirable tendency to form polymeric iron complexes. By contrast, only one 
hexadentate molecule is needed to coordinate one iron atom. Thus, the overall stabihty 
constant is given by the same equation where n = 1 for hexadentate, n = 2 for tridentate and 
n = 3 for bidentate. Most microbial siderophores are hexadentate, which do not suffer from 
the disadvantage of iron precipitation, and apparently are more stable with iron complexes 
under dilute conditions.
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Complexing agents such as ethylenediamine tetraacetic acid (EDTA) should have high 
affinities for metal ion binding and so reduce the free aqueous metal ion concentration 
substantially. However, such nonselective ligands tend to bind not only Câ "̂  but also some
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cations including Mn^ ,̂ as well as Fe^ .̂ In contrast, microbial siderophores
have a high affinity and selectivity for Fe^ and have been used as prototypes or models for 
therapeutic iron chelating agents.

1.5.3.2 Physical properties

The pK  ̂values of any titratable group, for example, the pH at which half is dissociated, 
must be determined in order to calculate the proportion of chelator which possesses zero net 
charge at physiological pH. The value can be determined either spectrophotometrically or 
potentiometrically.

An oral iron chelator can cross biological membranes enabling it to be absorbed from the 
intestinal tract and also to enter cells of a range of tissues including liver and heart. Most 
drugs diffuse through the hydrophobic region of the cell membrane, and uncharged drugs 
permeate more rapidly than charged molecules into the cells. So neutral oral chelators are 
more active and likely to cross epithelial cells of the intestine than charged molecules, and 
should be able to penetrate into the cytoplasm of cells. To achieve oral activity, the chelator 
must be resistant to the acidity of the stomach and enzymatic cleavage; therefore, esters, 
amides, Schiff base ligands and hydroxamates should be avoided. When intracellular iron 
has been chelated by the ligand, the iron-hgand complex should move across the cell 
membrane easily.

The ability of hydrophobic free ligand to cross membranes must be controlled to avoid its 
penetrating the blood-brain barrier, causing adverse effects. Both the free ligand and iron- 
ligand complex should be water soluble and possess no charged groups to be able to 
circulate in the plasma and finally be excreted by the kidneys in liganded form. One 
physical parameter, the partition coefficient (Kpan) between an organic phase (usually n- 
octanol) and buffered water pH 7.4, is measured to predict the ease with which molecules 
penetrate membranes. A value of 1 denotes approximately equal solubility in lipid and 
aqueous phases. For example, a Kpait for a chelator in the range 0.2-1.0 is close to the ideal 
for a combination of oral activity, ability to permeate hepatocytes and lack of acute toxicity. 
A combination of high concentration of hydrophilic chelator with low concentration of 
more lipophilic chelator is an alternative way to achieve maximum chelation with low 
toxicity (Porter et al., 1989).
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Previous studies indicated the relation between Kpart value and MW of compound with 
permeability coefficient for the blood brain barrier in rat. Penetration of low MW molecules

 ̂ is strongly dependent on Kpart values. Most hexadentate ligands (MW~400-1000 D) are
i' •

predicted to penetrate the blood-brain barrier inefficiently, and bidentate ligands (MW-150- 
250 D) will penetrate relatively easily (Table 1.3).

Table 1.3 The relative advantages and disadvantages of bidentate and hexadentate ligands 
(Hider et al., 1994).

Bidentate ligands Hexadentate ligands

1. Molecular weight 150-250 1. Molecular weight 400-1000
2. High oral bioavailability 2. Low oral bioavailability
3. Penetrate blood-brain barrier easily 3. Penetrate blood-brain barrier slowly
4. Possible^redistribution of iron 4. Unlikely redistribution of iron
5. Affinity for iron is concentration-dependent 5. Affinity for iron is concentration

independent
1 6. Form 2:1 and 1:1 complexes which are 6. Only form 1:1 complexes which are

potentially toxic generally non-toxic

1.5.3.3 Kinetic stability

Kinetic stability indicates how frequently a ligand (L) dissociates from an iron-ligand (Fe- 
L) complex and exchanges with another ligand molecule (L*). Fe-L complexes have a 
range of kinetic stabilities depending on the design of clinically useful iron chelators. If an 
Fe-L complex has low kinetic stability, iron will be dissociated easily and possibly 
distributed throughout the body. Thus, a kinetically stable ligand molecule should be used 
for chelation therapy because the chelated iron remains tightly bound to the ligand.

FeL) + L* ----------> FeLjL* + L

Hexadentate ligands generally have an even higher kinetic stability than bidentate ligands. 
Fe-L complex should be excreted rapidly in the faeces or urine with no redistribution of 
iron from non-toxic sites such as liver to more harmful ones such as the heart. It has been 
shown that hexadentate ligands are more stable than bidentates. Hexadetate ligands also
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have greater binding power at low concentrations (<20 pM) and therefore are less likely to 
dissociate (Porter et al., 1989).

The use of the stability constant alone does not fully reflect this concentration dependent 
chelator effect. The use of a term called the pM, defined as -log [Fe^ ]̂ under defined 
conditions (e.g. when pH = 7.4, ligand̂ ,̂ ^̂ ) = 10 |iM and = 1 pM), is in many
ways more useful (Hider et al., 1996; Motekaitis and Martell, 1991). Compounds with 
high pM values under these conditions (i.e. a low concentration of free metal) will have 
advantages over compounds with low pM values, even if the stability constant for the 
chelator in question appears less favourable. This is because the concentration of free iron 
is given by this term at physiologically relevant free iron concentrations and chnically 
achievable chelator concentrations. The importance of this concept can be illustrated by 
contrasting the pM for the bidentate acetohydroxamic acid (pM = 12.5) with that of DFO 
(pM = 26.3) (Motekaitis and Martell, 1991). Thus, although the difference in the stability 
constant is relatively small (28.3 for hydroxamic acid vs 30.99 for DFO), the difference in 
the pM value is large, a feature resulting from the higher denticity of DFO. For the 
competing reactions, it is possible to define an effective stabihty constant (K̂ f̂) which gives 
an accurate measure of the stability of a metal complex over a wide range of pH and in the 
presence of interfering metal ions.

1.6 DESFERRIOXAMINE

1.6.1 Structure of DFO

Desferrioxamine B (deferoxamine, Desferal®, DFO) is a naturahy occurring siderophore 
produced by Actinomyces {Streptomyces pile sus) under iron-limiting conditions (Bickel et 
al., 1960) and is marketed as the methane sulfonate salt with a MW of 657. It presents a 
hexadentate tiihydroxamate structure with a stabihty constant of K& = 10̂ % an effective 
stabihty constant (K̂ g) of 10̂ "̂ , and maximum theoretical iron binding capacity of 85 mg/g. 
Keberle (1964) firstly investigated its biochemical properties and relation to iron 
metabolism. Selectivity is excehent for Fe^  ̂ so that it virtuaUy ignores biologicaUy 
important divalent trace metals. It is moderately soluble in water so that a gram can be 
dissolved in 3 ml.
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Desferrioxamine B

CH,SO,<-'
CONH^ CONH

(CWs (CHU, (CH.)s (C l4, (CH,), CH

N C N C"^ \ ------
I II I II I II
OH 0 OH 0 OH 0

Ferrioxamine B

\ /  ,

(CH;);—N— 0— ----0='C—(CHj)]
/ / \  \ 

("'NH; 0  0 C = 0

CH;SO;H C- \
/

CHj (CH,),

Figure 1.11 Structures of desferrioxamine B mesylate and an octahedral complex of Fe^  ̂
bound DFO, ferrioxamine B (modified from Ackrill, 1985).
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1.6.2 DFO pharmacokinetics and metabolism

Due to its MW in excess of 600 D, DFO is poorly absorbed from the intestine so that oral 
preparations are impractical. Parenteral administration of DFO is necessary according to its 
poor intestinal bioavailability and rapid turnover. It binds to non-haem iron in the gut and 
reduces its absorption.

Its distribution in the body is the extracellular space and possibly to a limited degree 
intracellularly. It has been shown that the initial half-life of DFO is 5-10 minutes (Summers 
et al., 1979; Pippard, 1989). When it was given with iv infusion (50 mg/kg/day), its 
clearance from the circulation was biphasic with initial and terminal half-life of 
approximately 0.3 and 3 hours, respectively (Lee et al., 1993). DFO removes NTBI in 
plasma of thalassaemia patients (Porter et al., 1996) and also binds iron in hepatic 
parenchymal cells to form FO which is subsequently excreted in the bile. By contrast, with 
sc infusion of DFO (40-50 mg/kg), about half of the iron is excreted in the faeces and this 
proportion increased with higher doses of DFO (Pippard et al, 1982). DFO does not 
interact directly with transferrin iron even having a higher value. The proportion of drug 
which binds iron to form FO is generally less than 10%, making the regimen of 
administration inefficient.

Regardless of variable amounts of total body iron, the chelatable iron pool in patients 
with thalassaemia and iron overload remains remarkably constant at about 4 g. The efficacy 
of iron chelation and removal varies from patient to patient and at different times in the 
same patient.

Both DFO and its major metabolites are cleared by the liver and kidney in the iron-free 
form. Once iron is bound to DFO to form a stable FO complex, in either plasma or tissues. 
FO clearance is slower and has a half-life of 60-90 minutes in plasma (Summers et al.,
1979). Besides the plasma compartment, the sites in the body from which DFO chelates 
and removes iron include hepatic parenchymal cells, macrophages in the spleen and 
elsewhere, and multiple nonspecified sites._

When DFO is taken up into the hepatocytes, it is metabolised rapidly, resulting in up to 
six metabolites (Figure 1.12 and Figure 1.13) and finally excreted in urine and faeces. 
Metabolite B is a major product whereas metabolite D and its oxidative products are
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potentially toxic (Singh et al., 1990). The rate of DFO clearance is 3.32+2.33 1/hr/kg (an 
initial Tj, 2  of 5-10 minutes) at a rapid phase and 0.23±0.10 1/hr/kg (a terminal T, 2  of 3 
hours) at a slow phase, compared with metaboliteB which is 0.78+0.74 1/hr/kg (Lee et al., 
1993).

1.6.3 Sites of action of DFO

The sites of action of DFO are shown in Figure 1.10. Unlike DFO, FO is not capable 
of being taken up into the liver and thus iron chelated by DFO from the plasma 
compartment is excreted in the urine. Iron derived from intrahepatic chelation is faecally 
excreted. Once DFO binds iron to form FO, further metabolism is not possible.

NUKOD

wvtanc

Figure 1.12 An overview of the metabolic profile of DFO. All the metabolites were 
isolated as iron complexes (From Singh et al., 1990).
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HO— C  (CHo)^— N— C-'
Il I II
O HO O

Metabolite B

— Ç ------ (C H 2)2-^N — c — Metabolite A
I l  I I I
O HO O

H3C  (CH2)3------7 N— C-"^ Metabolite C

HO O

HO— N (CH2)s N— C— Metabolite D

H HO O

Figure 1.13 Structures of variotis DFO metabolites (Ffom Lee et al, 1993).

1.6.4 Outcome of clinical use of DFO

1.6.4.1 Effect on iron excretion

Initially, im administration of DFO was introduced to transfusion-dependent patients 
with thalassaemia major and was shown to be capable of reducing hepatic iron stores as 
well as enhancing urine iron excrétion (UIE) (Bickel et "al, 1960; Smith, 1962). A 
subsequent long-term study demonstrated that DFO administered by the im route over 7 
years decreased LIC and the risk of liver fibrosis in thalassaemia major patients (Barry et 
al, 1974).
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Later, continuous iv and sc infusions of DFO were introduced to improve the chelation 
efficacy and UIE (Propper et al., 1976; 1977). Comparative studies between im injection 
and sc infusion of DFO showed that sc infusion induced more iron excretion and this was 
sufficient to maintain negative iron balance (Propper et al, 1976; Pippard et al, 1978)._

Iron balance, based on urine iron alone, is obtained at a dose of approximately 30 
mg/kg/day when given as a 12-hour infusion (Pippard et al., 1978). Faecal excretion 
contributes a further 30-50% to total DFO-induced iron output (Pippard et al., 1982). The 
quantity of UIE has been shown to correlate with transferrin saturation, the number of 
transfusions and the dose of DFO (Sephton-Smith, 1962; Modell and Beck, 1974; Pippard 
et al., 1978). It is clear that sc infusions of DFO at 40 mg/kg and above maintain hver iron 
at safe levels (Cohen et al., 1981; 1984; Aldouri et al., 1987; Olivieri, 1996). 
Intensification of therapy by combining sc and iv therapy can normalize liver iron levels 
(Cohen et al., 1987). i

1.6.4.2 Effect on complications of iron overload

Evidence for improved survival in patients treated with DFO emerged in the 1980s 
(Modell et al., 1982; Zurlo et al., 1989). Continuous DFO chelation has been demonstrated 
to reduce LIC (Cohen et al., 1984) and serum ferritin (Cohen et al., 1990), and to improve 
cardiac performance (Wolfe et al., 1985). Higher dose treatments have been carried out 
with iv infusion of DFO for patients with massive iron overload or heart failure to improve 
cardiac function (Freeman et al., 1989; Marcus et al., 1984). In poorly compUant patients 
with very high iron stores or rapid deterioration of cardiac status, higher doses of DFO (6- 
12 g/day) have to be given subcutaneously (Cohen et al., 1990).Only recently has the fuU 
impact on survival been clearly documented (Zurlo et al., 1989; Brittenham et al., 1994; 
Olivieri et al., 1994; Gabutti and Piga, 1996). Life table analysis shows that patients who 
comply well with treatment can have 100% survival at age 25 whereas survival for patients 
who comply poorly is only 32% (Brittenham et al., 1994). More recent studies show that 
for patients who administer sc infusions of DFO more than 250 times a year, survival is 
95% at 30 years of age. If the frequency of infusion falls below 250 times a year 
(equivalent to about 5 times a week), survival at 30 years of age is only 12% (Gabutti and 
Piga, 1996). New delivery systems, routes of drug administration and improved 
formulations may be required to improve the poor compliance of patients who find it 
difficult to take DFO more regularly.
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Administration of DFO should be started when the serum ferritin reaches 1,000 |Lig/l or 
when a child with thalassaemia major reaches 3 years of age. In thalassaemia intermedia or 
other iron overload conditions, the suitable time to start treatment must be clearly 
established. If transferrin is saturated or serum ferritin reaches 1,000 juig/l, treatment may 
be started at lower doses than in thalassaemia major. In general, the standard dose of DFO 
should be 40-60 mg/kg/day, and treatment should be 5-7 days a week._

1.6.4.3 Tolerability of DFO

The major drawback with current 8-12 5c hours infusions is poor patient acceptance and 
hence poor patient compliance with this regimen. As shown above, compliance with DFO 
has a critical bearing on the outcome of chelation therapy. An important challenge in DFO 
treatment therefore is to improve the compliance of patients who find it difficult to 
administer the chelator regularly. New delivery systems, the use of anaesthetic creams, and 
improved formulations as well as improved support to patients and relatives may all help to 
improve compliance.

A further consideration regarding the need for new iron chelators is that, because 
treatment is given life long from an early age, there has to be a high therapeutic safety 
margin. Side effects have been observed at high doses of DFO, including retinal 
disturbances (Marcus et al., 1984), ototoxicity (Porter et al., 1989), growth retardation (De 
Virgillis et al., 1988; Piga et al., 1988) and bone deformities (Olivieri et al., 1992). DFO is 
remarkably well tolerated if doses are kept either below a mean daily dose of 50 mg/kg in 
adults or 40 mg/kg in children, or adjusted to keep the therapeutic ratio (mean daily dose in 
mg/kg divided by serum ferritin in |ig/l) below 0.025 (Porter et al., 1989). DFO is 
therefore the standard with which all new iron chelators must be compared in their 
evaluation as iron chelating agents. Since the underlying problems of DFO chelation 
treatment include cost, inconvenience and consequent poor comphance associated with its 
uses; the need for affordable safe and effective treatment with oral iron chelators is an 
alternative way.

DFO toxicity in thalassaemia major patients is likely to appear at very high-dose DFO 
regimens, particularly where serum ferritin is below 1,000 p-g/1. For instance, rapid iv 
injection may produce transient hypotension and histamine-like reactions. Occasionally, 
anaphylactic reactions and local reactions occur at the infusion site. Optic nerve disturbance 
and high frequency sensorineural hearing loss have been described in chelated patients



93

receiving very high-dose DFO regimens (Ohvieri et al., 1986). Growth retardation may 
result in young patients (<3 years) who commence with DFO therapy (De Virgihis et al., 
1988; Piga et al., 1988). CNS toxicity has been reported with aggressive doses of DFO, 
especially, in patients with compromised blood-brain barrier function or low iron stores 
(Hershko and Weatherall, 1988). Occasionally, nausea, vomiting, hypertension, acute 
collapse or even transient aphasia may occur while receiving a fast iv bolus injection of 
DFO or blood transfusion (Porter et al., 1997).

1.6.4.4 Other approaches to DFO administration

Hydroxyethyl starch-desferrioxamine (HES-DFO) is a polymeric form of DFO 
prepared by covalently attaching the amino group of DFO to a biocompatible polymer, 
hydroxyethyl starch (HES), with virtuaUy unchanged iron-binding properties of DFO 
(Hallaway et al., 1989; Mahony et al., 1989). HES-DFO represents a soluble high MW 
iron chelator (100-500 kD) which is intended to limit the distribution of DFO to the 
extraceUular fluid space, thereby increasing the duration of action and decreasing cellular 
toxicity (Hallaway et al., 1989; Mahony, 1989). This preparation has a vascular half-life 
10-30 times longer than that of unmodified DFO. A single infusion of HES-DFO reduced 
plasma NTBI to zero or very low concentrations for 12 to 96 hours following infusion, and 
induced UIE equal to that achieved with a mean of three days of sc DFO infusion(01ivieri 
et al., 1996). This polymeric DFO might play a useful role in long-term reduction of body 
iron burden in iron overload patients. Details of this drug are described in Chapter 5.

Depot DFO (CGH 749B) is a slow release subcutaneous formulation of 
desferrioxamine decanesulfonate suspended in mygliol oil which has been developed to 
increase the efficacy of iron excretion with a lower dose than standard DFO and escape the 
need to perform continuous sc infusion. Details of this drug are described in Chapter 5.

1.7 OTHER CHELATORS

1.7.1 Introduction

Because this thesis primarily addresses the interaction of DFO with NTBI, a detailed 
description of other chelators will not be given here. However, because the 
hydroxypyridinone CP22 is used in the NTBI assay, a brief description of the chemistry of 
hydroxypyridinones is given. Other chelators in chnical or prechnical development include
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a tridentate orally active chelator which is being developed by Novartis and is currently in 
Phase I trials.

1.7.2 Hydroxypyridinones

Hydroxypyridinones (HPO) were originally designed and synthesized by Hider and 
his colleagues (Hider et al., 1982; 1984). These compounds are low MW and uncharged 
bidentate ligands under physiological conditions, both as free ligands and when complexed 
with iron, which are desirable properties for the rapid orcd absorption ^ d  subsequent 
biodistribution of these chelators. They are also chemically stable, both in acid and to 
degradation by digestive enzymes, by virtue of the delocahsation of electrons over the 
pyridinone ring, and are highly specific for iron(III), lacking a measurable affinity for Câ "̂  
and Mĝ '" (Taylor et al., 1988).

In principle there are three analogues, 3-hydroxypyridin-2-ones, 1 -hydroxypyridin-2- 
ones and 3-bydroxypyrin-4-ones. Of these three heterocychc chelators, the pyridin-4-ones 
possess the highest affinity (K̂  ̂ = 10̂ )̂ and the 1 -hydroxypyridin-2-ones the lowest 
affinity (IC^ = 10̂ ’) for iron(III). The 1 -hydroxypyridin-2-ones possess two further 
disadvantages when compared to 3-hydroxypyridinones.

The pKa of the hydroxy functions is 6.0 as compared to the much higher value of 9.0 
typical of the latter class. Therefore, 1 -bydroxypyridin-2-ones bear a net charge of one 
negative charge at pH 7.4 and consequently are not readily absorbed via the oral route. The 
presence of this charge also reduces the selectivity of 1 -hydroxypyridinones for iron(III) 
over calcium and magnesium. All three classes of pyridinones can be incorporated into 
hexadentate hgands, and preliminary studies have demonstrated that these have potential as 
clinically useful chelators (Streater et al., 1989).

3-hydroxypyridin-4-one 3-hydroxypyridin-2-one

.OH

Ri
Figure 1.14 Structure of 3-hydroxypyridinones. Rj, Rj = alkyl groups.

O H
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One hydroxypyridinone, CP20, otherwise known as LI or DFP (l,2-dimethyl-3- 
hydroxypyridin-4-one), has been in clinical trials for over a decade. It induces UIE but no 
fecal excretion and is capable of reducing hver iron to acceptable levels in one-third to one 
half of thalassaemia major patients receiving 75 mg/kg day (Hoffbrand et al., 1996; Ohvieri 
and Brittenham, 1997). The fact that this compound is not more effective may be because 
of rapid and extensive inactivation by glucoronidation and also because of the instabihty of 
iron-chelate complexes at low concentrations of chelator. Derivatives with higher stabihty 
(higher pM values) are currently under prechnical development.

1.8 RELEVANCE OF NTBI TO DESIGN OF CHELATION STRATEGIES

1.8.1 Current regimens of iron-chelating therapy and NTBI removal

Following the introduction of regimens of DFO over three decades ago, a significant 
improvement in the hfe expectancy of transfused patients has been witnessed. This is 
largely attributed to the prevention of heart disease in well-treated patients (Ohvieri et al., 
1994; Brittenham, 1994; Gabutti and Piga, 1996) and, in a few, to the reversal of 
complications with the use of aggressive iv therapy (Gabutti and Piga, 1996). While DFO 
is clearly efficacious, the drug has significant limitations. Standard use (administration of 
sc infusions, 8 hours per night, five to six nights per week) is expensive, irritating, 
inconvenient and highly inefficient, and such regimens result in 90% of drug being 
excreted in urine without pharmacological effect (Porter et al., 1997). A rational 
development of more efficient regimens where a higher proportion of DFO binds iron, 
especially NTBI, is highly desirable and should permit further extension of survival.

Most chnical studies with DFO and newer agents have focused on the requirement to 
induce negative iron balance, with less attention paid to removal of damaging iron species 
such as NTBI for maximum periods of time. A key goal in the work undertaken at the 
Department of Haematology, UCL has been to identify a regimen of chelation which 
minimises NTBI for maximum protection periods, with demonstrable chnical benefit.

1.8.2 Significance of NTBI to the design of new chelation strategies

While one major difficulty of DFO therapy is the inabihty of some patients to comply 
with recommended treatment, it is also clear that many comphant patients remain at risk of 
early serious iron-related comphcations, particularly damage to the sensitive gonadotropes
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of the anterior pituitary resulting in hyposecretion and endocrine failure, as well as 
subclinical cardiac and liver dysfunction (Gabutti and Piga, 1996; Olivieri et al., 1994). In 
many such patients, liver iron and serum ferritin concentrations may have remained within 
ranges generally regarded as safe (Olivieri and Brittenham, 1997a), although rarely normal. 
While maintenance of normal body iron burden during DFO therapy might abate the 
likelihood of complications of iron overload, this greatly increases the probability of dose- 
related drug toxicity (Porter, 1989) and is not a goal in transfused patients. Therefore, 
instead of attempting to reduce tissue iron to normal levels and risking serious toxicity an 
alternative goal is the sustained reduction of toxic iron species, particularly NTBI, by the 
use of continuous iv regimens of therapy (Olivieri et al., 1992a; Porter et al., 1996). These 
regimens are of particular interest because of the demonstration that, during current 
regimens of discontinuous sc therapy, NTBI reappears within a few minutes after DFO 
infusion is stopped (Porter et al., 1996). In addition to protecting tissues from exposure to 
NTBI, continuous iv DFO should prevent the uptake of excessive iron into all tissues 
lacking transferrin receptors. While continuous iv DFO has been useful in the chnical 
setting of hfe-threatening organ dysfunction, a prospective study to evaluate the impact of 
this regimen on the prevention of damage to sensitive tissues is awaited. Before such 
studies can be rationally implemented with optimal safety and efficiency, the relationship 
between the plasma concentration of DFO and the steady-state NTBI concentration 
achieved with varying doses of DFO, the rate of formation of FO from DFO, and the rate 
of removal of NTBI, require definition. Methodology of NTBI quantification recently 
developed in the laboratory as outlined in Chapter 3 now makes such studies feasible and 
these studies are proposed herein.

1.83 Significance of NTBI to newer approaches to chelation therapy

1.8.3.1 Orally active iron chelators

Long-term treatment with the orally active, bidentate DFP has been reported to result in a 
decline in NTBI (Al-Refaie et al., 1992). Crucial to the study of deferiprone with respect to 
NTBI is the wide fluctuation in plasma drug concentration; when given at doses used in 
most clinical trials, DFP concentration in plasma peaks quickly and rapidly declines 
(Kontoghiorghes et al., 1990; Al-Refaie et al., 1995) with a half-hfe of 1.52 hours (Al- 
Refrie et al., 1995). This contrasts to the administration of standard doses of DFO, during 
which steady-state plasma concentration is an order of magnitude less than 7 |iM but is



Section 1.9. AIMS OF THE STUDY.

The broad aim of this work has been to examine the factors which determine the

appearance and removal of NTBI in transfiisional iron overload in vivo and in vitro. The

specific aims can be summarised as follows;

1) To understand the rate of interaction of Desferrioxamine with non-transferrin ^

bound iron (NTBI) in plasma. Î

j

2) To develop a method for studying this interaction: this method should avoid iron !

shuttling by NT A during the NTBI assay in the presence of Desferrioxamine.

3) To examine whether NTBI removal by Desferrioxamine is concentration

dependent at clinically relevant Desferrioxamine concentrations.

4) To examine whether the rates of NTBI removal by Desferrioxamine in vivo are

similar to those observed in isolated plasma.

5) To compare the rates of NTBI removal by Desferrioxamine using a variety of

different methods of clinical administration, such as: intravenous infusion,

subcutaneous infusion, subcutaneous bolus and slow release depot injection.

It is hoped that the findings of these investigations will provide a basis for the rational

design of chelation regimens.
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sustained (Lee et al., 1993). In principle, this may result in a shorter protection time against 
NTBI with DFP than is observed during infusion of DFO. An additional difficulty exists as 
a result of the fact that at low concentrations, the iron complexes of all bidentate ligands, 
unlike those of hexadentate ligands including DFO, are unstable. Hence, while high 
concentrations of deferiprone may remove iron from a variety of pools including 
transferrin, red cell membranes and possibly NTBI, a potential to redistribute iron to 
transferrin and other sites increases as plasma and intracellular concentrations of chelator 
decline, which in turn increases the probability of hydroxyl radical-induced damage 
(Stefanini, 1991).

A difficulty with present technology is that the presence of deferiprone or other bidentate 
ligands in plasma may interfere with the NTBI assay, due to the instability of these iron- 
ligand complexes in the presence of NTA. This contrasts with hexadentate ligands such as 
DFO where the iron-chelate complexes are stable in the presence of 80 mM NTA as used in 
the NTBI assay. The development of DFP is ongoing, but trials to evaluate the impact of 
this regimen on NTBI, due to the above limitations, are outside the goals of this thesis.

1.8.3.2 New delivery systems for DFO

We have recently evaluated two new strategies of DFO formulation and delivery in vivo: 
HES-DFO (Olivieri et al., 1996) and a sc slow release depot preparation of DFO (Porter et 
al., 1997) (structures described in Section 1.6.4.4). Due to plasma half-lives exceeding 
that of standard DFO, both preparations offer, in principle, the possibility of superior 
protection time against NTBI, and are in the very early stages of development. 
Nevertheless, an understanding of the principle of whether continuous protection time 
offers advantages with respect to hpid peroxidation and iron-induced organ damage is 
clearly relevant to whether these preparations have conceptual advantages over current 
regimens of DFO administration. Furthermore, a clearer understanding of the plasma 
concentration of DFO required to sufficiently reduce, or eliminate, NTBI in different patient 
groups is central to the design concept of these formulations. The proposed studies of 
NTBI and DFO administered under a variety of treatment schedules offer the potential both 
for optimization of currently available treatment regimens, and for development of 
strategies with these promising agents.
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CHAPTER 2

MATERIALS AND METHODS

2.1 MEASUREMENT OF SERUM NON-TRANSFERRIN BOUND IRON 
BY NITRILOTRIACETIC ACID/HIGH PERFORMANCE LIQUID 
CHROMATOGRAPHY

2.1.1 PRINCIPLE

Measurement of serum NTBI is based on the use of a large excess of nitrilotriacetic acid 
(NTA) which mobilises and complexes all low MW iron and iron non-specifically bound to 
serum proteins within 20-30 minutes at room temperature. Previous work has shown that 
over this time period under these conditions, iron removal from transferrin is insignificant 
(Singh et al., 1990; Gosriwatana et al., 1999). The resulting Fe-NTA complex is separated 
from serum proteins by ultrafiltration on a special membrane, then quantified using a 
reverse-phase HPLC method where on-column derivatisation with a high affinity iron 
chelator (3-hydroxy-1 -propyl-2-methylpyridin-4-one, CP22) occurs. Based on a 
hydrophobic property of octadecylsilane (ODS) materials, the red Fe-(CP22)g complex can 
be separated from other compounds by an isocratic condition 19% acetonitrile elution at 
approximately 3.4-minute retention time and detected at the wavelength of 450 nm (Singh 
et al., 1990; Porter et al., 1996).

NTBI can be assayed using a Rheodyne manual or automatic injection which requires an 
additional autosampler machine. Iron present in buffer system is mopped up with an excess 
CP22 in the mobile-phase solvent. Iron contaminated in the membranes and plastic 
containers needs to be cleaned up with 10 mM NT A solution.

GENERAL M ATERIALS

Sources of chemicals and general materials are given in Table 2.1.
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R EAG EN TS

Internal biological controls were as follows: two internal biological controls have been 
included in the HPLC-based NTBI assay. Negative control serum is the pooled serum 
obtained from 5 Thai healthy persons without any iron-overload status. In this negative 
control serum the serum iron (SI) was 15.9 pM, TIBC 60 pM, with 27% transferrin 
saturation and serum ferritin of 111 pg/1 (n = 5). Positive control serum was obtained from 
pooled serum from 5 transfusion-dependent thalassaemia patients at UCL Hospital who 
have stopped regular DFO chelation treatment for over 72 hours. This positive control 
serum had the following characteristics; SI 30.8 pM, TIBC 37 pM, 83% transferrin 
saturation and semm ferritin 784 pg/L (of five thalassaemia patients). These controls were 
made 0.5-ml aliquots in polypropylene microtubes, then kept frozen at -20 °C and used in 
NTBI measurement for 6 months. Negative control serum usually gives a negative NTBI 
value at approximately -2.0 pM. This is because unsaturated transferrin in normal serum 
mops up the inherent iron (2 pM) in NTA solution (80 mM). Positive control serum 
showed positive NTBI values with insignificant decrease of NTBI values over 6-month 
storage.

Internal control standards at 2.5 and 7.5 pM Fe were prepared from stock iron solution 
(18.482 mM ferric chloride in 0.1% HCl) by diluting in 80 mM NTA solution at pH 7.0, 
then made 0.5-ml aliquots in polypropylene microtubes and frozen at -20 °C. These internal 
standards are used for drift control to correct the NTBI values in many measurements.

Mobile-phase solvent was made up freshly as follows: 0.615 g of 3-hydroxy-l-propyl-2- 
methylpyridin-4-one (CP22), synthesised as previously described (Hider, et al., 1983), 
was dissolved in 750 ml of deionised water and 50 ml of 0.1 M MOPS (3-[N- 
Morphohnojpropanesulfonic acid) buffer solution, then adjusted pH to 7.0 with 10 N 
NaOH. The mixture was ultrafiltered and degassed on Millipore nylon membrane (pore size 
45 pm) equipped on Millipore Ultrafiltration apparatus. 190 ml of HPLC-grade acetonitrile 
was added to and finally adjusted the final volume of 1 litre with deionised water. This 
mobile-phase solvent is freshly prepared or degassed before use.

0.1 M MOPS buffer solution, pH 7.0 was prepared as follows: 20.94 g of MOPS was 
dissolved in 900 ml of deionised water, then adjusted to pH 7.0 with 10 N NaOH, and to a 
final volume of 1 litre with deionised water.
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800 mM NTA solution, pH 7.0 was prepared as follows: 94.04 g of N,N- 
bis(carboxymethylglycine)disodium salt and 102.84 g of N,N-bis(carboxymethylglycine) 
trisodium salt were dissolved separately in 500 ml of deionised water. Two NTA salt 
solutions were mixed until the final pH came to 7.0. The amount of contaminating was in 
different batches of NTA salts had not been certified by the manufacturer and may vary. 
Therefore, a number of methods were investigated to minimise iron contamination of NTA 
solution including treatment with chelating resin or apotransferrin. Treatments of the two 
sodium salts of NTA with chelating resin (Chelex 100) at 20 °C overnight did not 
significantly reduce contaminating levels of iron in NTA solution. Dialysis of 800 mM 
NTA solution against apotransferrin (10 mg/ml) solution, pH 7.0 at 37 °C for 2 hours also 
failed to reduce iron present in NTA solution significantly. Hence, the contaminated iron in 
the stock NTA solution was not removed but was standardised for the iron contamination 
in each batch of 800 mM NTA solution. To standardise the iron present in the stock NTA 
solution, the iron content was analysed with a standard atomic absorption spectrometry 
(AAS) that can measure both ferrous and ferric forms in the NTA salts. For example, it 
was 10 |imol of iron content in 1000 ml of 800 mM NTA solution, another 10 |imol of iron 
from stock iron solution (18.482 mM ferric chloride in 0.1% HCl) needed to be spiked to 
obtain a final iron concentration of 20 pM in 800 mM NTA solution and kept in a 
polypropylene bottle at room temperature. Thus, the standard concentration of iron present 
in the final 80 mM NTA during the NTBI assay was 2 pM iron.

80 mM NTA solution was prepared as follows: 100 ml of 800 mM NTA solution was 
diluted with 900 ml of deionised water and this was used as a diluting solution to prepare 
several iron standard solutions used as standards.

10 mM NTA solution was prepared as follows: 10 ml of 800 mM NTA solution was 
diluted with 790 ml of deionised water. This solution was used to as a washing solution to 
standardise the contaminated iron in filter membranes before use.

Standard iron solution was prepared as follows: 80 pM iron solution was prepared by 
adding 0.22 ml of stock iron solution (18.482 mM ferric chloride in 0.1% HCl) to 50 ml of 
800 mM NTA solution and allowed to stand at room temperature for 1 hour. Then, 10 ml 
of 80 pM Fe present in 800 mM NTA solution was diluted with 90 ml of deionised water 
to obtain an 8 pM Fe solution which was the highest concentration of working iron 
solution.
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Other standard iron solution at final concentrations of 0, 1, 2 and 4 fiM Fe was prepared 
from 8 |iM Fe by diluting with 80 mM NTA. Finally, 0.5 ml aliquots of standard iron 
solution were made in polypropylene microtubes and kept frozen at -20 °C.

IN S TR UMEN TA TION

HPLC system is composed of Waters620 pumps. Waters WISP712 autosampler, 
Waters991 Photodiode Array detector, Waters7200 plotter and PowerMate SX Plus 
computer.

C hrom atogram

CPU

P lo tte r4
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-

r
PDA 

, d e te c to r
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Solven t flow 

Signal flow

Column

A uto sam pler

1 S o lven t

Sam ple tra y

Figure 2.1 Instrumentation of HPLC machine for the NTBI assay. 

Microcentrifuge, Eppendorf, non-refrigerated, fixed angle rotor model 5415C. 

UNICAM UVATS Spectrophotometer UV2.

MR700 Microplate® Reader, Dynatech Product.

Millipore Vacuum filtration apparatus.
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2.1.2 METHODS 

Cleaning o f filtration filters

The Centricon-30 centrifugal concentrator (Product number 4209 from Amicon Ltd., 
Stonehouse, UK) consists of a styrene-acrylonitrile sample reservoir with a dimension of 
16x107 mm, a polycarbonate membrane with the MW cut-off 30 kD and a polypropylene 
filtrate vial. A centrifugal force, will drive solvents and low MW solutes through the 
membrane and the filtrate is collected into the filtrate vial. Macromolecules, such as 
transferrin-bound iron and ferritin iron, were retained in the sample reservoir. Since the 
iron contamination of different batches of Centricon-30 concentrators varies, the 
membranes must be prewashed by spinning 1 ml of 10 mM NTA, pH 7.0 at 4,200 rpm 
(14,000g), 15 °C for 20 minutes in the centrifuge with fixed-angle rotor and followed by 1 
ml of deionised water in order to minimise iron contamination from the membranes and 
sample reservoirs. This Centricon-30 concentrator is usually used for the large volume of 
sample (0.5-1.0 ml of serum) for the NTBI assay.

The Whatman VectraSpin microcentrifuge tube filter (Catalogue number 6835 3001, 
Whatman International Ltd., Maidstone, UK) consists of polypropylene sample reservoir 
with a dimension of 10.6x42 mm and a polysulphone membrane with the 30 kD MW cut
off. Like the Centricon-30 concentrator, this membrane needs to be prewashed by spinning 
0.4 ml of 10 mM NTA solution and subsequently deionised water at 6,500 rpm (4,980g) at 
ambient temperature for 5 minutes in the microcentrifiige with a fixed-angle rotor to 
ehminate any contaminating iron in different batches before use.

Routine work fo r  HPLC-based assay

The HPLC system is composed of Waters625 pump control, Waters991 PDA detector. 
Waters WISP712 autosampler, Waters5200 plotter, Rheodyne915 manual injector 
including non-metallic parts and PEEK 20 |Lil-loop, and other PEEK ferrules and tubings. 
Both main glass column (dimension of 10x100 mm) and guard column (dimension of 10x2 
mm. Catalogue number 28141; Chrompack International, the Netherlands) are ODS type 
and assembled in a metallic jacket (with which the samples have no contact) (Catalogue 
number 28267; Chrompack International, the Netherlands). Before starting up the analysis, 
the columns needed conditioning properly by rinsing with deionised water (30-40 ml), then
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rinsing with methanol (30-40 ml) and finally equilibrating with mobile-phase solvent at a 
normal flow rate for at least 30 minutes.

After finishing analytical work, the columns were equilibrated continuously with a 
mobile-phase solvent at 0.1 ml/min, or cleaned up with deionised water for 30 minutes and 
with methanol at a flow rate of 0.4 ml/min overnight. Occasionally, the columns needed to 
be regenerated to improve the sensitivity of the column by cleaning with solvents in the 
following order: water methanol(100%) isopropanol(50% in methanol) 
dichloromethane( 100%) -> isopropanol(50% in methanol) -> methanol(100% in methanol) 

water at a flow rate of 0.3 ml/min for about 45-60 minutes.

Macromethod fo r  NTBI assay

To 0.9 ml of serum, 0.1 ml of 800 mM NTA, pH 7.0 solution was added, mixed gently 
on vortex shaker and allowed to stand at room temperature for 30 minutes. Then, the serum 
was centrifuged on a prewashed Centricon-30 filter membrane at 4,200 rpm (14,000g), 15 
°C for 20 minutes. The ultrafiltrate containing a certain amount of NTBI in the 80 mM NTA 
solution was measured for NTBI concentration with the on-column derivatised reverse- 
phase HPLC method using a Waters HPLC system. In the assay, 20 |il of NTBI sample 
was injected into the HPLC system, fractionated on ODS column and on-column 
derivatised with CP22 compound in the mobile phase to form Fe-CP22 complex 
immediately. The absorbance of Fe-CP22 product, which usually comes out at 
approximately 3.4 minute of retention time, is measured at 450 nm. The average peak 
height from duplicate sample injections was used to make the calibration curve of standard 
iron. NTBI concentration in unknown specimens was calculated using the linear equation 
of calibration curve.
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0.9 ml of NTBI serum + 0.1 ml of 800 mM NTA

Incubate 30 minutes

1ICentrifuge 4200 rpm, 20 minutes

Fe-NTA ultrafiltrate

Inject 20 |il into HPLCI
C P22-#^ C P 2 2 - ^ # : #  -► Fe-(CP22)3 ► N TA

Mobile phase Cl 8 column X  450 nm

Figure 2.2 Diagrammatic NTBI quantification using the NTA/HPLC based assay.

Micromethod fo r  NTBI assay

In order to develop a modification of the assay which required less serum than previously 
described, a “micromethod” using less serum was developed. Clearly this had to be 
validated however. To 0.36 ml of serum, 40 p,l of 800 mM NTA, pH 7.0 solution was 
added, mixed gently on a vortex shaker and allowed to stand at room temperature for 30 
minutes. Then, serum was spun on prewashed microcentrifuge filter at 9,000 rpm 
(6,900g), 4 °C for 30 minutes. The ultrafiltrate was then measured for the NTBI 
concentration as described above.
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2.5 |liM Fe-(CP22)3 7.5 jiM Fe-(CP22)3
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Figure 2.3 HPLC chromatograms of 2.5 |iM Fe-(CP22)^ and 7.5 |llM  Fe-(CP22)^. Refer 
to materials and method for chromatographic condition.
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Figure 2.4 Calibration curve of peak height against iron concentration obtained on 
injection of various concentrations of Fe-NTA onto the HPLC system is shown. Each point 
represents the mean of milli-absorbance unit (mAU) obtained from triphcate 
determinations.
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Calculation

NTBI values are derived from intersecting mAU with calibration curve to obtain the 
concentration on x-axis or from calculation. From the calibration curve in Figure 2.4, the 
regression line equation is

y = 0.38x + 1.00

whiere x is plotted on the abscissa to represent NTBI concentration in pM unit and y is 
plotted on the ordinate to represent mAU at 450 nm. Therefore, for a particular value of x 
the result of y can be recorded as a point on the graph using Cricket Graph 1.3 computer 
program.

Comparison between macro- and micro-method

Serum samples from healthy persons and patients with haemochromatosis were pooled 
and used to compare the NTBI values derived from the m/cromethod using microcentrifuge 
filters with those obtained from the macromtthoà. using Centricon-30 filters. In the study, 
ultrafiltrates prepared from two different methods were measured for the NTBI 
concentrations using the standard HPLC-based assay. Paired Student’s t-test was used to 
analyse the significant difference between two different methods.
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Figure 2.5 Comparison of NTBI values assayed by macromethod with micromethod. In 
macromethod, 0.1 ml of NTA solution (80 mM at final concentration) was added to normal 
or haemochromatosis serum (0.9 ml), incubated at room temperature for 30 minutes. Then, 
the serum was centrifuged on a prewashed Centricon-30 filter membrane at 4,200 rpm 
(14,000g), 15 °C for 20 minutes. In the micromethod, 40 pi  of NTA solution (80 mM at 
final concentration) was added to normal or haemochromatosis serum (0.36 ml), incubated 
at room temperature for 30 minutes, then centrifuged on a prewashed VectraSpin 
Microfilter membrane at 9,000 rpm (6,900g), 4 °C for 30 minutes. NTBI concentration in 
the ultrafiltrate was measured using the HPLC method previously described in Section 
2 . 1.2 .



110

The findings in Figure 2.5 show that NTBI concentration in normal and 
haemochromatosis sera was not different when analysed by macromethod or micromethod 
(Figure 2.6). Therefore, the micromethod will be used for NTBI quantification in the 
kinetic study of NTBI removal in which serum volume is small.
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Figure 2.6 Comparison of NTBI values assayed by macromethod and micromethod. 
Referred to materials and methods in Section 2.1.2.
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Assay precision

The precision of micromethod was evaluated by repeated measurement of NTBI 
concentration in two internal controls of iron solution (2.5 and 7.5 pM Fe in 80 mM NTA, 
pH 7.0), and in pooled normal and thalassaemic sera with an HPLC-based method. The 
mrraassay coefficient of variation (CV) was analysed in two internal controls solution (2.5 
and 7.5 pM Fe in 80 mM NTA, pH 7.0) run on the same day.
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Figure 2.7 /«rraassay variability of NTBI concentration in two internal standard controls 
(ISl and IS2), pooled normal (NS) and thalassaemic sera (TS). NTBI values were 
measured nine times in the same serum with an HPLC-based method on the same day. The 
data are shown as individual determinations (open square) and meantSEM values of NTBI 
concentration (closed square).
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The interassay variability was also analysed in the two internal controls run on eight days.
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Figure 2.8 Interassay of NTBI concentration in two internal controls measured in 
different nine days with an HPLC-based method. Mean values are shown in solid line and 
standard deviations are shown in dash line.
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Inter- and intra-assay coefficients o f variation o f the HPLC-based N T B I  
assay using micromethod

In our micromethod study the intraassây CV values of 2.5 |iM and 7.5 jiM iron were 
16.2% and 8.4% respectively (n = 8) while the mfcrassay CV values were 10.3% and 
7.4% respectively (n = 8). This compares with CV values from a previous study using a 
macro method at 2 fxM and 6 |iM iron of 14.6% and 2.45%, with an mfcrassay CV values 
were 28.7% and 5.7% respectively (n = 6) (Porter et al., 1996).

Drift effect

When the main ODS column has been used to analyse many samples, some compounds 
which cannot be eluted with a usual mobile-phase solvent may be adsorbed onto the gel 
matrix. As a result, the column sensitivity may decline progressively, exhibiting the 
decrease of peak height and a broadening of the peak of chromatograms. The subsequent 
NTBI values may then be less than anticipated. Other factors may also lead to a drifting of 
values during the assay. An example of sample drift is shown in Figure 2.9.
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Figure 2.9 An example of a drift effect of the NTBI concentration at 2.5 jiM with an 
HPLC-based method. The data are shown in average NTBI values of duplicate experiment.
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When the NTBI values were plotted against the subsequent injections of samples, the 
resulting regression line showed a slight decreasing of NTBI values (Figure 2.9). If 
present, this drift effect indicates that the sensitivity of HPLC column has been gradually 
decreased when many samples have been analysed. Therefore, it is necessary to use a 
regression line equation: for example

y = 3.01-0.02X

where x represents number of sample injections and y represents corrected NTBI value, to 
minimise the drift effect of column deterioration during the analysis.

Where this effect was demonstrated by the use of repeat running of internal standards 
during the assay, a compensation factor was included in the final calculation of the results 
obtained from the slope of the graph illustrated in Figure 2.9 and the position of the 
unknown in the sample run. Following each assay procedure the column was cleaned up 
with methanol(100%) at the flow rate of 0.4 ml/min overnight to remove all tightly bound 
compounds. Additionally, it is recommended that the column should be regenerated with 
stronger organic solvents as described above following over 200 sample measurements to 
remove all tightly bound compounds and deduce the effect of peak height loss on the 
column with time. However despite regeneration each column generally needed to be 
replaced after approximately 3 times of regeneration because this operation became less 
efficient with repeated assays.

Stability o f plasma NTBI at ‘20°C and -80°C

It is clearly important to know how long samples remain stable prior to analysis. To 
study the stability of NTBI with and without DFO, five thalassaemic sera were spiked with 
DFO solution (10 jiM at a final concentration), then incubated at room temperature for 1 
hour. Then, serum was divided into two 1-ml aliquots, one without and the other with Al̂  ̂
pretreatment, and stored at -20 °C and -80 °C over 1 month. NTBI concentration was 
measured in all sera using the HPLC-based assay without and with the blocking step.

The stabihty of NTBI both without and with 10 jiM DFO was investigated when the 
serum had been stored at -20 °C before analysis.
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Figure 2.10 Effect of storage of NTBI samples (5 independent experiments of 5 
independent patient serum) at -20 ®C over 1 month, compared to the control without 
freezing. Fresh serum from TM patients from the UK was taken, then frozen at -20 °C (for 
1 day, 7 days and 30 days) and thawed for NTBI determination. After 1 hour at room 
temperature, NTA was added and NTBI assay was performed by the standard procedure. 
The results are mean ± SEM of 5 patients analysed on the same day.



116

It can be seen that NTBI concentration in control decreased slightly at 1 week (delta 
NTBI = 0.73 |jM) and 1 month (delta NTBI = 1.12). Although this does not reach 
statistical significance, this suggests that if absolute values are to be compared between 
different patient groups, that the ages of sera need to similar. In experiments described in 
the thesis, the age of stored sera is mentioned so that this can be taken into account. 
Because samples are often received from abroad in batches on dry ice (-20 °C) it is not 
possible to use fresh sera routinely or indeed to store samples at -80 °C throughout. If 
samples from abroad were being analysed and compared with UK samples, attention was 
given to selecting UK samples of a similar storage duration.

Statistical analysis

In this thesis all NTBI values are expressed as the meant the standard error 
(meardiSEM), unless otherwise mentioned. Differences between mean were analysed by 
the Student’s t-test (paired when appropriate), p values <0.05 were deemed statistically 
significant.

2.2 QUANTIFICATION OF DESFERRIOXAMINE AND FERRIOXAMINE 
IN SERUM BY COMPETITIVE ENZYME IMMUNOASSAY

2.2.1 INTRODUCTION

DFO has been used for nearly 40 years for the treatment of iron overload disorders 
(Westlin, 1971; Pippard et al., 1978a; Porter et al., 1989). Due to its short half-life, DFO 
can only remove a relatively small amount of chelatable iron present in semm to form FO, 
and mostly be changed to its metabohtes (Lee et al., 1993). A number of methods have 
been developed to quantitate the amount of iron complexed and uncomplexed forms of 
DFO and metabolites in semm of patients following DFO chelation treatment to evaluate 
chelating efficiency and minimise dmg-induced toxicity. Some spectrophotometric methods 
are not very sensitive and are influenced by other interfering compounds present in semm 
and urine. Some techniques can separate and identify both complexed and uncomplexed 
forms and metabohtes of DFO, but require the HPLC machine connected to a special 
detector such as atomic emission/absorption spectrometer, mass spectrometer (Singh et al., 
1990). They also require organic-solvent or solid-phase extraction to remove DFO and its
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derivatives from interfering chromophores, including radioactive-iron to saturation to avoid 
iron contamination and to increase the sensitivity of detection (Singh et al., 1992).

Recently, a polyclonal FO antibody has been produced in rabbits by Philip Kemp and his 
collaborators in Novartis Pharmaceuticals, UK (Kemp P, PhD thesis. University of 
London, 1997) for use in the enzyme immunoassays of FO and DFO in biological fluids. 
The main requirements for such an assay to be useful are simplicity, specificity, sensitivity 
and reproducibility. We have developed the competitive enzyme immunoassay (cEIA) for 
FO in our laboratory in order to detect the amount of FO and DFO in chelated serum while 
NTBI concentration has been reduced by DFO chelation therapy.

Principle

The steps or reactions of cEIA technique for the measurement of FO concentration can be 
simplified as the diagram below.

]=stv=bFO

Step 1: i  + FO + excess rabbit anti-FO

]=stv=bFO=anti-FO

Step 2; i  + goat anti-rabbit IgG«HRP

]=stv=bFO=anti-FO=anti-IgG»HRP

Step 3: i  + OPD/H2O2 substrate

]=stv=bFG=anti-FG=anti-IgG«HRP
+

Soluble red-coloured product 

Step 4: i

Measure the absorbance of red coloured product 

(̂ max = 492 nm or using Test filter No. 3)

(NB: ] = a solid phase, stv = streptavidin, bFO = biotinylated ferrioxamine, FO = 
ferrioxamine, anti-IgG*HRP = immunoglobulin G antibodyhorse raddish peroxidase 
conjugate and OPD = ortho-phenylenediamine).
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With the cEIA technique, the optical density of coloured product is inversely proportional 
to the concentration of FO. Using streptavidin-biotin conjugation to amphfy the reaction, 
the sensitivity of the assay reaches to the nanogram range of detection.

Previous characterization of the FO antibody (Philip Kemp personal communication) has 
shown that this antibody recognises the metal complexed form of DFO or its major 
metabolites and therefore measures aluminoxamine (AlO) if present as well as ferrioxamine 
(FO). The antibody does not however recognise metal free forms of DFO or its 
metabolites.

Reagents

0.1 M Borate buffer was prepared as follows at pH 8.0: 38.14 g of disodium tetraborate 
(Na^B^O )̂ were dissolved in 1 liter of deionised water to achieve a concentration of 0.1 M. 
Dissolve 6.18 g of boric acid (H3BO3) of 0.1 M. Then, pH was adjusted to 8.0 with 0.1 M 
H3BO3 solution.

0.1 M Carbonate buffer, pH 9.6 was prepared as follows: 4.2 g of sodium bicarbonate 
were dissolved in 500 ml of deionised water to obtain the 0.1 M bicarbonate solution. 5.3 g 
of sodium carbonate were dissolved in 500 ml of deionised water to obtain the 0.1 M 
carbonate solution. The carbonate solution was then added to 800 ml of bicarbonate 
solution until the pH reached 9.6.

0.1 % Casein solution (Casein/PBS) was prepared as follows: 0.5 g of casein powder 
was dissolved in 500 ml of PBS solution and left it in a water bath at 37 °C to increase 
solubihty for 4-5 hours.

0.1 M Citrate-phosphate buffer, pH 5.0 was prepared as follows: 7.30 g of citric acid 
monohydrate and 23.88 g of disodium hydrogenphosphate were dissolved in 900 ml of 
deionised water. If the final pH was not 5.0, this was adjusted with a small amount of 1 M 
hydrochloric acid or 1 M sodium hydroxide. The final volume was then adjusted to 1 htre 
with deionised water.

1 M Dithiothreitol was prepared as follows: 0.5 g of dithiothreitol (DTT) was dissolved 
in 3.24 ml of deionised water and stored at -20 °C in small aliquots for 1 month.
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1 mM Ferric citrate was prepared as follows: 21 mg of citric acid (C^HgO^^HjO) was 
dissolved in 100 ml of deionised water to obtain a concentration of 1 mM. 6.0 ml of stock 
ferric chloride solution (18.482 mM ferric chloride in 0.1% HCl) at a final concentration of 
1 mM was then added to 100 ml of 1 mM citric acid (molar ratio of Fercitrate =1:1) with a 
final pH of 3.4.

5 mM Ferric nitrilotriacetate was made up as follows: to prepare 10 mM NTA, 10 ml of 
800 mM NTA solution was diluted with 790 ml of deionised water. 5.4 ml of stock iron 
standard solution was diluted with 4.6 ml of deionised water to obtain 10 mM ferric 
chloride solution. Equal volumes of 10 mM NTA and 10 mM standard iron solution were 
then mixed and incubated at room temperature for 1 hour.

0.1 M Glycine buffer, pH 3.0 was prepared as follows: 7.5 g of glycine were dissolved
in 800 ml of deionised water, pH was adjusted to 3.0 with concentrated hydrochloric acid, 
and the final volume made to 1 htre with deionised water.

Goat anti- rabbit IgG (whole molecule)«peroxidase conjugate (HRP«IgG) was diluted 
1:2500 with 0.1% casein/PBS before use.

Peroxidase substrate solution: this substrate solution needed to be prepared freshly before 
use by dissolving 4 tablets of 1,2-phenylenediamine (OPD) in 12 ml of citrate-phosphate 
buffer, pH 5.0. When all OPD tablets were completely dissolved, 5 |il of hydrogen
peroxide (30%) solution were added, mixed and used within 30 minutes.

0.15 M Phosphate buffer saline (PBS), pH 7.4: Dissolve 0.2 g of KH^PO  ̂(1.47 mmol), 
1.78 g of Na2HP04*2H20 (10 mmol), 0.2 g of KCl (2.7 mmol) and 8 g of NaCl (137 
mmol) in 1 htre of deionised water. N.B. It was found that commercially available prepared 
PBS tablets (Oxoid) has too much iron contamination which interfered with the assay. It 
was therefore important to make up the PBS from first principles.

50 mM Phosphate buffer, pH 7.0 was prepared as follows: 7.8 g of NaH2P04*2H20 
were dissolved in 1 htre of deionised water to obtain a concentration of 50 mM. 17.9 g of 
Na2HP04*12H20 were dissolved in 1 htre of deionised water to obtain a concentration of 
50 mM. The pH of the buffer solution was adjusted to be 7.0 by adding 50 mM NaH2P04 
solution to 50 mM Na2HP04 solution.
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Rabbit polyclonal ferrioxamine antibody (FO Ab) was prepared and kindly donated by 
Philip Kemp (Novartis Pharmaceuticals, Horsham UK), FO Ab was diluted 1:800 in 0,1% 
casein/PBS before use. Detailed description of the preparation of this antibody is described 
in Section 2.2.2.1,

1 M Sulphuric acid was prepared as follows: 55 ml of concentrated sulphuric acid (95- 
97%) were carefully added to 900 ml of deionised water stand on ice bath in a fume 
cupboard, mixed gently, and the final volume adjusted to 1 litre with deionised water,

0,1 M Tris buffered saline (TBS), pH 7,5 was prepared as follows: 1,58 g of 
Tris(hydroxymethyl)aminomethane hydrochloride (Tris) and 8,766 g of NaCl were 
dissolved in 700 ml of deionised water. The pH of buffer solution was adjusted to 7,5 with 
ION NaOH, and the final volume made up to 1 litre with deionised water.

Washing buffer (PBS/Tween20) was prepared as follows: 0,25 ml of polyoxyethylene 
sorbitan monolaurate (Tween 20) was added to 500 ml of PBS solution.

2.2.2 METHODS

2.2.2.1 Production of rabbit polyclonal ferrioxamine antibody

The antibody was prepared as described below by Philip Kemp (Novartis 
Pharmaceuticals, Horsham UK) for immunisation of rabbits with the production of 
polyclonal antibody. Additional preparations of FO conjugates were prepared by myself for 
production of monoclonal FO antibody in mice. The characterization of the monoclonal FO 
antibody is not described in the thesis however because experiments characterising the 
monoclonal antibody are still ongoing.

Preparation o f immunogenic bovine serum albumin/desferrioxamine  
conjugate

This was performed by Philip Kemp at Novartis Pharmaceuticals as follows: 28 mg of 
bovine serum albumin (BSA) was dissolved in 3 ml of 1 M borate buffer, pH 8,0, 28 mg 
of N-succimidyl 3-(2-pyridyldithio)-proprionate (SPDP) was dissolved in 0,3 ml of 
dimethyl sulphoxide (DMSO) and added dropwise to the BSA solution and incubated for 2 
hours at room temperature. The mixture was dialysed against 0,15 M PBS, pH 7,4
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solution at 4 °C overnight to remove any unreacted SPDP. The mixture was reduced with 
25 mM DTT for 2 hours at room temperature to produce BSA with attached sulphydryl 
groups (BSA-SH). The mixture was then dialysed against 0.15 M PBS containing 100 mM 
EDTA at 4 °C overnight. The BSA-SH was centrifuged at l,000g for 5 minutes to remove 
unwanted reaction products. Then, 10 mg of SPDP, 30 mg of DFO and 4.8 pi of N- 
methylmorpholine (NMM) was dissolved in 0.3 ml of DMSO. The BSA-SH was incubated 
with this mixture for 1 hour at room temperature. The resulting BSA-DFO conjugate was 
centrifuged at l,000g for 5 minutes before dialysing against 0.15 M PBS at 4 °C overnight. 
The BSA-DFO was stored in 0.5 ml aliquots at -80 °C.

Preparation o f immunogenic Keyhole Limpet Haemocyanin/desferrioxamine 
conjugate

This was performed by Phihp Kemp at Novartis Pharmaceuticals as follows: 15 mg of 
Keyhole Limpet Haemocyanin (KLH) was dissolved in 6 ml of 1 M borate buffer, pH 8.0.
22.5 g of SPDP was dissolved in 0.5 ml of DMSO, added dropwise to the KLH solution 
and incubated for 2 hours at room temperature. The mixture was dialysed against 0.15 M 
PBS, pH 7.4 at 4 °C overnight to remove any unreacted SPDP. The mixture was reduced 
with 25 mM DTT for 2 hours at room temperature to produce KLH with attached 
sulphydryl groups (KLH-SH). The mixture was then dialysed against 0.15 M PBS, pH
7.4 containing 100 mM EDTA at 4 °C overnight. The KLH-SH was centrifuged at 1,000g 
for 5 minutes to remove unwanted reaction products. 20 mg of SPDP, 27 mg of DFO and 
5 pi of NMM was dissolved in 0.4 ml of DMSO. The KLH-SH was incubated with this 
mixture at room temperature for 1 hour. The resulting KLH-DFO conjugate was 
centrifuged at l,000g for 5 minutes before dialysing in 0.15 mM PBS at 4 °C overnight 
and stored in 0.5-ml aliquots at -80 °C.

Immunization o f rabbit fo r  production o f FO antibody

This was performed by Philip Kemp at Novartis Pharmaceuticals as follows: Both BSA- 
DFO and KLH-DFO conjugates were mixed (ratio 1:1) with incomplete Freund’s adjuvant 
before injection. Dutch rabbits (Harlen-Olac) aged 16 weeks were injected subcutaneously 
with three different doses of BSA-DFO (450, 250 and 150 pg) preparations at the 
beginning, the second month and six month alternating with two different doses of KLH- 
DFO (300 and 150 pg) preparations at the first and third month, respectively. 0.5 ml test
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bleeds (withdrawn from the peripheral ear vein) were taken two weeks after each injection 
and the serum assessed for antibody titre. When a maximum titre had been reached, serum 
was collected from the rabbit’s peripheral ear vein and allowed to clot for two hours at 4 
°C. Blood was centrifuged at l,000g for 5 minutes to separate the serum and subsequently 
stored at -20 °C.

Preparation o f FO-thyroglobulin conjugate fo r  mouse immunisation

This was performed by myself in the Department of Haematology, UCL as follows:

Conjugation o f SPDP to immunogenic thyroglobulin: 2.2 mg of bovine 
thyroglobulin (BTG, MW = 660,000) was dissolved in 3.0 ml of 0.1 M borate buffer at 
pH 8.0. Then 7.0 mg of SPDP was dissolved in 0.5 ml of DMSO, added dropwise to the 
BTG solution and incubated at room temperature for 2 hours. This mixture was passed 
through Sephadex G-25 PDIO column (with bed volume 9.0 ml; Pharmacia, Upsala, 
Sweden) which was equilibrated and eluted gravitationally with 50 mM phosphate buffer at 
pH 7.0 to remove excess unreacted SPDP. Each fraction (0.5 ml/fraction) was collected 
manually and the absorbance subsequently measured at 280 nm for protein (BTG-SPDP 
conjugate) determination. BTG-SPDP conjugate eluting at void volume (4-8 ml) was 
pooled whereas unreacted SPDP coming out at 8-12 ml of elution volume was discarded.

Reduction o f BTG-SPDP: BTG-SPDP conjugate was reduced with DTT (25 mM at 
final concentration) at room temperature for 2 hours to produce BTG with attached 

f sulfhydryl group. This mixture was passed through Sephadex G-25 PDIO column (with 
bed volume 9.0 ml; Pharmacia, Upsala, Sweden) which was equilibrated and eluted 
gravitationally with 50 mM phosphate buffer at pH 7.0 to remove an excess DTT. Each 
fraction (0.5 ml/ffaction) was collected manually and the absorbance subsequently 
measured at 280 nm for protein (reduced BTG-SPDP) determination. Reduced BTG-SPDP 
conjugate eluting at void volume (4-8 ml) was pooled whereas an excess DTT coming out 
at 8-12 ml of elution volume was discarded.

Production o f BTG-FO conjugate: 14 mg of SPDP and 18 mg of DFO were
dissolved in 0.3 ml of DMSO, before adding 5.3 pi of NMM. While this mixture was 
added dropwise to the reduced BTG-SPDP, precipitation appeared in the solution, which 
was then incubated at room temperature for 1 hour and centrifuged at 13,000 rpm 
(9,960g), at room temperature for 5 minutes to remove the precipitate. Clear supernatant
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was passed through a Sephadex G-25 PDIO column (with bed volume 9.0 ml; Pharmacia, 
Upsala, Sweden) which was equilibrated and eluted gravitationally with 50 mM phosphate 
buffer at pH 7.0 to remove unreacted chemicals. Similarly, BTG-DFO conjugate eluting at 
void volume (4-8 ml) was collected and pooled. Finally, an excess iron solution (1 mM 
ferric citrate) was added, incubated at room temperature for 30 minutes and passed through 
Sephadex G-25 PDIO column as above to remove any excess iron. Eluents (0.5 
ml/fraction) were measured for the absorbance at 280 nm for protein determination and at 
430 nm for FO determination. Fractions (4-8 ml) which comprised of BTG-FO and gave 
significant absorbance at both 280 and 430 nm were pooled and concentrated under 
vacuum.

Purification o f polyclonal IgG antibody

5 ml of protein A-immobilised agarose was poured into a 5 ml plastic syringe and washed 
with six volumes of 0.1 M Tris buffer, pH 7.5. The rabbit serum containing anti-FO 
antibody was diluted two fold with Tris buffer and added to a protein A-agarose prepacked 
column. Nonspecific unbound proteins and other compounds were removed by washing 
the column with six volumes of Tris buffer. The protein A specific IgG was eluted with 
three volumes of 0.1 M glycine buffer, pH 3.0 and 1 ml fractions were collected into tubes 
which previously contained 28 pi of 1 M Tris buffer. The fractions were measured for 
protein contents using absorptive spectrophotometry at 280 nm with the BSA solution as a 
standard protein. Protein positive fractions were checked for purity by running with SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) in the presence of MW markers and 
stained with Coomasie briUiant blue. Only two bands at 25 and 50 kD were visualised. 
Fractions containing only IgG were pooled, the amount of protein measured, and 0.1 ml 
aliquots prepared and stored at -20 °C.

2.2.2.2 Preparation of ferrioxamine

This procedure was used for preparation FO conjugates for both rabbit and mouse 
immunisation. 15 ml of 10 mM DFO freshly prepared in 5 mM MOPS buffer, pH 7.0 was 
mixed with 16 ml of 10 mM iron solution (FeCl^ in 0.1% HCl) and incubated at room 
temperature for 1 hour to obtain FO solution at 5 mM. This FO solution was dried under 
vacuum to yield 0.15 mmol FO powder (equivalent to 106.8 mg), and stored at 4 °C until 
use.
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2.2.Z.3 Conjugation of biotin with ferrioxamine

This procedure was used for the preparation of FO used in the cEIA at the Department of 
Haematology, UCL by myself. 50 mg (equivalent to 0.11 mmol) of Biotin-LC-NHS (MW 
= 454.5) was dissolved in 1 ml of dimethylformamide (DMF). 100 mg (equivalent to 0.14 
mmol) of FO and 50 [il of NMM was dissolved in 2 ml of deionised water. The biotin-LC- 
NHS solution was added dropwise to the FO solution and incubated at room temperature 
for 4 hours. The mixture was purified on a LH-20 chromatography column and assessed 
for the purity of biotinylated ferrioxamine (bFO) by HPLC. The bFO solution was 
concentrated and the FO content in bFO determined using molar absorptive

spectrophotometry (e) at 430 nm. 5-[xl aliquots (427 |ig/ml) were made and stored at -20 °C

until use.

A variety of bFO concentrations were titrated to obtain the optimal concentration to bind 
to streptavidin on solid phase and to FO antibody in the aqueous solution. Experimentally, 
bFO (427 |ig/ml) was diluted in 0.1% casein/PBS to get several dilutions for use in the 
assay. It was found that the optimal bFO concentration in this cEIA was approximately 10 
ng/ml; that is 5 |il of bFO (427 pg/ml) was diluted with 0.5 ml of 0.1% casein/PBS, before 
12 |il of this solution was then further diluted in 50 ml of 0.1% casein/PBS.
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Figure 2.11 Titration of an optimal biotinylated ferrioxamine (bFO) concentration for the 
cEIA of DEC and FO, In the study lyophilised bFO (427 pg) was reconstituted in 1.0 ml of 
0.1% casein/PBS to achieve a final concentration of 427 pg/ml, before further diluting in 
0.1% casein/PBS to obtain several concentrations (1, 2, 4, 8, 16 and 32 ng/ml). 
Subsequently, each diluted bFO solution (50 pi) was added to streptavidin-immobilised 
solid phase (100 ng/well), incubated at room temperature for 2 hours^then washed three 
times with PBS/Tween20. 0.2 ml of 0.1% casein in PBS solution was added to the wells 
to block nonspecific binding sites on the plates, incubated at 37°C for 2 hours and washed 
three times with PBS/Tween20. The arrow shows the optimal bFO concentration 
(approximately 10 ng/ml) that will be used for cEIA of DFO and FO. The concentration of 
FO represented as the absorbance at 490 nm, was assayed as described in Section 
2 . 2 .2 . 5 .
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2.Z.2.4 Immobilisation of streptavidin on solid phase for cEIA

5 mg of streptavidin was dissolved in 5 ml of deionised water and 50 pi aliquots (1 
mg/ml) of streptavidin solution were stored at -20 °C. 50 pi of stock streptavidin solution 
was diluted with 50 ml of 0.1 M carbonate buffer, pH 9.6, and then added to 0.1 ml of this 
solution (100 ng/well) added to the wells of a 96-well microtitre plate and incubated 
overnight at room temperature. Unbound streptavidin was discarded and washed three 
times with phosphate buffer saline, pH 7.0 containing 0.05% Tween20 (PBS/Tween20). 
0.2 ml of 0.1% casein in PBS solution was added to the wells to block nonspecific binding 
sites on the plates, incubated at 37 °C for 2 hours and washed three times with 
PBS/Tween20.

2.2.2.S Competitive enzyme immunoassay procedure for DFO and FO 

Determination o f FO concentration

A calibration curve of FO was prepared by diluting standard FO solution (0, 0.5, 1, 2, 4, 
8, 16 and 32 pM) (freshly prepared in deionised water) 1:40 in 0.1% casein/PBS, and 
serum samples were similarly diluted 1:40 in 0.1% casein/PBS. 50 pi of diluted standard 
FO solution and serum were then added to the bFO-coated plate. Subsequently, 0.1 ml of 
prediluted anti-FO Ab solution was added to the wells except for the first well (used for 
blank) and incubated at room temperature for 2 hours. The solution was then discarded and 
washed three times with PBS/Tween20. 0.1 ml of diluted HRP*IgG conjugate was added 
to every well and incubated at 4 ®C overnight. The excess HRP-IgG conjugate was 
discarded and washed three times with PBS/Tween20. 0.1 ml of peroxidase substrate was 
then added to the wells, and incubated at room temperature in a dark place in order to 
prevent the auto-oxidation reaction from light. The reaction was allowed to develop for 
approximately 20 minutes and finally stopped by adding 0.1 ml of 1 M sulphuric acid. The 
optical density of coloured product was measured against the blank well (usually the first 
one) with the Dynatech ELISA plate reader at 490 nm using the test filter No.3. The 
concentration of FO obtained from this method (called FO^^^) is the amount of iron-bound 
DFO complexes including inherent FO and DFO metabolites which are formed in the 
plasma. Additionally, previous studies (Kemp P, PhD thesis, University of London, 1997) 
have shown that this polyclonal anti-FO antibody does not recognise DFO in the buffer 
system where 100 pM apotransferrin is present to scavenge any unbound iron in the buffer 
systems.
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Figure 2.12 Calibration curve of ferrioxamine concentration assayed with cEIA. Each 
point represents the mean of duplicate experiments.

Determination o f unbound DFO

To determine the concentration of unbound DFO, 50 pi of iron saturating solution (1 mM 
ferric citrate) was initially added to 1 ml of serum sample, incubated at room temperature 
for 1 hour, and immediately assayed or stored frozen at -20 °C until required for analysis as 
in the quantitation of FO as above. The concentration of FO measured is the total FO (called 
FO,otai). Therefore, the amount of unbound DFO is obtained by the subtraction of FOf^^ 
concentration from FO,̂ ,,̂ , concentration.

2.3 MEASUREMENT OF SERUM IRON

Serum iron (SI) was measured in the Department of Chemical Pathology, UCL Hospital 
using a Guanidine/FerroZine® method (Stookey, 1970; Eisenwiener et al., 1979) with 
COBAS® INTEGRA Roche diagnostic reagents. In principle, ferric ion bound to 
transferrin is first removed by guanidine hydrochloride and reduced to ferrous ion by 
ascorbate. The iron is then complexed to the sensitive and specific ferrozine reagent 
forming a chromogen with the absorbance at 552 nm. Added thiourea reduces interference
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from copper. Iron remains stable in semm samples for 4 days at 15 to 25 °C and 7 days at 
4 °C. In the assay, 25 pi of serum sample was incubated with 35 pi of guanidine 
hydrochloride (1.2 M at final concentration)/thiourea(31 mM at final concentration) reagent, 
subsequently with 8 pi of ascorbate (13 mM at final concentration) and finally with 5 pi of 
ferrozine reagent (1.5 mM at final concentration). The absorbance of coloured product is 
measured at 552 nm. The calibrator (human) supplied by manufacturer is used as SI 
standard including negative and positive human control sera.

Quality control of SI measurement was determined in the Department of Chemical 
Pathology, UCL Hospital using Qual-1 and Qual-2 as internal standards. The mean±SD of 
iron concentration in Qual-1 was 18.7+0.17 pM with the CV of 0.9% whereas the 
mean+SD of iron concentration in Qual-2 was 34.2+0.53 pM with the CV of 1.6%.

2.4 DETERMINATION OF UNSATURATED IRON-BINDING CAPACITY

Unsaturated iron-binding capacity (UIBC) was measured in the Department of Chemical 
Pathology, UCL Hospital using the FerroZine® method (Stookey, 1970; Persijn et al., 
1971) with COBAS® INTEGRA Roche diagnostic reagents. In principle, the specimen is 
incubated with a known amount of iron to saturate all available binding sites of serum 
transferrin. The unbound iron complexes with ferrozine (2.5 mM at final concentration) 
reagent forming a chromogen with the absorbance at 552 nm. UIBC remains stable in 
serum samples for 4 days at 15 to 25 °C and 7 days at 4 °C. In the assay, 30 pi of semm 
sample was initially incubated with 80 pi of known amount of excess iron in alkaline buffer 
solution, then with 25 pi of ferrozine reagent and the absorbance was measured at 552 nm. 
The UIBC is equal to the difference measured in the concentrations of the added iron and 
the excess unbound iron. The total iron-binding capacity (TIBC) is equal to the sum of the 
SI and the UIBC. The semm proteins T standard supplied by manufacturer is used as the 
UIBC standard including negative and positive human control sera.

Quahty control of UIBC measurement was determined in the Department of Chemical 
Pathology, UCL Hospital using only Qual-2 as an internal standard. The mean+SD of iron 
concentration in Qual-2 was 34.0+1.0 pM with the CV of 2.2%.

2.5 MEASUREMENT OF SERUM FERRITIN
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Serum ferritin was measured in the Department of Chemical Pathology UCL Hospital 
using a Microparticle Enzyme Immunoassay with the AxSYM Ferritin reagent kit from 
Abbott. In the assay, 150 |il of serum sample is required for ferritin quantification assayed 
by the automated machine. Patient samples with ferritin concentrations greater than 1000 
|ig/l are diluted using an automated dilution protocol. The ferritin (human spleen) master 
calibrators at 0 and 50 |Lig/l are referenced against WHO ferritin 80/602 First International 
Standard. The ferritin (human spleen) standard calibrators at 0, 10, 50, 250, 500 and 1000 
|ig/l are referenced against WHO ferritin 80/602 First International Standard. Three serum 
ferritin controls at 20, 150 and 400 |Xg/l are also included in the test. Ferritin in the serum 
will bind to mouse monoclonal anti-ferritin antibody previously coated on microparticles. 
Rabbit anti-ferritin«alkaline phosphatase conjugate will recognise the complex on the 
particles which finally hydrolyse 4-methylumbelliferyl phosphate substrate to fluorescent 
methylumbelliferol.

Quahty control of semm ferritin measurement was determined in the Department of 
Chemical Pathology, UCL Hospital using three different concentrations of control sera. 
With low-concentration control semm, the mean+SD of ferritin concentration was 20+1 
|ig/l with the CV of 4.7%. With medium-concentration control semm, the mean+SD of 
ferritin concentration was 150+7 p.g/1 with the CV of 5.0%. With high-concentration 
control semm, the mean+SD of ferritin concentration was 390+18 |uig/l with the CV of 
4.7%.

2.6 DETERMINATION OF IRON IN URINE

Urine iron was measured in the Department of Chemical Pathology, UCL Hospital using 
the atomic absorption spectroscopy (AAS) technique (Zettner and Mansbach, 1985). In 
principle, urine samples were diluted with 10% trichloroacetic acid (TCA) to precipitate 
urinary protein and are estimated by AAS at a wavelength of 248.3 nm. Specimen 
requirement is 10-ml mine aliquot of 24 hours collection in plastic container with no 
preservative. In the assay, samples, standards and controls are manually diluted 1 in 6 with 
freshly prepared 10% TCA. Diluted samples, standards and controls are then analysed by 
atomic absorption spectroscopy. The standard curve, is examined to verify linearity and 
read off the concentrations of the test solutions. The instmment is thoroughly flushed by 
aspirating water for 10 minutes, before and after use. For blanking the 2.5% TCA was 
used.

2.7 HAEMOGLOBIN QUANTIFICATION
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Hb concentration in blood samples from patients was measured with the Coulter STKS 
cell counter (BECKMAN COULTER Gen-S) in the Special Haematology Laboratory, 
UCL Hospital. In principle, Hb is converted to cyanmethaemoglobin in a cuvette located 
below the white blood cell (WBC) bath. On each cycle, a blank reading is taken on Isoton 
(0.9% NaCl solution). The diluted sample from the WBC bath is drawn into the Hb cuvette 
and the reading is taken at a wavelength of 525 nm. At this wavelength the absorbance is 
proportional to the concentration of Hb in the sample.
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Chemicals Supplier

Àcetonitrile (HPLC-grade)
Albumin, bovine (fraction V)
Aluminium chloride (anhydrous) 
Apotransferrin, human 
Biotin-LC-NHS 
Boric acid
N,N-bis(Carboxymethylglycine) disodium salt 
N,N-bis(Carboxymethylglycine trisodium salt 
Casein
Centricon-30 centrifugal concentrators 
Chelex 100 resin 
Citric acid monohydrate 
Copper (E) chloride dihydrate 
Deionised water
Desferrioxamine decane sulfonate (CGH 749B)

Desferrioxamine mesylate (Desferal®or DFO)

Dichloromethane 
N,N-Dimethylformamide 
Dimethyl sulphoxide 
Dithiothreitol
Ethylenediamine tetraacetic acid disodium salt 

dihydrate (EDTA)
Freund’s adjuvant, incomplete 
Glycine
Goat anti- rabbit IgG*peroxidase conjugate 
HES-DFO

HPLC analytical column (CDS type)
HPLC guard column (CDS type)
Hydrochloric acid (37%)

BDH (Poole, UK)
Sigma (Poole, UK)
Fluka (Poole, UK)
Sigma (Poole, UK)
Sigma (Poole, UK)
Sigma (Poole, UK)
Sigma (Poole, UK)
Sigma (Poole, UK)
BDH (Poole, , UK)
Amicon (Stonehouse, UK) 
Sigma (Poole, UK)
BDH (Poole, UK)
BDH (Poole, UK)
BDH (Poole, UK)
Novartis Pharmaceuticals 
(Horsham, UK)
Novartis Pharmaceuticals 
(Horsham, UK)
Fluka (Poole, UK)
Sigma (Poole, UK)
Sigma (Poole, UK)
Sigma (Poole, UK)

Sigma (Poole, UK)
Sigma (Poole, UK)
Sigma (Poole, UK)
Sigma (Poole, UK) 
Biomedical Frontiers 
(Minneapolis, USA) 
Chrompack (The Netherlands) 
Chrompack (The Netherlands) 
BDH (Poole, UK)
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Chemicals Supplier

Hydrogen peroxide (30% solution)
3-Hydroxy- l-propyl-2-methylpyridin-4-one (CP22)

Iron, atomic absorption solution 
Isopropanol
Keyhole Limpet Haemocyanin (KLH)
Methanol (HPLC grade)
N-Methylmorpholine
3-[N-Morpholino]propanesulfonic acid (MOPS) 
Mygliol 812

Nylon membrane (pore size 45 |im)

1,2-Phenylenediamine (OPD) hydrochloride 
Polyoxyethylene sorbitan monolaurate (Tween 20) 
Potassium chloride
Potassium dihydrogen orthophosphate 
Protein A-immobilised agarose 
Rabbit polyclonal ferrioxamine antibody

Sodium bicarbonate 
Sodium carbonate 
Sodium chloride
Sodium dihydrogen orthophosphate dihydrate
di-Sodium hydrogen orthophosphate dihydrate
Sodium hydroxide
di-Sodium tetraborate
Streptavidin, from Streptomyces avidinii
N-Succimidyl 3-(2-pyridyldithio)-proprionate (SPDP)

Sigma (Poole, UK) 
Professor. RC Hider (King’s 
College London, UK) 
Aldrich (Poole, UK)
BDH (Poole, UK)
Sigma (Poole, UK)
BDH (Poole, UK)
Sigma (Poole, UK)
Sigma (Poole, UK)
Novartis Pharmaceuticals 
(Horsham, UK) 
Amicon-Milhpore Ltd. 
(Stonehouse, UK)
DAKO (Glostrup, Denmark) 
Sigma (Poole, UK)
BDH (Poole, UK)
BDH (Poole, UK)
Sigma (Poole, UK)
Novartis Pharmaceuticals 
(Horsham, UK)
Sigma (Poole, UK)
Sigma (Poole, UK)
Sigma (Poole, UK)
BDH (Poole, UK)
BDH (Poole, UK)
BDH (Poole, UK)
BDH (Poole, UK)
Sigma (Poole, UK)
Fluka (Poole, UK)
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Chemicals Supplier

Sulphuric acid
Tris(hydroxymethyl)aminomethane hydrochloride 
VectraSpin microcentrifuge tube fiUters

Zinc chloride

BDH (Poole, UK)
BDH (Poole, UK) 
Whatman International Ltd. 
(Maidstone, UK)
BDH (Poole, UK)
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Table 2.2 Haematological and biochemical reference ranges in adults

Test Sex Range Units

Hb M 13.0-17.0 g/dl
F 11.5-15.5 g/dl

Serum ferritin M 16-323 lig/1
F 7-283 fig/1

SI 7-45 |iM
TIBC 45-73 |iM
Transferrin saturation M 20-50 %

F 15-50 %
UIE 0.4-2.0 )imol/24hour
HIC 0.2-1.6 mg/g dry weight
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CHAPTER 3

DEVELOPMENT OF AN ASSAY FOR THE MEASUREMENT 

OF NTBI IN THE PRESENCE OF DFO USING A STEP TO 

BLOCK THE IRON FREE BINDING SITES OF DFO

In the last chapter, we described the assay procedure of NTBI quantification based on the 
HPLC technique of Singh and coworkers (Singh et ah, 1990). In this chapter, the 
development and validation of methodology to measure NTBI in the presence of both DFO 
and FO is described. Before describing the assay developed in this thesis, a brief 
description of other methods available for measuring NTBI is given, together with the 
possible drawbacks and limitations of such methods when used in the presence of DFO or 
FO.

3.1 METHODOLOGIES PREVIOUSLY USED FOR NTBI ESTIMATION

The principles used to distinguish NTBI from transferrin bound iron (TBI) differ in the 
various assays which have been used. These principles are described in Table 3.1 and are 
described in more detail in the section below.
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Table 3.1 Principles in different assays for differentiating NTBI and TBI (adapted from 
Hershko and Peto, 1987).

Procedure NTBI TBI Reference

Retention on DEAE-Sephadex CDS column + - (1, 2 )
Ultrafiltration by Amicon CF25 + - (1,3)
Direct reactivity with ferrozine + - (3)
Complete saturation of transferrin + - (1-6)
Bleomycin-detectable iron + - (6, 7)
Free hydroxyl radical formation + - (6 )

Peroxidation of phospholipid liposomes + - (6 )

Chelation by 80 mM NT A for 30 minutes + - (8, 9)

(1) Hershko et al., 1978; (2) Anuwatanakulchai et al ., 1984; (3) Graham et al., 1979; (4) Batey et al., 1980;
(5) Wang et al., 1986; (6) Gutteridge et al., 1985; (7) Wagstaff et al., 1985; (8) Singh et al., 1990; (9)
Zhang et al,, 1995.
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3.1.1 DEAE-Sephadex A50 catechol disulphonate gel filtration (Hershko et 
al., 1978; Graham et al., 1979)

This method was first developed from the measurement of latent iron binding capacity 
(Ramsay, 1973) with little modification for NTBI quantification. NTBI was separated from 
TBI by DEAE-Sephadex-CDS filtration. In this assay, plasma proteins, for instance, 
haemoglobin and transferrin are eluted with Tris-NaCl buffer, and NTBI that is retained on 
the column is subsequently eluted with citric acid. The difference between the total plasma 
iron entering and leaving the column can then be assumed to represent the NTBI values. 
Normal serum contained less than 5% NTBI (<1.0 pM) as compared with about 15-18% 
(2.7-7.1 pM) of the total iron found in saturated thalassaemic sera. However, some ferritin 
can be also retained by the column (Huebers et al., 1976; Pootrakul et al., 1988) resulting 
in an overestimated value for non-specific NTBI.

3.1.2 EDTA chelation/ultrafiltration technique (Hershko et al., 1978)

This direct measurement was modified from the measurement of latent iron binding 
capacity (Graham and Bates, 1976). EDTA (10 mM) was initially added to chelate the non
transferrin iron in serum samples which were subsequently ultrafiltered using a membrane 
filter. The major problem with this method was that it used EDTA at 10 mM to capture the 
NTBI, and potentially removed some iron from ferritin (Hershko et al., 1978) and from 
transferrin (Bates et al., 1967; Baldwin and Sousa, 1981), leading to an overestimated 
NTBI values.

3.1.3 Bleomycin-based assay (Gutteridge et al., 1985)

This indirect technique is based on the degradation of DNA by bleomycin in the presence 
of small amount of iron salts and ascorbic acid as a reducing agent. When bleomycin, 
ascorbate and DNA are in excess, the amount of DNA degradation is directly proportional 
to the iron concentration (Gutteridge and Halliwell, 1987; Halhwell et al., 1988). 
Unfortunately, the bleomycin-based assay for NTBI quantification is likely to be influenced 
by the oxidant/antioxidant status of serum and some chemotherapeutic drugs that may result 
in false positive results (Bradley et al., 1997). Additionally, this assay is also interfered 
with by the presence of other transition metal ions, especially copper.
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3.1.4 Ultrafiltration/HPLC-NMR technique (Grootveld et al., 1989)

This assay relies on the ultrafiltration of serum to achieve a protein-free fraction which is 
subsequently identified by HPLC separation together with NMR detection. HPLC analysis 
provides a certain retention time of iron citrate in the ultrafiltrate whereas NMR increases 
the sensitivity and resolution of detection. This method depends on the quantification of 
low MW NTBI in the ultrafiltrate and requires the complicated NMR machine, which is not 
so easy to equilibrate for measurement. Furthermore, although low MW NTBI species will 
be identified using this approach, any NTBI which remains bound to proteins (even 
loosely) will be incompletely ultrafiltered and thus NTBI underestimated. As will be 
described below, it is clear that the majority of NTBI in iron overload is not simply 
ultrafiltered without the addition of a “capturing” chelating agent such as NT A.

3.1.5 Aromatic hydroxylation assay (Singh et al., 1989)

This method depends on the ability of NTBI in ultrafiltered plasma to generate hydroxyl 
radicals via a redox chain mechanism involving hydroxyl radicals. Subsequently, these 
radicals complex with an aromatic substrate N,N’-(5-nitro-l,3-phenylene) bisglutaramide 
(NGP) to form the hydroxylated products which are directly proportional to the 
concentration of NTBI. Since NGP will only react with hydroxyl radicals from ultrafiltered 
NTBI fraction, the major problem with this technique is low sensitivity. However as with 
the bleomycin assay, this assay can be influenced by the oxidant status of the serum and the 
presence of other redox active metals such as copper (Singh et al., 1990).

3.1.6 NTA chelation/HPLC-based assay (Singh et al., 1990)

Recommendations for accurate NTBI measurement have been reported by Singh et al. 
(1990). These are that the method should:

• quantify all iron bound to low MW ligands in plasma;

• quantify all iron non-specifically bound to plasma proteins;

• be simple, rapid, reproducible and easily automated to analyse large numbers of clinical 
samples;

• not detect transferrin bound iron;

• not detect ferritin bound iron;
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• not be interfered with the perturbing chromophores such as FO.

Additionally, the assay procedure should not be interfered with by iron chelators present 
in the plasma samples. The HPLC-based assay originally developed by Singh et al. (1990) 
has advantages over the others assays described above. The important advantages of the 
NTA/HPLC method are that NTA removes NTBI but not transferrin iron (Singh et al., 
1990; Gosriwatana et al., 1999); that other metals do not interfere with the assay; and that 
the presence of FO does not interfere with the assay. The assay has been established in the 
laboratory by investigators for several years.

This assay is a development of the EDTA chelation/ultrafiltration technique (Hershko et 
al., 1978) with several important modifications. The assay rehes on the principle that 80 
mM NTA chelates NTBI but not TBI over a 30 minute incubation. The Fe-NTA complex is 
subsequently separated from plasma proteins by ultrafiltration. The resulting Fe-NTA 
complex can then be quantified using either on-column derivatisation during HPLC (Singh 
et al., 1990) or by simple colourimetry (Zhang et al., 1995).

•High performance liquid chromatography. By using on-column derivatisation, the iron 
bound to NTA immediately complexes with a bidentate hydroxypyridin-4-one such as 
CP22 (3-hydroxy-1 -propyl-2-methylpyridin-4-one) to form the coloured Fe-(CP22)3 
complex (Singh et al., 1990) or indeed with any other hydroxypyridinone with suitable 
retention properties such as CP20 ( 1,2-dimethyl-3-hydroxypyridin-4-one) (Al-Refaie et al., 
1992) to form the coloured Fe-(CP20)3 complex. This assay has been previously shown to 
be accurate, reproducible and specific for NTBI (Porter et al., 1996). The iron complexes 
of DFO and its metabohtes are stable in the presence of NTA, are stable during the on- 
column derivatisation of Fe-NTA, and have a different retention time from Fe-NTA, and so 
do not interfere with the measurement of NTBI during the assay procedure (Singh et al., 
1990). Unfortunately, this technique cannot be used to measure the NTBI concentration in 
the sera of patients currently receiving 3-hydroxypyridin-4-one chelation therapy because 
of the instability of hydroxypyridinone-iron complexes and co-elution following on-column 
derivatisation of samples.

Recently, Gosriwatana et al. (1999) have demonstrated that at 80 mM NTA, iron was 
removed approximately 65% from albumin solution (8%), and approximately 1% from 
100% saturated iron-transferrin (50 pM iron concentration) by 30 minutes at room 
temperature. NTA at 160 mM can completely remove the albumin bound iron and also
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mobilise the iron bound to transferrin leading to larger amounts of NTBI. By contrast, 
about 3% of ferritin iron is removed when incubated with 80 mM NTA at room temperature 
for 30 minutes (Gosriwatana et al., 1999). Pape et al. (1968) previously demonstrated that 
up to 44% of ferritin iron was released when incubated with 100 mM NTA for 120 hours. 
Some ligands including N-(2-hydroxyethyl)-ethylenediaminetriacetic acid [HEDTA], N-(2- 
hydroxyethyl)-iminodiacetic acid [HIDA] and iminodiacetic acid [IDA] have been compared 
with NTA to remove the iron bound to albumin and transferrin (Gosriwatana et al., 1999). 
Apparently, NTA at 80 mM is the optimal chelating agent, compared to other ligands, to 
remove all different forms of serum NTBI, but not mobilise transferrin- and ferritin-iron, 
during 30 minute incubation and can be used for NTBI quantification.

The precision of HPLC-based NTBI quantification has been evaluated in the Department 
of Haematology, UCL and summarized in Table 3.2.

Table 3.2 Assay precision for the HPLC-based NTBI quantification.

Precision assay* Porter et al. (1996) Gosriwatana et al. (1999) Our study

Intraassay CV: 14.6% at 2 pM 6.7% at 2 pM 16.2% at 2.5 pM
2.45% at 6 pM 2.1% at 6 pM 8.4% at 7.5 pM

0.7% at 10 pM
Inter^ssay CV: 28.7% at 2 pM 6.9% at 2 pM 10.3% at 2.5 pM

5.7% at 6 pM 9.3% at 6 pM 17.9% at 7.5 pM
8.6% at 10 pM

* Precision was assessed at 2-3 iron concentrations such as 2 and 6 jxM; 2, 6 and 10 |iM; 2.5 and 7.5 |iM.

The minimum limit of detection with the HPLC-based assay for NTBI quantification is 
0.47 |XM whereas accuracy is 104.4% at 2 |iM, 95.8% at 6 jiM and 101.4% at 10 pM of 
iron concentrations (Gosriwatana et al., 1999).

•Colorimetry (Zhang et al., 1995). This method has been modified from the HPLC- 
based assay (Singh et al., 1990). Fe-NTA in the ultrafiltrate was treated with thioglycolic 
acid and quantitated using a bathophenanthroline-based method. However, this method
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cannot be used in the serum containing the iron complexes of chelators such as DFO or 
hydroxypyridinones because thioglyclic acid will liberate the iron from the complexes 
during the assay procedure, so that NTBI concentration will be overestimated.

In addition, Gosriwatana et al. (1999) have compared the HPLC-based assay with the 
colorimetric method for NTBI determination and showed that linear calibration curve was 
achieved over the range of 0-10 pM iron concentration in both methods. The hmit of 
detection of analysis with the colourimetiic and HPLC methods is 0.5 pM, and both 
methods correlate well (r̂  = 0.964, n = 20).

3.2 THE NEED FOR DEVELOPMENT OF A METHOD TO MEASURE 
NTBI IN THE PRESENCE OF DFO

3.2.1 Background and significance

This method has been used to monitor the chelation efficacy of DFO in iron overload 
(Olivieri, 1996; Porter et al., 1996). Surprisingly, removal of NTBI was rapid and 
continuing while the DFO concentration was detectable in plasma. On cessation of DFO 
administration, NTBI reappearance was immediate and reached pre-study concentration. 
NTBI had not been cleared completely even though DFO was given continuously. Those 
findings are consistent with our preliminary in vitro study showing that 3.5 pM NTBI in 
thalassaemic serum had been removed completely, in the presence of 80 mM NTA, by 10 
pM DFO at 2 hours. This suggests that reduction of NTBI concentration during DFO 
therapy may underestimate the true NTBI values, particularly when DFO concentration in 
serum exceed 10 pM. Potentially, it may be due to shuttling of iron from NTBI by NTA to 
excess unbound DFO in the assay procedure. It needs a high-affinity metal ion to initially 
saturate the excess unbound DFO in serum before measuring NTBI concentration.

3.2.2 The concept of iron shuttling hy NTA onto DFO

The principle of the NTBI assay adopted in the investigators’ laboratory is the binding of 
non-transferrin iron, but not transferrin iron by 80 mM NTA over a 30 minutes incubation 
period. This was originally demonstrated by Singh and coworkers (Singh et al., 1990) and 
investigated in further detail by Gosriwatana et al. (1999) comparing NTA with a number 
of other chelating agents.
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A central goal of this thesis has been to investigate the interaction of DFO with NTBI. In 
order to do this, neither DFO nor FO should interfere with the NTBI assay. The stability of 
FO in the presence of 80 mM NTA, during the HPLC on-column derivatisation with the 3- 
hydroxy-1 -propy 1-2-methylpyridin-4-one (CP22), and its independent retention time 
compared with the NTBI peak during the HPLC assay have been previously demonstrated. 
However, the interaction of iron-free DFO with Fe-NTA has not been previously reported. 
If this were to occur over the duration of the standard NTBI assay, the formation of FO 
from Fe-NTA during the incubation of NTA with semm in the presence of DFO could lead 
to a falsely low determination of NTBI values. These schemes can be written as follows;

Scheme 3 .2 .1 : Interaction of FO with NTA in existing HPLC assay.

P-Fe ..................................> Fe-NTA
NTA + Tf-Fe 

FO
------------------------------------------------------------------------------ Membrane filter

i
Fe-NTA ± FO

i
HPLC detection (FO stable in presence o f CP22)

The interaction of NTA (80 mM) with NTBI (here shown as P-Fe) is shown. The 
formation of iron NTA (shown as Fe-NTA) is derived from P-Fe but not from transferrin 
iron (Tf-Fe) or from FO.

Scheme 3 .2 .2 : Potential interactions of DFO with Tf-Fe and P-Fe in the absence of 
NTA.

Slow or insignificant 
DFO + Tf-Fe ..................................> FO

Slow or insignificant ?
DFO + P-Fe  > FO

The potential interactions of DFO with transferrin iron (Tf-Fe) or NTBI (P-Fe) are 
shown. However, at clinically relevant DFO concentrations (<20 pM)(Lee et al., 1993), 
DFO did not remove significant iron from transferrin over 1 hour (Stefanini et al., 1991 )
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(the incubation period used during the NTBI assay). The interaction of DFO with NTBI 
(shown as P-Fe), the exact chemical nature(s) of which are not clear, has not been studied 
systematically. However, our data (see Section 4.2) suggest that this interaction is slow 
at clinically relevant concentration of DFO.

However, in the presence of NTA, a process of “shuttling” of iron from NTBI onto DFO 
by NTA can in principle occur. Iron shuttling can be defined as the process by which one 
chelator picks up and then donates iron rapidly to another chelator with higher affinity but 
lower kinetic access to iron. Such a process has been described in a number of systems but 
has not been demonstrated for NTBI. Although equilibrium concentrations are related to the 
magnitude of stability constants, the kinetics of transfer appear to be regulated by steric 
factors. NTA appears to be particularly rapid in its ability to donate iron to other chelators; 
for example, the time required for equimolar concentration of NTA to half saturate the 
apotransferrin sites is 3 seconds for NTA compared with 8 hours for citrate and 4 days for 
EDTA (Bates et al., 1967). Evidence for iron shuttUng by NTA from transferrin has been 
provided by Pollack et al. (1976). These authors showed that the formation of ferrioxamine 
from DFO (3.74 mM) in the presence of transferrin (3.7 xlO^ M) was significantly 
accelerated by the presence of 3 mM NTA; in the absence of NTA only 10% of iron was 
bound to FO at 2 hours whereas in the presence of NTA, this increased to 60% (Pollack et 
al., 1976). The interaction of NTA with NTBI in the presence of DFO has not been studied 
but could in principle occur in the scheme shown below;

Scheme 3 .2 .3 : Potential interaction of DFO with Fe-NTA during NTBI assay.

fast

NTA + P-Fe ........> Fe-NTA + DFO ........> FO
Tf-Fe

Membrane filter
i

Fe-NTA + FO

i

HPLC detection

As described in Scheme 3.2.2, the interaction of DFO with P-Fe and Tf-Fe are slow or
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small. However as will be shown below, the interaction of DFO with Fe-NTA is rapid 
under the conditions of the assay. For simplicity the ultrafiltration of DFO is not shown, 
but this will also occur. Any DFO (<20 pM) which was ultrafiltered could interact with Fe- 
NTA with the formation of further FO and the further underestimation of NTBI. 
Investigations of the interactions of DFO with Fe-NTA are reported below which provide 
evidence for such a shuttling process.

3.2.3 Evidence for shuttling of NTBI iron onto DFO

3.2 .3 .1  Demonstration of slow interaction of DFO with NTBI in the 
absence of NTA

Rationale

In order to provide evidence for shuttling of NTBI by NTA onto free DFO binding sites, 
it is firstly necessary to demonstrate that this process is slow and insubstantial in the 
absence of NTA. A methodological challenge here is that the measurement of NTBI 
employed in our laboratory requires the addition of NTA (80 mM) for 30 minutes. Hence, 
in order to measure the effect of NTA on NTBI removal, it is necessary to devise a method 
which does not require NTA during the assay procedure. It was decided to examine the 
interaction of DFO with NTBI indirectly by measuring the formation of ferrioxamine (FO). 
The methodology developed is described in Chapter 2 but essentially relies on the 
principle of an antibody which recognises FO but not DFO and the use of an EIA system to 
measure FO in test samples (see Section 2.2.2.5). Hence, it is in principle possible to 
examine the rate of FO formation in samples where NTBI is known to be present 
(measured using the conventional NTBI assay) and to compare this with the rate where 
NTA is absent. It is of course possible that NTA could “shuttle” iron from transferrin onto 
DFO: indeed there is some evidence for this at high concentration (3 mM NTA) (Pollack et 
al., 1976). In order to control for this, serum from normal individuals without detectable 
NTBI was tested using the conventional NTBI assay, and the rate of FO formation was 
examined.

Experimental design

For initial experiments, FO formation was examined as a function of DFO concentration 
in normal and thalassaemic serum using EIA technique for FO formation. Normal serum
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was collected from healthy persons whereas thalassaemic serum was collected from TM 
patients who came to the Thalassaemia clinic at UCL Hospital and had stopped their regular 
DFO chelation for 72 hours. In the assay 0.1 ml of pooled normal control or TM serum 
was incubated with various concentrations of DFO for 2 hours at room temperature. 
Subsequently, FO formation was measured by cEIA as described in Section 2.2.2.S.

Results and discussion

ou.

1 0 0

DFO ( îM)

Figure 3.1 FO formation during NTBI interaction with DFO in normal (N) and 
thalassaemic (T) sera in the absence of 80 mM NTA. Normal or thalassaemic sera (0.1 ml) 
was mixed with the stock DFO solution which was freshly prepared in 5 mM MOPS buffer 
at pH 7.0 to achieve the final concentrations at 0, 20, 40 and 100 pM, then incubated at 
room temperature for 2 hours. Subsequently, serum was diluted 1:40 with 0.1% 
casein/PBS and analysed for FO concentration using the cEIA method previously described 
in Section 2.2.2.S. The results were selected from one of two duplicate experiments and 
shown in average values.

It can be seen that there was little FO formation in normal and thalassaemic serum at 2 
hours and that there was no concentration-dependent increase in FO formation with
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increasing DFO concentration added. Indeed the highest concentration of DFO used in this 
experiment (100 |iM) was 10 times above those achieved with typical dose of DFO by 
infusion (Lee et al., 1993). These findings suggest that DFO interacts slowly with NTBI 
and TBI in the plasma compartment, in the absence of additional factors.

3.2.3.2 Demonstration of fast interaction of DFO with NTBI in the 
presence of NTA

Rationale and experimental design

The demonstration of rapid interaction of DFO with NTBI removal in the presence of 
NTA can be shown using the standard NTBI assay. In this assay, 80 mM NTA was 
incubated with the sample for 30 minutes prior to ultrafiltration of incubated mixture, then 
NTA-Fe complex was detected using the HPLC based assay for NTBI detection as 
previously described in Section 2.1.2.

Pooled thalassaemic serum was used for these experiments in which the time and 
concentration dependence of DFO on NTBI removal in the presence of 80 mM NTA was 
examined. 0.9 ml of pooled thalassaemic serum was mixed with 9 pi of DFO solution 
(freshly prepared in 5 mM MOPS buffer at pH 7.0) to obtain the final concentrations at 
2.5, 5, 10, 20 and 40 pM, then incubated at 37 “C for 0, 1, 2 and 4 hours. 0.1 ml of 800 
mM NTA solution (80 mM at final concentration) was added, then incubated at room 
temperature for 30 minutes, and centrifuged on Centricon-30 membranes at 4,200 rpm 
(14,000g), 15 °C for 20 minutes. The ultrafiltrate was measured for NTBI concentration 
with the standard HPLC-based assay as previously described in Section 2.1.2
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Results and discussion

CO
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Figure 3.2 Kinetics of removal of NTBI in pooled thalassaemic serum by DFO. In the 
assay 0.9 ml of pooled thalassémie serum was incubated with 9 pi of DFO solution to 
obtain the final concentrations of 2.5, 5, 10, 20 and 40 pM, then incubated at 37 C for 0, 
1, 2 and 4 hours. 0.1 ml of 800 mM NTA solution (80 mM at final concentration) was 
added, then incubated at room temperature for 30 minutes and centrifuged on Centricon-30 
membranes at 4,200 rpm (14,000g), 15 °C for 20 minutes. The ultrafiltrate was measured 
for NTBI concentration with a standard HPLC-based assay as previously described in 
Section 2.1.2. The data shown are the mean±SEM of triplicate experiments.
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It can be seen in Figure 3.2 that concentrations of 5 |llM DFO and above completely 
removed measurable NTBI at all time intervals investigated. The “0 hour” time interval 
represents the addition of DFO to the serum sample followed by the immediate addition of 
NT A for 30 minutes. Thus, within 30 minutes of addition of DFO to serum in the presence 
of 80 mM NT A, all NTBI was removed. These findings show that there was a very rapid 
removal of NTBI in isolated serum in the presence of NTA as used in the standard NTBI 
assay. It is hypothesised that the most likely interpretation is that this removal was 
associated with the formation of FO with NTA acting as a “shuttle”. In the next section this 
hypothesis is examined.

3.2.3.3 Demonstration of iron shuttling by fast formation of FO in the 
presence of NTA

Rationale and experimental design

In order to show that NTA does indeed shuttle iron from NTBI onto DFO rapidly as 
suggested in Section 3 .2 .3 .2 , the principle used in Section 3.2.3.1 was used by 
examining FO formation by cEIA technique. Therefore, thalassaemic serum was incubated 
with DFO both with and without NTA for 30 minutes prior to measurement of FO by cEIA 
technique. Because FO could in principle be formed not only by the shuttling of iron from 
NTBI but also from transferrin iron, a control was added using serum from normal donors 
where no measurable NTBI was present. FO formed during such an incubation experiment 
would be derived from TBI and not from NTBI.

Normal and thalassaemic sera (0.1 ml) were therefore incubated with 0.1 mM DFO (final 
concentrations of 0, 1,2,4 and 10 |iM) at room temperature for 2 hours. The sample was 
divided into samples with or without the addition of 80 mM NTA and further incubated at 
room temperature for 30 minutes. Finally, the sample was diluted 1:40 with 0.1% 
casein/PBS and analysed for FO concentration using the cEIA method as previously 
described in Section 2.2.2.S.

Results and discussion

It can be seen in Figure 3.3 that the co-incubation of thalassaemic serum with both 
NTA and increasing concentration of DFO (represented as T*), resulted in the formation of
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FO at concentration up to 3.5 p-M. This approximates to the NTBI concentration found in 
this pooled thalassaemic serum. However, in the absence of NTA (represented as T), as in 
Section 3 .2 .3 .1 , there was little FO formation (<0.5 pM). The contrast with normal 
serum is interesting and important. In the latter, there was no measurable FO formation in 
the absence of NTA (represented as N). However, in the presence of NTA (represented as 
N*), FO was formed in a manner which was proportional to the concentration of DFO 
added. At 10 pM DFO in the presence of NTA, approximately 2 pM FO was measured 
whereas, at lower DFO concentration, the formation of FO was small and equal to or less 
than that formed in thalassaemic serum without NTA. These findings suggest that some 
iron is removed from transferrin in the presence of 10 pM DFO under the conditions of the 
experiment. It must be remembered that previous work (Singh et al, 1990) has shown that 
80 mM NTA will remove small amounts of transferrin iron when incubation progresses 
beyond 30-60 minutes. It must also be bom in mind that the cEIA procedure takes 2 hours 
during the first stage of the incubation with FO antibody in which DFO, NTA and 
transferrin remain together in the diluted (1:40) sample. It is perhaps therefore not 
surprising that a small amount of transferrin iron can be shuttled onto FO during this 
procedure. It is not possible to be certain how much of FO was formed prior to the cEIA 
step and how much formed during the initial 30 minute incubation however.
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Figure 3.3 FO formation during NTBI removal by DFO in normal (N) and thalassaemic 
(T) sera without and with (*) 80 mM NTA. Normal (N) and thalassaemic sera (T) (0.1 ml) 
were incubated with 0.1 mM DFO (final concentrations of 0, 1 , 2 , 4  and 10 |.iM) at room 
temperature for 2 hours. Subsequently, the sample was duplicated for without and with (*) 
80 mM NTA adding and further incubated at room temperature for 30 minutes. Finally, 
sample was diluted 1:40 with 0.1% casein/PBS and analysed for FO concentration using 
the cEIA method as previously described in Section 2 .2 .2 .5 . The results were selected 
from one of two duplicate experiments and shown in average values.

Such shuttling has not been previously demonstrated for NTBI, but the principle of 
shuttling iron from citrate to transferrin was shown previously by Pollack et al.(1976) as 
well as from citrate and NTA to transferrin (Bates et al., 1967). These results clearly 
demonstrate that NTA will shuttle NTBI iron (and to a lesser extent transferrin iron) when 
DFO is present as an acceptor at a rate which is not discernible in the absence of NTA in 
either normal or thalassaemic plasma. These findings confirm the concept of a shuttle of 
iron onto DFO via NTA and require consideration of a modification of the NTBI assay if 
this is not to happen in vitro during the assay procedure when DFO is present in the assay 
sample. The subsequent sections describe experiments designed to address this issue.
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3.2.4 Potential solution to prevent shuttling by blocking the metal binding 
sites of DFO

In order for DFO not to interfere with the NTBI assay, DFO should be selectively 
removed from the sample to be assayed without perturbing other iron binding molecules. 
One way in which to do this would be to convert all the DFO to FO. However, it would be 
difficult in practice to do this without adding an excess of iron, which would then be 
detected in the NTBI assay. An alternative would be to convert the DFO to a stable metal- 
chelate complex which would not interfere with the assay. Possible metal ion candidates 
can be considered by inspection of the known affinity constants of DFO for metal ions.

Table 3.3 Stability constants of DFO, NTA and transferrin for metal ions (modified from 
Ackrill and Day, 1985).

Metal ions
Stability constants (p„) in M * unit

DFO NTA Transferrin

Fe)+ 10^ 10" 10"
Al^ 10^ 10" 10"
Cu^ 10"
Zn2+ 10^ 10"
Co^ 10"
Nî + 10^
Mĝ "" 10"
Câ + 10̂
Sr2+ 10*

It is clear that aluminium is a potential candidate due to the relatively high binding 
constant of DFO for Al̂ .̂ There are also extensive clinical data to demonstrate effective Al̂ '̂  
binding by DFO where this chelator has been used in the diagnosis and therapy of 
aluminium accumulation/toxicity in dialysis patients (Ackrill and Day, 1985). The binding 
constant of DFO for Fê  ̂is 10̂ ' (Schwarzenbach et al., 1963; Evers et al., 1989), for Al̂  ̂
is 10̂  ̂ (Snow, 1969), for Cû "̂  is 10*"̂  and for Zn^̂  is 10‘®. DFO can remove aluminium in 
the presence of iron overload (Canavese et al., 1992) but does not significantly increase 
serum Cu^, Mn̂ "̂  or Zn̂  ̂ (Simon et al., 1983) or remove Cu^ ,̂ Zn̂ "̂  or Pb^  ̂ into the



153

dialysate (Navarro et al., 1991).

Aluminium is distributed approximately equally between plasma and the formed elements 
of blood (Yokel and McNamara, 1985). Plasma aluminium concentration is in the range of 
0.1-0.3 |XM in normal human and 1.0-4.0 |iM in dialysis patients (Cochran et al., 1987; 
Wang et al., 1991), and primarily associated with phosphate, citrate, and transferrin 
(Martin, 1986; van Ginkel et al., 1990; Harris, 1992). It can bind to several ligands with a 
variety of stabihty constant values such as 10® with citrate (Motekaitis et al., 1984), 10̂  ̂
with DFO (Martin et al., 1987), 10*® with transferrin (Harris, 1992), 10̂  with calmodulin 
(Siegel and Hau, 1983). Aluminium exists only as a trivalent cation (Al®̂ ) and prefers its 
coordination number of six producing octahedral complexes. Most of the Al®̂  coordination 
with chelators is with chelator oxygen and nitrogen atoms. Aluminium and iron are able to 
bind onto the same proteins in plasma and distribute intracellularly. Iron chelators also 
chelate aluminium whose iron complexes are more stable than aluminium complexes 
(Table 3.3) (Ackrill and Day, 1985). Like iron, aluminium, in the presence of HCO^, 
shows preferential binding to the C-terminal site and the lesser binding to the N-terminals 
of human transferrin in plasma (Harris and Sheldon, 1990). As a result, the molar 
absorptivity of aluminium-transferrin complex is approximately 11,200 M * cm * at 240 nm 
(Cochran et al., 1987). A few studies demonstrated weak, non-specific binding of 
aluminium to albumin in vitro (Bertholf et al., 1984; Fatemi et al., 1992) corresponding to 
in vivo studies which showed that albumin was unable to compete for significant amounts 
of aluminium (Cochran et al., 1985).

Thus, in principle aluminium could be used to block the free binding sites of DFO prior 
to the addition of NTA in the NTBI assay. Such as scheme can be represented as follows.
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Scheme 3 .2 .4 : Proposed modified NTA/HPLC assay using a blocking step for DFO.

DFO + A1 ............ > AID   > AlO
P-Fe  > P-Fe + NTA  > P + Fe-NTA
Tf-Fe  > Tf-Fe
--------------------------------------------------------------------------------------- Membrane flltei

i

Fe-NTA ± AlO

i

HPLC detection

For aluminium to be applicable the following would need to be demonstrated;

• irreversible and rapid binding of A1 by DFO even in the presence of 80 mM NTA,

• no exchange of Al̂  ̂with Fê  ̂on column,

• aluminoxamine stabihty when apphed to the HPLC column used in the NTBI assay
(i.e. in the presence of CP22),

• addition of aluminium does not displace iron from already formed FO and no exchange 
between FO and AlO,

• addition of aluminium does not change the measured NTBI value in thalassaemic 
serum, either before or after freezing the sample.

In the sections below, the investigation of the use of aluminium as a means to block 
shuttling is undertaken. The spectra of Al^ -̂DFO are compared with that of other metals 
and with FO. The kinetics of Al^-DFO complex formation are examined in both aqueous 
solution and in serum and in the presence and absence of NTA to achieve the optimal time 
and concentration to form stable Al^ -̂DFO complexes. The stability of Al^^-DFO complex 
and the exchange rate between FO and Al^-DFO complexes also are evaluated in serum 
samples and in NTA solutions during storage and the experimental assay. The effect of Al̂  ̂
has been investigated at relevant concentrations to see whether it interferes in the standard 
conditions of HPLC-based assay with measurement of NTBI. Finally, this modified 
method with the refinement of a blocking step is validated to compare with a previously 
described HPLC-based method for measuring NTBI concentration in serum samples in the 
presence and absence of FO.
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3.3 INVESTIGATION OF INTERACTION OF DFO WITH ALUMINIUM 
IN THE PRESENCE AND ABSENCE OF NTA

3.3.1 Determination of spectra of Al-DFO complexes

Rationale and methodology

To define the binding of DFO to metal ions we used an absorption spectrometric
technique to monitor the resulting M^-DFO complexes in mixtures in the range of 210 to 
600 nm. The stock metal ion (Cu^ ,̂ and Zn^̂ ) solutions at 1 mM were prepared in 
PBS, pH 7.0, except Fê "̂  (from FeCl  ̂ in 0.1% HCl) solution which was prepared in 80 
mM NTA solution, pH 7.0. In the assay, 10 pi of various M""̂  solutions were incubated at 
a final concentration of 10 pM to 1.0 ml of 100 pM DFO solution (freshly prepared in 5 
mM MOPS, pH 7.0) at room temperature for 15 minutes and the absorbance of metal- 
chelates was measured by scanning from 210 to 600 nm against 100 pM DFO solution as a 
reference blank.

Parallel experiments were also performed using chelates in 80 mM NTA to examine the 
spectra of MT-DFO to compare with the ones in phosphate buffer alone in order to ensure 
that NTA did not interfere with metal binding to DFO. In the assay, 10 pi of various M"̂  
solutions previously prepared in 80 mM NTA solution at pH 7.0 were added to 1.0 ml of 
100 pM DFO solution, then incubated at room temperature for 15 minutes. Finally, the 
absorbances of metal-chelates were measured by scanning from 210 to 600 nm against 100 
pM DFO solution as a reference blank.

Results

Figure 3.4.1 shows the absorption spectrum of various metal ions when added to DFO 
in phosphate buffer with higher absorptivity in ultraviolet (UV) region than in visible

region. The molar absorptivity (e) in UV region for M^-DFO complexes are in the order;

Cu^  ̂»A1^^ »Fe^^ >Zn^  ̂at equivalent molar concentrations and predominant at 220-230 
nm. Only FO shows a significant absorption at approximately 430 nm relative to absorption 
in the UV region. This is in agreement with an earlier study (Schwarzenbach et al., 1963), 
other M"^-DFO complexes exhibit very low absorption in the visible region.
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Figure 3.4.1 Scanning spectra of metal-chelates in PBS solution, pH 7.0. In the assay, 
10 pi of solutions including 1 mM ZnCl2, 1 mM CuCl^ and 1 mM AlCl, previously 
prepared in PBS, pH 7.0 except 1 mM FeClj in 80 mM NTA, pH 7.0 (a final concentration 
of 10 |iM) were incubated with 1.0 ml of 100 |iM DFO solution (previously prepared in 5 
mM MOPS, pH 7.0) at room temperature for 15 minutes. The absorbances of metal- 
chelates were measured by scanning from 210 to 600 nm against 100 |iM DFO solution as 
a reference blank.

Similar results are obtained when these metal ions bind to DFO molecule to form 
complexes in 80 mM NTA solution. The absorption spectra of Al^^-DFO, Cu^^-DFO and 
Zn^^-DFO complexes in NTA solution are similar to those in phosphate buffer (shown in 
Figure 3.4.2). The absorption of FO at 230 nm and 430 nm is higher in NTA solution 
than that in phosphate buffer because there is a synergy between an inherent iron at 2 jiM in 
80 mM NTA solution and exogenous iron at 10 |iM to complex with DFO in the assay 
mixture. Although the formation constant of Al^^-DFO complex is 10̂ "̂ , considerably lower 
than that of Fe^^-DFO at 10̂ % both metal ions form stable octahedral complexes with DFO. 
It also demonstrates the remarkable affinity of DFO for AP"̂  between pH 3 and 11.5(Martell 
et al., 1990). In addition, our result is consistent with the former report that Cu^  ̂ and AP"̂  
showed the greatest competition against Fê  ̂ to bind to DFO; whereas Mĝ "̂ , Mn^ ,̂ Ca^ ,̂ 
Zn̂  ̂ and Co^  ̂ were still ineffective to compete with iron to bind to DFO (Sheppard and
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Kontoghiorghes, 1993). Since we detect the Fe-(CP22)g product at 450 nm in a previously 
described HPLC-based assay, we cannot use any metal ions to form chromophores with 
the absorption near 450 nm that will interfere in the HPLC method.
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Figure 3.4.2 Scanning spectra of metal-chelates in 80 mM NTA solution, pH 7.0. In the 
assay, 10 pi of solutions including 1 mM FeCl ,̂ 1 mM ZnCl ,̂ 1 mM CuCl  ̂and 1  mM 
AICI3 previously prepared in 80 mM NTA (a final concentration of 10 pM) were incubated 
with 1.0 ml of 100 pM DFO solution (previously prepared in 5 mM MOPS, pH 7.0) at 
room temperature for 15 minutes. The absorbances of metal-chelates were measured by 
scanning from 210 to 600 nm against 100 pM DFO solution as a reference blank.

These findings suggest that Al̂ '̂  should be suitable to saturate an excess DFO in the 
solution or chelated plasma which will interfere in the assay procedure of NTBI 
measurement. A study of the kinetics and concentration dependence of AlO formation at 
230 nm was now necessary so as to optimise the time and AP"̂  concentration to complex 
efficiently with DFO.
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3.3.2 Concentration dependence of AlO formation 

Experimental design

To study the concentration dependence and molar ratio of A1 and DFO reaction to form 
AlO complex, 10 pi of A P  solution was added to 1.0 ml of 10 and 20 pM DFO solution 
(freshly prepared in 5 mM MOPS buffer, pH 7.0) to obtain the final concentrations of 
at 1, 2, 5, 10, 20, 40 and 100 pM, then incubated at room temperature for 1 hour. The 
absorbance of AlO complex was measured spectrophotometrically at 230 nm against 10 or 
20 pM DFO solution as a reference blank.

Results

As shown in Figure 3.5, DFO was capable of complexing with Al̂  ̂ at various 
concentrations, in MOPS buffer in a concentration-dependent manner. The rate of AlO 
formation is shown by the increase of absorbance at 230 nm.

Concentration-dependent AlO formation in aqueous solution is shown in Figure 3.5.  
With 10 pM DFO, the formation of AlO was directly proportional to AP"̂  concentrations up 
to 10 pM, then reached steady-state by 100 pM. With 20 pM DFO, AlO formation was 
directly proportional to Al̂  ̂ up to 20 pM, then reached steady-state by 100 pM. It 
demonstrates that the DFO binds to Al̂ '̂  with a molar ratio 1:1 to form a stable AlO 
complex in MOPS buffer solution by 1 hour incubation. The concentration at which plateau 
values are achieved are equivalent to a 1:1 binding ratio of A1 with DFO.
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Figure 3.5 The effect of adding various concentrations of (as aluminium chloride) to 
either 10 |iM or 20|iM DFO in 5 mM MOPS buffer, pH 7.0 at room temperature for 1 hour 
is shown. In the assay, 10 |Lil of solution was added to 1.0 ml of 10 and 20 |iM DFO 
solution to obtain the final concentrations of A P  at 1, 2, 5, 10, 20, 40 and 100 |iM, then 
incubated at room temperature for 1 hour. The absorbance of AlO complex was measured 
at 230 nm against 10 pM DFO solution as a reference blank. The formation of AlO was 
monitored spectrophotometrically on a UNICAM UV-VIS spectrophotometer. The results 
obtained from duplicate experiments are shown in average values.

3.3.3 Examination of AlO formation in serum samples by HPLC method

Rationale and experimental design

Because of the interference of serum proteins, spectrophotometric analysis was not 
apphcable to examine AlO formation in serum samples. It was necessary to define 
conditions under which AlO formation could be examined by HPLC where AlO is 
separated from other species. Using the HPLC method, 20 pi of AlO solution (10 and 20 
pM) previously
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prepared in NTA (80 mM) was analysed with the HPLC system using a mobile-phase 
solvent (15% acetonitrile in 5 mM MOPS buffer, pH 7,0) at a flow rate of 0.59 ml/min. 
The AlO peak was measured at the absorbance of 230 nm.

Results

Using this HPLC-based assay system, AlO in 80 mM NTA eluted after Fe-NTA 
(retention time at 2.4 minute for NTA) with a typical retention time at 3.2 minutes for AlO 
(Figure 3.6) whereas FO eluted at 4.0 minutes. AlO was therefore analysed on samples 
which eluted at 3.2 minute at 230 nm.

cc

Retention lime (min)

Figure 3.6 HPLC chromatogram of 5 |iM AlO in 80 mM NTA. In the assay 20 |il of 5 
|iM AlO and 20 p,M FO mixture (previously prepared in 80 mM NTA, pH 7.0) was 
injected into HPLC system conditioning with 15% acetonitrile in 5 mM MOPS buffer, pH
7.0 at the flow rate of 0.59 ml/min. The absorbance of eluted AlO was detected at 230 nm 
as previously described in Section 3.3.2.
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3.3.4 Recovery of AlO in ultrafiltrates of sera

Having defined the conditions for identification of AlO by HPLC, AlO solution (at final 
concentrations of 0, 1.25, 2.5, 5 and 10 |iM) was spiked into 5 mM MOPS buffer at pH
7.0 or into thalassaemic serum, then incubated at room temperature for 1 hour. 
Subsequently, serum samples were centrifuged through Centricon-30 filtration filters at
4,200 rpm (14,000g), 15 °C for 20 minutes. AlO concentration was measured in 
ultrafiltrates using the HPLC-based assay described above.

Rationale

Before examining the rate of AlO formation in ultrafiltrates of serum samples by HPLC, 
it was firstly necessary to measure the recovery of AlO after ultrafiltration of serum samples 
to ensure that measurements of AlO formation on such ultrafiltrates did not under-represent 
the true rate because of high protein binding. In order to address this issue, preformed 
complexes of AlO were “spiked” into serum or MOPS and the recovery of AlO compared 
as a function of the added AlO concentration.

Experimental design

AlO solution (at the concentrations of 0,1.25, 2.5, 5 and 10 fxM) was spiked into 5 mM 
MOPS buffer at pH 7.0 or into thalassaemic serum, incubated at room temperature for 1

hour, then centrifuged on Centricon-30 filtration filters at 4,200 rpm (14,000g) at 15 °C for

15 minutes. The AlO concentration in ultrafiltrates was analysed with the HPLC method as 
previously described in Section 3.3.3.
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Figure 3.7 Calibration curve of AlO in thalassaemic serum in the presence of 80 mM 
NTA and in MOPS buffer. In the assay AlO solution (at the concentrations of 0, 1.25, 2.5, 
5 and 10 |XM) was spiked into 5 mM MOPS buffer at pH 7.0 or into thalassaemic serum, 
incubated at room temperature for 1 hour then centrifuged on Centricon-30 filtration filters 
at 4,200 rpm (14,000g) at 15 °C for 15 minutes. AlO concentration in ultrafiltrates was 
analysed with the HPLC method as previously described in Section 3 .3 .3 . The results 
obtained from duplicate experiments are shown as average values.
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The absorbance of AlO at the same concentration were lower in ultrafiltrates of 
thalassaemic serum than in MOPS buffer (Figure 3.7). Potentially, this may be due to the 
non-specific binding of AlO to plasma proteins and reduced recovery of AlO during the 
ultrafiltration process. The measurement of AlO concentration as a function of added AlO is 
linear for both MOPS and serum samples. This is important because if rates of AlO 
formation are to be measured in serum the relationship between AlO in the sample and 
measured AlO by HPLC must be linear. Importantly, the results clearly show linearity 
although the recovery is less for spiked serum samples. Therefore, calibration curves for 
future experiments was performed by spiking AlO into serum samples and performing 
analyses on ultracentrifuged samples.

3.3.5 Rate of AlO formation in thalassaemic serum under conditions o f  
NTBI assay

Rationale

Having defined the analytical conditions for measuring AlO in ultrafiltrates of serum by 
HPLC, the rate at which AlO is formed under the conditions of the NTBI assay were 
undertaken. Therefore, NTA (80 mM at final concentration) was added after the initial 
incubation of Al̂  ̂with thalassaemic serum in the presence of DFO, and the duration of 
exposure to NTA was designed to replicate the conditions of the NTBI assay.

Experimental design

10 p̂ l of 1 mM DFO stock solution (freshly prepared in 5 mM MOPS buffer, pH 7.0) 
was spiked to 0.9 ml of thalassaemic semm to obtain a final concentration of 10 |xM and 
incubated at room temperature for 2 hours. 20 mM Al^ solution (freshly prepared in 
deionised water) was added to serum to obtain the final concentrations of 40 and 100 pM 
and incubated at room temperature for 0, 0.5, 1, 1.5 and 12 hours. NTA solution (a final 
concentration of 80 mM) was then added to the mixtures, incubated at room temperature for 
30 minutes and centrifuged on Centricon-30 filtration filters at 4,200 rpm (14,000g), 15 °C 
for 20 minutes. The AlO concentration was measured in ultrafiltrates using the HPLC- 
based assay described in Section 3.3.3. The concentration of AlO in ultrafiltrates was 
obtained from the cahbration curve of AlO prepared in thalassaemic semm as shown in 
Figure 3.7 to compensate for incomplete recovery.
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Results

AlO formation in thalassaemic serum was complete by 30 minutes. The final 
concentration of AlO achieved (approximately 12 }iM) is consistent with complete 
formation of AlO from added DFO (at 10 |iM) with 40 and 100 |iM added AP .̂ Because 
AlO recovery is 100% of that expected, this must mean that AlO is stable in the presence of 
80 mM NTA over 30 minutes of incubation and subsequent ultrafiltration and HPLC assay.

As it takes 30 minutes to separate AlO ultrafiltrate from the incubation mixture, the real 
incubation time is 30 minutes longer than that indicated in Figure 3.8. Because all DFO 
was saturated with an excess AP, rate of AlO formation was independent of concentration 
between 1 and 12 hours. In the control sample in which no aluminium (0 |iM AP"') was 
added, a small amount of detectable AlO (0.5 iiM by 30 minutes) remained constant over 
12 hours. The significance of this small concentration is uncertain but may be derived from 
persistent Al̂ "̂  in thalassaemic serum. Aluminium is found in normal serum at a total 
concentration of 3 |XM (Harris, 1992) binding to transferrin and albumin in plasma (Martin 
et al., 1987).

These findings suggest that 40 |iM Al̂  ̂ should be enough to saturate 10 |iM DFO in 
thalassaemic semm by 1 hour at room temperature and it is unlikely that a concentration of 
free DFO much above this value will be obtained with regular use of DFO chnicaUy (Lee et 
al., 1993).
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Figure 3.8 Rate of AlO formation in thalassaemic serum is shown. In the assay 
thalassaemic serum was spiked with DFO solution (at a final concentration of 10 |iM) was 
spiked to the thalassaemic serum, incubated at room temperature for 2 hours and 
subsequently incubated with Al̂  ̂ (the final concentrations of 40 and 100 p.M) at room 
temperature for 0, 0.5, 1, 1.5 and 12 hours. NTA solution (a final concentration of 80 
mM) was then added to the mixtures, incubated at room temperature for 30 minutes and 
ultrafiltered at 9,000 rpm (6,9000g) for 30 minutes. AlO concentration was measured in 
ultrafiltrates using the HPLC method described in Section 3 .3 .3 . A calibration curve of 
AlO was performed by spiking AlO solutions (at the final concentrations of 0, 1.25, 2.5, 5 
and 10 |iM) into thalassaemic serum and processed for ultrafiltrate preparation as 
mentioned before. The results obtained from two independent experiments are shown in 
average values.
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Parallel with the quantification of AlO, the concentration of NTBI was measured in 
thalassaemic serum containing 10 |XM DFO after Al̂  ̂ solution at 40 and 100 |iM had been 
added to saturate DFO. Without Al^ blocking (a control), NTBI concentration was reduced 
immediately and completely cleared by 1 hour resulting in underestimated values as shown 
in Figure 3.9. When Al̂  ̂solution was added 40 and 100 |iM at final concentrations, 
NTBI concentration was decreased immediately from 1.6 |iM to -0.2 and -0.4 pM 
respectively, then reached 1.8-2.0 pM by 1 hour and finally was almost equal to untreated 
serum over 12 hour pre-incubation with Af^. At 12 hours, NTBI concentration was 
slightly lower in serum preincubated with 100 pM Al̂  ̂ than that with 40 pM Af^. 
Possibly, NTBI equilibrium in serum may be disturbed when serum was preincubated with 
a high concentration of Al̂  ̂for a long time.
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Figure 3.9 Estimation of NTBI in thalassaemic serum during AlO formation. DFO 
solution (a final concentration of 10 pM) was spiked to the thalassaemic serum, incubated 
at room temperature for 2 hours and subsequently incubated with Al̂ "̂  (final concentrations 
of 40 and 100 pM) at room temperature for 0, 0.5, 1, 1.5 and 12 hours. NTA solution (a 
final concentration of 80 mM) was added, incubated at room temperature for 30 minutes 
and ultrafiltered at 9,000 rpm (6,9000g) for 30 minutes. NTBI concentration was measured 
in ultrafiltrates using the HPLC method as previously described in Section 2 .1 .2 . The 
result from two independent experiments are shown in average values.



167

3.3.5.1 Lack of exchange of aluminium with iron on pre formed AlO in the 
presence of NTA

Rationale

Although the above findings suggest that AlO is stable in NTA for the 30-60 minutes of 
the NTBI assay in which the AlO is likely to come into contact with NTA, it was 
considered important to examine the stability of AlO in NTA more thoroughly. Particularly, 
it was decided to examine whether pre-formed AlO could lose its aluminium and acquire 
iron in the presence of 80 mM NTA acting as a potential shuttle. An experiment was 
therefore designed to see whether pre-formed AlO could be converted to FO in the presence 
of NTA and iron.

Experimental design

The stability of AlO in NTA or MOPS was investigated by examining for the appearance 
of FO using on-column iron derivatisation. In the assay 0.1ml of 800 mM NTA or 5 mM 
MOPS buffer (a control) solutions were mixed with 0.9 ml of 10 pM AlO solution to 
achieve a final concentration of 9 pM AlO in NTA or MOPS and incubated at room 
temperature for 0, 5, 10, 20, 30 and 60 minutes.

FO formation was estimated by measuring absorption at 430 nm in eluates at the flow rate 
of 0.59 ml/min from the HPLC column with retention times of 4.2 minutes using a mobile 
phase of 15% acetonitrile in 5 mM MOPS buffer, pH 7.0 containing 0.1 mM Fe-citrate. 
Fe^  ̂ from stock FeCl  ̂ solution (18.482 mM in 0.1% HCl) was initially spiked to 0.1 M 
citric acid (molar ratio of Fe^ îcitrate = 1:10) to achieve a final concentration of 10 mM iron, 
incubated at room temperature for 1 hour, centrifuged on Centricon-30 filtration filters at
4,200 rpm (14,000g) at 15 °C for 20 minutes to remove any precipitates, then added to the 
mobile-phase solvent.

Principle:

If; A10+ NTA NTA-Al + DFO then ; addition of iron DFO 4- Fe FO which will be 
detected on the HPLC column.
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Figure 3.10 Lack of formation of FO from AlO in the presence of 80 mM NTA is 
demonstrated. In the assay 0.1 ml of 800 mM NTA (closed circles) or 5 mM MOPS buffer 
(a control, open circles) solution was mixed with 0.9 ml of 10 p.M AlO solution (or DFO, 
closed squares) and incubated at room temperature for 0, 5, 10, 20, 30 and 60 minutes. FO 
formation was measured at 430 nm using on column Fe-derivatised HPLC method 
requiring 15% acetonitrile in 5 mM MOPS buffer, pH 7.0, containing 1 mM Fe-citrate) as a 
mobile-phase solvent at the flow rate of 0.59 ml/min. The result of FO appearance obtained 
from three independent experiments represent the mean±SEM.
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In this study the stability of AlO in MOPS buffer as a control or in 80 mM NTA 
(containing 2 |iM iron) has been examined. In principle, DFO would be released if Al̂  ̂
was chelated by NTA to form A1̂ "̂ -NTA complex. In the presence of NTA any iron in the 
mobile phase (1 mM Fe-citrate) or in the NTA (2 pM) would then form FO, as seen when 
9 pM DFO solution was added (Figure 3.10). However, it can be seen when 9 pM AlO 
was incubated with 5 mM MOPS buffer (a control) or 80 mM NTA, a very small amount 
FO was formed. This demonstrates that AlO is stable in 80 mM NTA for at least 1 hour at 
room temperature and will not exchange with iron in the presence of NTA.

3.3.5.2 Lack of inhibition of Fe-NTA detection by presence of AP^ in the 
injectate

Rationale

It is important that Al̂  ̂does not alter the measurement of Fe-NTA (which is the end point 
in the NTBI assay prior to derivatisation on the HPLC column) during the HPLC step or 
before it. High concentrations of Al̂  ̂could in principle interfere with measurement of Fe- 
NTA during the on-column derivatisation by competing with iron for binding to CP22 in 
the mobile phase. To eliminate this possibility, a simple experiment was undertaken 
whereby increasing concentrations of Al̂  ̂ were added to known concentrations of Fe- 
NTA. Following standard incubation times encountered during the NTBI assay, the 
samples were analysed on HPLC as for standard NTBI measurement.

Experimental design

50 pM and 100 pM Fe-NTA were prepared by spiking stock iron solution (18.482 mM 
FeClg in 0.1% HCl) to 800 mM NTA, pH 7.0, then diluted (1:10) with deionised water to 
obtain final concentrations of 5 pM and 10 pM Fe-NTA respectively. Variable volumes of 
20 mM Al^ stock solution were added to 1.0 ml of 5 pM and 10 pM Fe-NTA in 80 mM 
NTA solution at pH 7.0 to obtain final concentrations of 10, 20, 50, 100 and 200 pM AP^, 
incubated at room temperature for 30 minutes and measured for NTBI concentration using 
the HPLC method as previously described in Section 2.1.2.
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R esults

The result in Figure 3.11 shows that the iron concentrations at 5 and 10 ]jM were not 
apparently changed when increasing concentrations of Al̂ "̂  were added to Fe-NTA solution 
during incubation at room temperature for 1 hour. As a result, Al̂  ̂concentration up to 200 
|xM did not disturb or interfere with the standard condition of HPLC-based method which 
is normally used to measure NTBI concentration.
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Figure 3.11 Effect of the concentration of Al̂ "̂  on NTBI values in the HPLC-based 
assay. In the assay 5 and 10 |iM Fe in 80 mM NTA were incubated with variable 
concentrations of AŸ'*' solution (the final concentrations of 0, 10, 20, 50, 100 and 200 pM) 
at room temperature for 1 hour. The concentration of Fe-NTA was measured using the 
HPLC-based assay as previously described in Section 2 .1 .2 . The results shown are 
obtained from triplicate experiments.
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3.3.6 Stability of FO in the presence of NTA and A1

Rationale and experimental design

It is important that in samples where FO is present, addition of Al̂  ̂ does not in some way
displace iron from the FO, particularly in the presence of NTA which could in principle act
as a shuttle for such an exchange. To eliminate this possibility, FO was incubated, at a 
concentration at the high end or higher than would generally be anticipated in chnical 
samples, with Fe-NTA in the presence of increasingly high concentrations of Al̂ .̂ If iron 
was displaced from the FO, this would be measured as “NTBI” during on-column 
derivatisation.

Results

It can be seen in Figure 3.12 that addition of A P  at concentrations up to 1,000 |xM for 
1 hour had no systematic effect on measured NTBI values in samples containing 20 jiM 
FO. It is unlikely therefore that exchange of Al̂  ̂with Fê "̂  on the FO will cause a problem 
with interpretation of the NTBI assay.
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Figure 3.12 Effect of concentration on NTBI measurement in the presence of 20 jiM 
FO is shown. In the assay, the iron solution (6 |iM Fe-NTA in 80 mM NTA, pH 7.0) was 
spiked with FO solution (a final concentration of 20 p.M at 90% saturation) and incubated at 
room temperature for 1 hour. Variable concentrations of Al̂ "̂  solution (at final 
concentrations of 0, 20, 40, 100, 200 and 1000 |liM) were then added, incubated at room 
temperature for 1 hour. The NTBI concentration was measured in the ultrafiltrate using the 
HPLC-based assay as previously described in Section 2.1.2. The NTBI values obtained 
from triplicate experiments are shown as mean±SEM.

A further important control was to show that the addition of Al̂ "̂  did not affect the 
measurement of NTBI by displacing or exchanging with iron bound to FO that might be 
present in clinical samples. In the following section this issue is addressed using a variety 
of protocols.

3.3.7 Investigation of possible exchange between Fê * on FO and in the 
presence of NTA

Experimental design
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FO was added to a final concentration of 20 jiM FO to 80 mM NTA (pH 7.0) containing 
5 )LiM iron and incubated at room temperature for 1 hour. Stock FO solution (400 p.M) was 
prepared from DFO in MOPS buffer, pH 7.0 by the addition of stock iron solution (18.482 
mM FeClg in 0.1% HCl) to an estimated final DFO saturation of 85% or 90%. After 1 hour 
Af^ was added from 20 mM stock solution pH 6.8 to a final concentration of 200 |llM  and 
incubated at room temperature for a further 1 hour. The NTA associated iron at the end of 
this time was measured by direct injection (without ultracentrifugation) on HPLC using the 
standard NTBI assay as previously described in Section 2.1.2.

Results

These results show that AP"̂  at 200 |iM had not interfered with iron measurement on the 
HPLC system and not displaced iron from FO in the presence of 80 mM NTA (Figure 
3.13). The slightly lower iron concentration obtained with 85% saturated DFO compared 
with 90% saturated DFO is compatible with the extra free binding sites removing iron 
present in the NTA solution.

□  NTBI

+20 FO (85% saturation) +20 p.M FO (90% saturation)

Figure 3.13 The effect of AŸ'*' (*), in the presence of 20 |LiM  FO (85% or 95% saturated), 
on iron measurement in NTA solution, using the HPLC method to quantify iron. The 
results are expressed as the mean±SEM of quadruplicate measurements.



174

The lack of difference between the samples with and without Al̂  ̂ blocking reflects the 
order in which the reagents were added. Therefore, FO was added to NT A before the 
addition of Al^ so that the free DFO binding sites which bound NTA-iron could not have 
been blocked by Al̂ .̂

3.3.8 Conclusions about interaction of AŸ* with DFO in the presence o f 
NTA

The findings above suggest that Al̂  ̂ will be an effective way of blocking free metal 
binding sites on DFO for the following reasons. Binding occurs rapidly within 30 minutes 
of adding Al̂ "̂  to DFO (in presence and absence of NTA). The molar ratio of combination 
of A1 with DFO is 1:1 under neutral pH, room temperature condition, suggesting that Al̂  ̂
is not precipitated or does not bind to other ligands significantly in advance of binding to 
DFO. The concentration necessary to block all DFO binding sites will depend on the 
concentration of DFO, but at 100 pM AF  ̂ all the DFO sites appear saturated (Figure 
3.5). AlO appears stable in the presence of 80 mM NTA, which is clearly necessary for the 
use of AF  ̂as an irreversible blocker of DFO in the intended assay procedure (Section 
3.3.4). Measurement of Fe-NTA using the HPLC assay was not affected by pre
incubation of the Fe-NTA with an excess of Al̂  ̂ (Section 3.3.5) suggesting that Al̂ + 
does not interfere with binding of Fê  ̂to the mobile phase (hydroxypyridinone, CP22) on 
the HPLC column and will not interfere with the detection system used in the NTBI assay.

Importantly, FO appears stable in the presence of NTA and AF^, suggesting that 
exchange between pre-formed FO and Al̂  ̂will not occur under the conditions of the NTBI 
assay and will not result in falsely high NTBI concentration (Section 3.3.5).

It was now necessary to examine the effect of Al̂  ̂ addition to clinical samples, in the 
presence and absence of DFO to determine how NTBI measurement was affected by the 
Al̂  ̂blocking step.

3.4 EFFECT OF USE OF ALUMINIUM BLOCKING STEP ON 
MEASURED NTBI IN SERUM SAMPLES
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Rationale

3.4.1 Effect of variable concentrations on measured NTBI in the
presence of DFO and on FO formation in vitro

Experimental design

In this section, aluminium was added (lO-lOOjiM final concentrations) to the serum of 
thalassaemic patients containing 10 |iM DFO and the effect on measured NTBI was 
evaluated. At the same time, the effect of this addition of Al̂  ̂on the formation of FO was 
measured by HPLC method.

0.9 ml of pooled thalassaemic serum was spiked with 9 pi of 1 mM DFO solution (to a 
final concentration of 10 pM), then incubated at room temperature for 1 hour. Variable 
volumes of stock 20 mM Al̂  ̂ solution were added to obtain final concentrations of 0, 10, 
20, 40 and 100 pM, then incubated at room temperature for a further 1 hour. NTA solution 
(a final concentration of 80 mM) was added to the mixtures, incubated at room temperature 
for 30 minutes and finally centrifuged on Centricon-30 filtration filters at 4,200 rpm 
(14,000g), 15 °C for 20 minutes. Ultrafiltrates were measured for NTBI concentration 
using the HPLC-based assay (Section 2.1.2). FO concentration was measured by the 
HPLC method using the same condition as AlO measurement as previously described in 
Section 3.3.3 which standard curve of FO was prepared by spiking FO solution into 
serum samples.

Results

Result of the titration of 10 pM DFO with various concentrations of Al̂  ̂ shows that when 
thalassaemic serum was preincubated with 100 pM of AP'̂ , NTBI concentration was close 
to a pre-study value, and no FO was formed from shuttle effect in the assay procedure 
(Figure 3.14). Comparatively, when the final Al̂  ̂concentration was less than 20 pM, 
the concentration of NTBI was far underestimated and FO could be detectable. This result 
supports the previous experiment (Figure 3.9) showing that preincubation of 
thalassaemic serum containing 10 pM DFO with 40 pM Al̂  ̂ at room temperature for 1 
hour can efficiently inhibit the formation of FO accompanied with removal of NTBI by a 
shuttle effect in the assay procedure.
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Figure 3.14 The effect of increasing concentrations of Al^ on measured NTBI values in 
the presence of 10 jiM DFO added to thalassaemic serum, DFO was added to thalassaemic 
serum at a final concentration of 10 p,M, incubated for 1 hour at room temperature. 
Subsequently, serum was incubated with variable concentrations of Al̂  ̂ (0, 10, 20, 40 
and 100 pM) at room temperature for 1 hour before addition of NTA to a final 
concentration of 80 mM and measurement of NTBI using the HPLC assay as previously 
described in Section 2.1.2 FO was measured by HPLC as previously described in 
Section 3.3.3 which standard curve of FO was performed by spiking FO solution into 
serum samples. Values shown represent the mean±SEM of quadruplicate measurements.

These fmdings show that addition of Al̂  ̂to thalassaemic serum containing 10 pM DFO 
prior to addition of NTA blocked the removal of measured NTBI. This blockade is 
associated with the blockade of FO formation. These findings suggest that Al̂  ̂is inhibiting 
the shuttle that was demonstrated in Section 3.2. Pre-incubation of samples containing 
DFO with 100 pM Al^ for 1 hour should therefore be effective at inhibiting the shuttle 
effect during the assay in thalassaemic serum containing 10 pM DFO.
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It is now necessary to demonstrate that addition of does not alter the measured NTBI 
values when DFO is absent, in order to validate that Al̂  ̂ does not interfere with NTBI 
measurement in a way that was unpredicted from Section 3.3.

3.4.2 Effect of on measured NTBI in thalassaemic serum in the 
absence of DFO

Rationale

It is important that the addition of Al̂ "̂  does not perturb the measured NTBI values on 
samples where DFO is not present. From the previous experiments investigating the 
possible effects of Al̂ "̂  on the assay, no theoretical problem in this regard was anticipated 
but it was important to show there is no systematic interference of adding AP"̂  on measured 
NTBI in the absence of DFO in the sample.

Experimental design and methodology

The effect of addition of Al^ to pooled thalassaemic serum in the absence of DFO on 
measured NTBI values was investigated. 4 |xl of 20 mM Al̂  ̂ solution stock in deionised 
water (pH 6.8) was added to 0.36 ml of pooled normal or thalassaemic sera to a final 
concentration of 200 pM , mixed and incubated at room temperature for 1 hour. 40 pi of 
800 mM NTA solution was added, incubated at room temperature for a further 30 minutes 
and centrifuged on filtration filters for 20-30 minutes. NTBI concentration was measured in 
ultrafiltrates using the HPLC method as previously described in Section 2.1.2.

R esults

The effect of addition of Al̂ "̂  (200 pM final concentration) on measured NTBI 
concentration is shown from 54 serum samples obtained from patients with TM to define 
the effect of 200 pM Al̂ "̂  on NTBI values. When NTBI values in thalassaemic sera (n = 
54) preincubated with 200 pM Al̂ '̂  are plotted against those in untreated sera, they show a 
good correlation (r̂  = 0.792) with a regression line equation (y = 0.55+0.87x) as shown in 
Figure 3.15.
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Figure 3.15 Correlation of NTBI values in thalassaemic sera (n = 54), without and with 
200 |iM Al^ blocking step, measured with the HPLC-based assay. In the assay, 0.9 ml of 
thalassaemic serum (without DFO) was incubated at room temperature for 1 hour without 
and with Al̂  ̂ solution (a final concentration of 200 jiM). NTA solution (a final 
concentration of 80 mM) was added, incubated at room temperature for 30 minutes and 
finally centrifuged on filtration filters for 20-30 minutes. NTBI concentration was 
measured in ultrafiltrates using the HPLC as previously described in Section 2.1.2,
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3.4.3 Comparison of effect of blocking on NTBI values in normal and 
thalassaemic serum

Rationale

Thalassaemic serum would be anticipated to contain little or no unsaturated transferrin. 
The results in Section 3.4.2 show clearly that the addition of Al̂ "̂  had no systematic 
effect on measured NTBI values in thalassaemic serum. However, if Al̂ "̂  were to bind 
significantly to unsaturated transferrin in normal semm, it could block free binding sites for 
iron on transferrin thereby preventing the small amount of iron (2 pM) present in 80 mM 
NTA from donating iron to free binding sites of transferrin. This could change the slightly 
negative NTBI values measured in normal semm into zero or shghtly positive values. This 
would result in a systematic increase in measured NTBI in semm samples containing 
unsaturated transferrin where Af"̂  was added, compared to when it was absent. This could 
confuse the interpretation of results and would not be an ideal situation. It is predicted that 
because transferrin binds Al̂ "̂  weakly, it is likely that difference between the samples with 
and without added Af^ would not be significant. In this section this hypothesis is tested.

Experimental design

NTBI was measured and compared between samples from normal or thalassaemic semm 
in which Al̂  ̂had been added or omitted. In a further control, 10 pM DFO was added to 
thalassaemic semm and NTBI was measured with and without the addition of Al̂ .̂

0.9 ml of semm was incubated at room temperature for 1 hour without and with Al̂  ̂
solution (a final concentration of 200 pM). NTA solution (a final concentration of 80 mM) 
was then added, incubated at room temperature for 30 minutes and finally centrifuged on 
Centricon-30 filtration filters at 4,200 rpm (14,000g), 15 ®C for 20 minutes. NTBI 
concentration was measured in ultrafiltrates using the HPLC method as previously 
described in Section 2.1.2.
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Figure 3.16 Comparison of NTBI values measured in normal (NS) and thalassaemic 
(TSl and TS2) sera using the HPLC-based assay, without and with (*) 200 jiM Al̂ "" 
blocking step. In the assay, 0.9 ml of serum was incubated at room temperature for 1 hour 
without and with solution (a final concentration of 200 pM). NTA solution (a final 
concentration of 80 mM) was added, incubated at room temperature for 30 minutes and 
finally centrifuged on filtration filters at 4,200 rpm (14,000g) 15 °C for 20 minutes. NTBI 
concentration was measured in ultrafiltrates using the HPLC as previously described in 
Section 2 .1 .2 . The NTBI (without AP  ̂blocking step) and NTBI* (with AŸ'*' blocking 
step) values were shown as mean±SEM from four independent experiments.
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When NTBI concentration was measured in normal serum, it resulted in negative values. 
NTBI values (-0.27+0.39 jiM) with 200 jiM Al̂ "̂  blocking step are slightly higher than 
those (-0.65+0.15 jiM) without a blocking step but not significantly different (delta NTBI 
= 0.38 jiM; p = 0.3847) as shown in Figure 3.16.

NTBI values in TS1 (taken from adult TM patients at UCL Hospital where recent DFO 
was stopped >48 hours) when analysed without and with 200 jiM Al̂  ̂blocking step are 
2.53+0.36 and 2.1110.12 jiM respectively, and are not significantly different (delta NTBI 
= 0.42 jiM, p = 0.367). Similarly, NTBI values in TS2 ( taken from an adult TM patients 
at UCL Hospital where recent DFO was stopped >48 hours) when analysed without and 
with 200 jiM Al̂ "̂  blocking step are 4.6711.16 and 4.6910.31 jiM respectively, and are 
not statistically different (delta NTBI = 0.02 jiM, p = 0.983).

As a further control, DFO was added to TS2 to achieve a final concentration of 10 jiM. 
NTBI values in TS2 where DFO has been added without Al̂  ̂blocking before adding NTA 
are 2.9710.68 fiM. However, in samples where Af^ has been added at 200 jiM before 
analysis of NTBI, NTBI was 4.9510.64 jjM which is very close to values obtained 
without addition of DFO.

Discussion

These findings show that addition of Al^ to normal serum prior to the NTBI assay did 
not change the slightly negative value obtained. The negative NTBI values achieved in 
previous studies in normal serum without using Al̂  ̂ blocking had been attributed to 
donation by iron contamination present in 80 mM NTA onto free transferrin binding sites 
giving a lower reading than NTA alone (as used in the standard curve). In this present 
study, the fact that the measured NTBI value remains negative despite the addition of AP^, 
is consistent with the idea that Al̂  ̂is not blocking all the binding sites on transferrin. This 
is consistent with the low binding affinity of transferrin for Al̂  ̂ (Martin et al., 1987; 
Harris, 1992) where Al̂ "̂  binds to both transferrin binding sites at pH 7.4 with 
approximately equal site binding constants of 10*̂ -10*̂  (see Table 3.3).

For the purposes of measuring NTBI in the presence of DFO in both normal and 
thalassaemic serum, A1 appears suitable because the negative value achieved when 
transferrin is unsaturated remains negative. If it were deemed necessary to eliminate the
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effects of apotransferrin from affecting NTBI values, a recent study (Gosriwatana et al., 
1999) has shown that cobalt (Co^ )̂ at a final concentration of 1.04 mM, in the presence of 
bicarbonate, binds to the two vacant sites of transferrin in normal and haemochromatosis 
serum.

3.4.4 Investigation of possible exchange between Fê "̂  on FO and

3.4.4.1 Investigation of possible exchange between Fê  ̂ on FO and in 
the presence of thalassaemic serum

Rational and experimental design

Having demonstrated that the addition of aluminium to iron-NTA in the presence of FO 
did not alter the measured iron value by HPLC, further experiments were undertaken to 
determine whether this remained true in the presence of thalassaemic serum under standard 
conditions of the standard NTBI assay. FO (85% or 95% saturated) was firstly added to 
thalassaemic serum and incubated at room temperature for 1 hour at a final concentration of 
20 jiM (DFO+FO total). Al^ solution (a final concentration of 200 pM) was then added, 
and incubated at room temperature for a further 1 hour. Finally, NTA solution (80 mM 
final concentration) was added, incubated at room temperature for 30 minutes and 
ultrafiltered at 9,000 rpm (6,900g) for 30 minutes. NTBI concentration was then measured 
in ultrafiltrates using the HPLC-based assay as previously described in Section 2 .1 .2  
Hence, in this experiment (Section 3.4.4.1) AP"̂  was added to FO before the addition of 
NTA, whereas in Section 3 .3 .7 . NTA was coincubated with FO before the addition of 
AP"̂ . The scheme used in this experiment mimics the proposed order for Al̂  ̂ addition in 
clinical samples where the intention is to block iron shuttling.
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Figure 3.17 Effect of concentration, in the presence of 20 |iM FO, on NTBI values 
in thalassaemic serum measured by the HPLC-based assay. In the assay pooled 
thalassaemic serum (pooled from patients having not received DFO >48 hours) was spiked 
with FO solution (a final concentration of 20 |iM at 85% and 90% saturation), incubated at 
room temperature for 1 hour. solution (a final concentration of 200 |iM) was then 
added, and incubated at room temperature for a further 1 hour. Finally, NTA solution (80 
mM) was added, then incubated at room temperature for 30 minutes and ultrafiltered at 
9,000 rpm (6,900g) for 30 minutes. The NTBI concentration was measured in ultrafiltrate 
using the HPLC-based assay as previously described in Section 2.1.2. The results are 
expressed as the mean±SFM of quadruplicate measurements.
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These findings show that the addition of to samples containing FO has no 
discernable effect on measured NTBI. The NTBI values in the presence of FO either at 
85% or 95% saturated are not different from samples without the addition of FO. Therefore 

is not exchanging with iron bound to FO and this should therefore not interfere with 
measurement of NTBI in the presence of FO. The finding that NTBI is slightly lower in aU 
samples containing A P  is not statistically significant represents a single experiment 
performed in quadruplicate. The findings in Section 3.4.2 showed that over many 
experiments, there is no systematic difference in samples with and without AP'̂  in the 
absence of FO. Taken together the findings show that Al̂  ̂will not exchange with FO iron 
significantly during the NTBI assay.

3.4.4.2 The stability of FO in the presence of 80 mM NTA and 200 |iM /II  ̂
over 8 hours

Experimental design

Although the above experiment (Section 3.4.4.1) showed no effect of Al̂  ̂on NTBI 
values in the presence of FO over 1 hour, it was decided to examine whether any exchange 
was detectable over longer incubation periods of Al̂ "̂  with FO. The stability of FO in the 
presence of 80 mM NTA and Al^ solution was therefore studied over 8 hours by 
incubating 1.0 ml of iron solution (a final concentration of 7.5 pM in 80 mM NTA) with 
Al̂  ̂ solution (final concentrations of 10 and 100 pM) at room temperature for 0, 1, 2, 4 
and 8 hours, then measured for NTBI concentration using the HPLC-based assay. Drift 
control was included.
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Figure 3.18 Time course of effect on NTBI measurement in the presence of 20 pM 
FO is shown. In the assay, pooled thalassaemic serum was spiked with FO solution (a final 
concentration of 20 pM at 85% and 90% saturation) and incubated at room temperature for 
1 hour. solution (a final concentration of 200 pM) was then added, incubated at room 
temperature for 1 and 8 hours. Finally, NTA solution (at 80 mM) was added, incubated at 
room temperature for 30 minutes, then ultrafiltered at 9,000 rpm (6,900g) for 30 minutes. 
The NTBI concentration was measured in ultrafiltrates using the HPLC-based assay 
previously described in Section 2.1.2. The NTBI values obtained from triplicate 
experiments are shown as mean±SEM.

The findings in Figure 3.18 show that the addition of 90% saturated FO to 
thalassaemic serum, whether in the presence or absence of Al^ ,̂ leads to no significant 
change in the NTBI values over 8 hours incubation. Thus, Al̂  ̂had not displaced iron from 
FO and not led to a falsely high NTBI values. When FO was less saturated and DFO was 
present at 3 pM at the start of incubation, NTBI fell by a similar amount both with and 
without the addition of aluminium. With 20 pM FO at 85% saturation, NTBI concentration 
without 200 pM Al^^pre-treatment decreased from 4.37+0.36 pM to 3.78+0.22 pM at 1
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hour and to 2.95+0.29 jiiM at 8 hours. In the presence of 200 jiM Al^ NTBI decreased 
from 4.03+0.22 jiM to 3.62+0.08 jiM at 1 hour and to 2.87±0.08 pM at 8 hours. Thus, 
addition of Al̂  ̂ has not perturbed NTBI measurement. The fall in NTBI with 85% 
saturated DFO most likely represents the removal of NTBI by DFO prior to the addition of 
AP^. At 90% DFO saturation, no fall is discernible most likely because the free DFO 
(maximum 2 jiM) is less than estimated (i.e. more ambient iron was present than 
calculated). However, at 85% saturation (maximum 3 pM free DFO) this threshold appears 
to have been exceeded.

3.5 EFFECT OF STORAGE OF SERUM SAMPLES, IN THE PRESENCE 
AND ABSENCE OF DFO, ON MEASURED NTBI

Rationale

Having defined the effects of Al̂  ̂addition to measurement of NTBI prior to addition of 
NTA, experiments were undertaken to determine whether addition of Al̂  ̂prior to sample 
storage and freezing makes any difference from adding AP"̂  after storage.

Experimental design

The effect of Al̂  ̂addition on NTBI values was investigated in the serum, without and 
with DFO, of eleven thalassaemia patients which had been collected from the Hospital for 
Sick Children, Toronto, then stored at -20 °C over 1 month before analysis. Thalassaemic 
sera alone (T) (with no DFO treatment for over 48 hours) or sera of the same TM patients 
taken 1 hour after receiving a sc bolus injection of DFO (T^)(20 mg/kg) or 1 hour after 
starting an 8 hour sc infusion of DFO (40 mg/kg) were used in this study. “Pre
treatment*” denotes control sera treated with 200 pM Al̂  ̂ before storage at -20 °C and 
“fresh treatment**” denotes sera blocked with 200 pM AŸ* immediately before NTBI 
quantification.

Finally, 40 pi of NTA solution (a final concentration of 80 mM) was added to 0.36 ml of 
all semm samples, incubated at room temperature for 30 minutes. NTBI quantification was 
performed according to the standard procedure as previously described in Section 2 .1 .2 . 
A new calibration curve including internal standard control was performed on each day of 
assay. The results are expressed as the mean+SEM of eleven independent patient samples.
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Paired student’s t-test (p-value) was used to determine the significance of differences 
between NTBI values with pre freezing treatment (*) or post freezing treatment (**) with 
200 p.M blocking compared to the control (control or control^).

R esults

m
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T T * T * * T A *

Control p = 0.5064 p = 0.5190 Control^ p= 0.6646 p = 0.1671

Figure 3.19 NTBI measurement in serum of eleven TM patients, at pre-DFO chelation 
(T) and 1 hour after commencement of DFO chelation (T^), after storage of sera at -20 °C 
over 1 month. Control is thalassaemic sera alone (T) or thalassaemic sera following 
treatment of DFO for 1 hour (T' )̂. * denotes control sera pre-treated with 200 pM AP  ̂
before storage, whereas ** denotes control sera stored at -20 °C over 1 month, then thawed 
and finally blocked with 200 pM Al̂ '̂  before NTBI quantification. A new calibration curve 
was determined on each day of NTBI assay. The results are mean±SEM of eleven 
independent patient samples.

These results (in Figure 3.19) show that in patient samples lacking DFO, addition of 
AP ,̂ either before storage (T*) or after storage T(**), made no difference to measured 
NTBI values compared to the control without AP  ̂added (T). In samples where patients 
were receiving DFO therapy, there is no significant difference between NTBI values 
obtained in samples in which Al̂ "̂  was added before or after freezing suggesting that either 
approach could be used in chnical samples. The intention of the above analysis is to
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demonstrate that the timing of Al^ addition does not alter measured NTBI. Detailed 
investigations of the effects of DFO on NTBI (using Al̂  ̂blocking technique developed in 
this chapter) when added in vitro or given in vivo are undertaken in Chapters 4 and 
Chaper 5 respectively.

3.6 CONCLUSIONS

In this chapter the principle of the shuttling of iron by NTA onto DFO has been 
demonstrated in vitro. This shuttling results in NTBI species which are unavailable (or only 
slowly available) to DFO being bound by NTA during the NTBI assay procedure. This 
means that when iron free DFO is present in the sample, a falsely low impression of NTBI 
values is obtained because FO which is formed in the presence of NTA is not measured as 
NTBI.

The second theme of this chapter has been to develop an assay procedure to block this 
shuttling of iron onto DFO without perturbing the NTBI assay. In order to do this, several 
principles have been established. The binding of Al̂ "̂  to DFO has been shown to be 
essentially the same in the presence and absence of NTA; this is important if AŸ* is to block 
DFO sites during the assay. The ratio of Al̂  ̂binding to DFO has been confirmed as 1:1, as 
expected. The stability of AlO on the HPLC system in the presence of NTA has been 
demonstrated and the rate of AlO formation in serum samples analysed by HPLC, showing 
that 30 minutes is sufficient for the formation of AlO from DFO and Al̂  ̂ to have been 
completed. AlO has been shown to be stable in the presence of NTA once formed. An 
excess of unbound Al̂  ̂has been shown not to interfere with quantitation of Fe-NTA on the 
HPLC column during or before the on-column derivatisation procedure with the 
hydroxypyridinone CP22. Importantly, Al̂  ̂ has been shown not to displace iron from 
preformed FO, so that erroneous NTBI readings will not be obtained when FO is present in 
the sample. Further experiments confirm that Al̂  ̂stops the shuttle effect in serum samples 
by inhibiting FO formation, as predicted. A series of experiments then show that in a large 
number of chnical semm samples taken from thalassaemia patients, that Al̂  ̂has no effect 
on measured NTBI in the absence of DFO and that NTBI values obtained with and without 
the addition of Al̂  ̂ correlate closely. In normal semm Al̂  ̂ does not alter the measured 
NTBI value significantly, with consistently negative values being obtained. When DFO is 
spiked into thalassaemic semm at 10 |iM or above, the addition of Al^ appears to inhibit 
(whohy or partly) the fall in measured NTBI observed in the absence of Al̂  ̂blocking of 
DFO sites, and this aspect is examined in greater detail in Chapter 4. In clinical samples.
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as in NTA solution, Al̂  ̂ does not affect measured NTBI values when FO is present. 
Finally, experiments on sample freezing and storage show that timing of the addition of 
Al̂  ̂either pre or post freezing, does not appear to affect the outcome of the measured 
NTBI.

Thus, the experiments in this chapter suggest that AP'̂  can be used to block metal free 
binding sites on DFO and hence prevent shuttling of iron onto DFO during the assay 
procedure. The Al̂  ̂does not appear to exchange with other iron pools (such as FO) during 
the assay or interfere with iron measurement on the HPLC columns and appears to give 
consistent results. In the subsequent chapters, the kinetics of interaction of DFO with NTBI 
are examined in vitro (Chapter 4) and in vivo (Chapter 5) using the blocking technique.
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CHAPTER 4

IN VITRO  KINETICS OF SERUM NTBI 
REMOVAL BY IRON CHELATORS

4.1 INTRODUCTION

In this chapter, the rates of removal of NTBI by DFO are studied in the plasma 
compartment only, using the steps designed to prevent in vitro shuttling of NTBI by NTA 
during the assay procedure, which were described in Chapter 3. The rates of NTBI 
removal are examined in different groups of patients. The effect of the concentration of 
serum DFO on the rate and extent of NTBI removal is also examined.

4.2 KINETICS OF NTBI REMOVAL BY DFO WITH AND WITHOUT A 
BLOCKING STEP

4.2.1 Rationale

In the previous chapter, evidence that free DFO when added to serum samples resulted in 
a rapid removal of NTBI during the assay procedure was presented. It was shown that FO 
formed significantly faster in the presence of 80 mM NTA than in the absence of this 
ligand. Furthermore FO formed faster in the serum of thalassaemia patients, in whom 
NTBI was present, than in normal serum. This observation led to the hypothesis of 
shuttling of NTBI by NTA onto DFO and the development of a blocking technique to block 
any free metal binding sites on DFO from acquiring iron from NTA during the assay 
procedure. Aluminium was used for this step. In this section it was considered important to 
compare the kinetics of NTBI removal from thalassaemic serum in vitro, with and without 
the aluminium blocking step.

4.2.2 Experimental design and methodology
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DFO was added to a final concentration of 10 pM to the pooled semm (0.36 ml) of Thai 
patients with thalassaemia major (TM) who have never received any DFO prior to collection 
of the blood. The semm used in this study was obtained from Thai TM patients attending 
the Thalassaemia clinic at Maharaj Nakom Chiang Mai Hospital, Thailand and received 
regular blood transfusions to keep baseline Hb values above 10 g/dl and mean Hb 
concentration at 12 g/dl. Each patient’s semm was made in aliquots and stored at -20 °C. 
Semm samples were transported on dry-ice to the Department of Haematology, UCL and 
stored at -20 °C until analysis. Sera (2-3 months old) of 3 Thai TM patients were pooled 
and used for the study.

After addition of DFO to semm, at a final concentration of 10 pM, the semm was 
incubated for between 0 and 8 hours at room temperature. At the end of incubation, semm 
(0.36 ml) was divided into one aliquot without AP ,̂ and the other with Al̂ "̂  blocking by 
adding 3.6 pi of 20 mM Al̂ '" solution to obtain a final concentration of 200 pM, then 
incubated at room temperature for 1 hour.

Finally, 40 pi of 800 mM NTA solution was added to achieve a final concentration of 80 
mM, incubated at room temperature for 30 minutes and centrifuged on fdtration filters 
(Whatman VectraSpin) at 9,000 rpm (6,900g), 4 °C for 30 minutes. The ultrafiltrate was 
measured for NTBI concentration with the HPLC method as previously described in 
Section 2.1.2

Reagents Stock solutions of reagents were prepared as follows;

10 mM DFO solution: Dissolve 13.2 mg of DFO (MW = 656) in 2 ml of 5 mM MOPS 
buffer solution at pH 7.0. This solution is always freshly prepared before use.

20 mM Al̂  ̂ solution: Dissolve 26.66 mg of anhydrous aluminium chloride (MW = 
133.33) in 10 ml of deionised water. This solution is always freshly prepared before use.

All stock solutions of were further diluted with 5 mM MOPS solution to obtain the final 
concentrations of 0.5, 1.0, 2.0 and 4.0 mM.

4.2.3 Results
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It can be seen in Figure 4.1 that the NTBI (measured as NTA available iron on HPLC 
method) has been removed immediately and entirely by the addition of 10 [iM DFO in the 
samples in which no blocking was employed. By contrast, in the samples where Al̂  ̂ has 
been added immediately prior to the addition of NTA, the reaction kinetics are slower. 
There is an initial decrease from approximately 3.5 pM NTBI to 1.8 pM NTBI between 0 
and 2 hours, but beyond this time-point, there is only a small decrease.
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Figure 4.1 Rate of removal of NTBI by DFO in pooled Thai thalassaemia major (TM) 
serum, without and with (*) AP"̂  blocking step. In the assay 0.36 ml of pooled serum (2-3 
months old, stored at -20 °C) from Thai TM patients attending the Thalassaemia clinic at 
Maharaj Nakom Chiang Mai Hospital, Thailand, to receive regular blood transfusions was 
incubated with 3.6 pi of DFO solution to obtain the final concentrations of 10 pM DFO and 
incubated at 37 °C for 0, 0.5, 1 , 2 , 4  and 8 hours. At the end of incubation serum was 
divided for one without Af"̂ , and the other with Al̂ "̂  blocking by adding 3.6 pi of 20 mM 
Al̂ "̂  solution (a final concentration of 200 pM), then incubated at room temperature for 1 
hour. Finally, 40 pi of 800 mM NTA solution (80 mM at final concentration) was added, 
incubated at room temperature for 30 minutes and centrifuged on filtration filters at 9,000 
rpm (6,900g), 4 °C for 30 minutes. The ultrafiltrate was measured for NTBI concentration 
with the HPLC method previously described in Section 2.1.2. The results obtained from 
three independent experiments are shown as mean±SEM.
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4.2.4 Discussion

The fmdings in this section show, that when the free metal binding sites of DFO were 
blocked immediately prior to the NTBI assay procedure, NTBI removal by 10 |iM DFO 
was incomplete, even over an 8 hour time period. This suggests that a proportion of NTBI 
is not easily available to chelation by DFO. The results above suggest that less than half of 
measurable NTBI is removed by 10 p.M NTBI in vitro over 8 hours.

The finding that there was a rapid initial decrease of NTBI over 2 hours and thereafter a 
slower removal, might suggest that there are two pools of NTBI; a rapidly and slowly 
available pools. The nature of such hypothetical pools is undetermined but the faster pool 
may represent iron citrate and the slower may represent oligomeric forms bound to 
albumin. Further experiments would be necessary to confirm this hypothesis however.

These findings raise several further important questions. The first question is whether by 
increasing the concentration of DFO added to the serum sample, whether a higher 
proportion of the NTBI could be removed. This is important because this has practical 
implications for the design of chelation protocols in clinical use. If either the rate of NTBI 
removal or the proportion of NTBI which was removed is increased at higher DFO 
concentrations, then in principle, the serum component of NTBI could be removed faster 
by increasing the dose of DFO given to patients. If however by increasing the serum 
concentration of DFO by saying 10 fold, there is not a useful increase in net NTBI 
removal, this would suggest that in terms of removing this pool of NTBI, little is gained by 
increasing the DFO dose. This question is addressed in the Section 4.3 below.

The other question arising from these observations is how they can be interpreted in the 
hght of previous clinical observations where the rate of NTBI removal was investigated 
during the iv administration of DFO to thalassaemia patients (Porter et al., 1996). In the 
present study, removal of NTBI by 10 pM DFO is in a biphasic manner in vitro which is 
similar to the previous in vivo study (Porter et al., 1996) where Al̂  ̂ blocking was not 
performed. The question is why the removal of NTBI in the previous clinical study was not 
immediate, because it would have been expected that iron free binding sites on DFO would 
provide a mechanism for shuttling of iron onto DFO by NTA during the assay procedure.
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One explanation is that the concentration of DFO was insufficient at the time of the assay in 
the previous clinical study to provide a significant “sink” for shuttling because of the 
relative instability of iron free DFO in serum.

It is important to understand whether the kinetics observed in vitro, using the aluminium 
blocking technique parallel the kinetics of NTBI removal by DFO when used clinically, in 
vivo. This issue is addressed in the next chapter. In the remainder of this chapter some 
further questions about the kinetics of NTBI removal in vitro are addressed. Firstly, the 
question as to whether the rate of removal of NTBI can be increased by increasing the 
plasma concentration of DFO is examined in Section 4.3. Secondly, the issue of whether 
there are intrinsic differences between rates of NTBI removal in different groups of patients 
is examined. It was previously observed (Porter et al., 1996) that NTBI removal .was 
slower in vivo in thalassaemia intermedia (TI) patients who had not received chelation 
therapy than in TM patients who had received regular chelation therapy. There are several 
possible explanations for this which will be discussed in later sections. However, the 
questions of whether the nature of NTBI differs in the two groups of patients can be 
explored by examining the relative rates of NTBI removal by DFO in isolated serum and 
this is examined in Section 4.5 and 4.6 below.

4.3 EFFECT OF SERUM DFO CONCENTRATION ON NTBI REMOVAL 
USING A BLOCKING STEP

4.3.1 Rationale

A consideration when choosing a therapeutic dose of DFO is to know what dose is 
required to minimise or eliminate plasma NTBI. Clearly other considerations such as the 
dose required to achieve iron balance and the maximum tolerable dose are of primary 
importance, but it is presently unknown whether the removal of NTBI is dependent on the 
plasma concentration of DFO. During iv administration of DFO, the kinetics of NTBI 
removal may not be dependent on interaction of DFO with NTBI in the plasma 
compartment alone. However, by examining the kinetics of interaction of DFO with NTBI 
in isolated serum, the direct interaction of DFO with this compartment can be examined. In 
this section the effect of the serum concentration of DFO on NTBI removal is examined.
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4.3.2 Experimental design and methodology

The source of pooled semm was from Thai TM patients attending the Thalassaemia clinic 
at Maharaj Nakom Chiang Mai Hospital, Thailand and received regular blood transfusions 
to keep baseline Hb values above 10 g/dl and mean Hb value at 12 g/dl as in Section 4.2. 
Each patient semm was made in ahquots and stored at -20 °C. Semm samples were 
transported on dry-ice to the Department of Haematology, UCL and stored at -20 °C until 
analysis. Sera (3-4 months old) of 5 Thai TM patients were pooled and used for the study. 
The experimental design was essentially as in Section 4.2.

DFO was added from a freshly prepared stock solution 10 mM in MOPS buffer pH 7.0 
to pooled TM semm to obtain a final concentration of 10 pM or 100 pM and incubated for 
between 0 and 8 hours before the addition of aluminium (a final concentration of 200 pM) 
to block free metal binding sites on the DFO. NTA was then added to a final concentration 
of 80 mM, incubated at room temperature for 30 minutes before ultrafiltration and NTBI 
measurement by HPLC method as previously described in Section 2.1.2.

4.3.3 RESULTS

It can be seen in Figure 4.2 that the concentration of NTBI in pooled thalassaemic 
semm was reduced from 2.30+0.13 to 1.90+0.30 pM by 10 pM DFO at 1 hour (delta 
NTBI = 0.40 pM) with an initial rapid phase (K  ̂= 0.40 pM/hr) followed by a very slow 
phase during the subsequent 1-8 hours chelation period. NTBI could not be cleared 
completely at 10 pM DFO. In comparison, the rate of NTBI reduction was faster when 
semm was chelated with 100 pM DFO with an initial rapid phase (K^ = 0.80 p.M/hr) 
followed by a slow phase (Kp = 0.14 pM/hr). If the graph were to be extrapolated at 100 
pM DFO, NTBI would be completely removed with 100 pM DFO by 16 hours. This 
indicates that DFO concentration at 10 pM is too small to remove aU NTBI at a discernible 
rate in the isolated serum compartment during the time course of this experiment. 
Nevertheless, it may be possible to remove NTBI in plasma compartment completely with 
continuous DFO chelation at 100 pM for 16 hours if the rate is linear beyond 8 hours.
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Figure 4.2 Rate of removal of NTBI in pooled Thai thalassaemia major (TM) serum by 
DFO with the blocking step. In the assay 0.36 ml of pooled serum (3-4 months old, 
stored at -20 °C) from 5 Thai TM patients attending the Thalassaemia clinic at Maharaj 
Nakorn Chiang Mai Hospital, Thailand, to receive regular blood transfusions was 
incubated with 10 mM DFO solution to obtain the final concentrations of 10 and 100 |iM 
and incubated at 37 °C for 0, 0.5, 1,2,4 and 7 hours. At the end of incubation serum was 
duplicated for one without AP^, and the other with Af"̂  blocking by adding 3.6 |l i 1 of 20 
mM Af"̂  solution (a final concentration of 200 |iM), incubated at room temperature for 1 
hour. Finally, 40 |Lil of 800 mM NTA solution (80 mM at final concentration) was added, 
incubated at room temperature for 30 minutes and centrifuged on filtration filters at 9,000 
rpm (6,900g), 4 °C for 30 minutes. The ultrafiltrate was measured for NTBI concentration 
with the HPLC method as previously described in Section 2 .1 .2 . The results obtained 
from four independent experiments are shown as mean±SEM.

4.3.4 Discussion

These findings suggest that a small proportion of plasma NTBI can be rapidly chelated 
but a large component of NTBI species is relatively unavailable for DFO chelation.
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consistent with the findings in Section 4.2. Due the relatively small number of points 
during the kinetic study, because of constraints with volumes of sera available, curve fitting 
is not precise and extrapolation has been used. Therefore, interpretation of the significance 
of the exact values of the fast and slow phases must be made with caution. The time 
necessary to remove NTBI from the serum compartment at 100 |xM was obtained by 
extrapolation, assuming linearity. This was necessary because incubation periods beyond 8 
hours were not used as the sample collection and incubation system were not sterile and it 
was found that at 37 °C, incubation periods of 24 hours resulted in significant turbidity, 
suggesting bacterial contamination. Linearity may not be true beyond 8 hours. Indeed 
findings in subsequent experiments (see below) are compatible with there being effectively 
no further NTBI removal at 10-20 |iM DFO beyond 1-2 hours.

The slow phase of NTBI removal may represent oligomeric iron species which are 
nonspecifically bound to plasma proteins; possibly albumin, although this hypothesis 
requires confirmation. The finding that NTBI removal can be enhanced by increasing the 
DFO concentration in plasma suggests that in patients who fail to clear NTBI using 
standard doses of DFO, higher doses could in principle improve NTBI removal. However, 
it is clear that the second phase of NTBI removal from the plasma compartment is still 
slow, even at serum concentrations of DFO which exceed those which are safely achievable 
clinically.

In vivo, during the use of DFO, the kinetics might differ from these in vitro findings 
because in principle NTBI may constantly be being cleared by the liver and other tissues 
and NTBI is also constantly being formed by the breakdown of red cells in macrophages. 
In other words the in vivo situation is not an isolated plasma compartment model but is 
theoretically subject to influences affecting the rate of formation and clearance of NTBI. 
Therefore, the kinetics of NTBI removal and the concentration dependence may differ from 
the plasma compartment model explored in these experiments. If however in the clinical 
setting, the kinetics and concentration dependence of NTBI removal on plasma DFO are 
similar to the above findings, this would suggest that the plasma compartment is the key 
compartment determining the rate at which NTBI interacts with DFO.
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4.4 RATE OF NTBI REMOVAL IN RELATION TO FERRIOXAMINE 
FORMATION IN THALASSAEMIA MAJOR

4.4.1 Rationale

In this section the effect of DFO on the rate of removal of NTBI is examined in vitro in 
sera using the blocking technique developed in Chapter 3. The method described in 
Chapter 2 to measure FO concentration has also been applied in the same serum samples. 
In principle, the rate of NTBI removal should parallel the rate of FO formation and the 
concentration of FO formed should approximately equal that of the reduction in NTBI if the 
source of FO iron is derived from NTBI. However, by examining the kinetics of 
interaction of DFO with NTBI in isolated plasma, the direct interaction of DFO with this 
compartment can also be examined. In this section the effect of the serum concentration of 
DFO on NTBI removal is examined whereas FO concentration was assayed in the same 
samples using the immunoassay method as previously described in Section 2.2.

4.4.2 Experimental design and methodology

Serum samples were collected from TM patients (19-45 years old) (Table 4.1) attending 
the Out-patients Department at UCL Hospital who had not received DFO for over 48 hours. 
Because only patients who had not received DFO for over 48 hours were used, this tended 
to select patients who used DFO less regularly than ideal; this is reflected in the relatively 
high ferritin values for UCL Hospital patients, shown in Figure 4.1. These sera were 
stored at -20 °C until use. In the assay 0.5 ml of serum (2-3 weeks old) was incubated 
with 10 mM DFO solution to obtain the final concentrations of 20 and 100 |xM, then 
incubated at 37 °C for 0, 0.5, 1 , 2 , 4  and 8 hours. At the end of incubation serum was 
divided into two aliquots for FO and NTBI quantifications. For NTBI measurement, 3.6 |xl 
of 20 mM Al̂  ̂(a final concentration of 200 |iM) was added to 0.36 ml of serum, incubated 
at room temperature for 1 hour. Finally, 40 pi of 800 mM NT A solution (80 mM at final 
concentration) was added, incubated at room temperature for 30 minutes and centrifuged on 
filtration filters at 9,000 rpm (6,900g), 4 °C for 30 minutes. The ultrafiltrate was measured
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for NTBI concentration with the HPLC method as previously described in Section
2.1.2 For FO estimation, 10 }xl of serum was diluted 1:40 in 0.4 ml of 0.1% casein, then 
assayed using the cEIA method as previously described in Section 2.2.

Table 4.1 Chnical details and iron status in sera of three thalassaemia major (TM) 
patients.

Patient Diagnosis Sex Age
(yr)

SI
(pM)

TIBC
(pM)

Transferrin
saturation

(%)

Serum
ferritin

(ftg/1)

ZX TM^ M 45 32.6 38 86 2630
MJ TM^ F 19 36.5 37 99 4560
JH TM^ F 29 37.3 39 96 4300

Mean±SEM 31±8 35.5+1.5 38±1 94+4 38301605

4.4.3 Results and discussion

Similar to the previous results (Figure 4.2), the removal of NTBI was generally 
biphasic and occurred at a faster rate the higher the concentrations of DFO used. 
Approximately, 44% and 60% of NTBI were decreased after TM serum had been chelated 
with 20 and 100 |iM respectively over 4 hours.

When comparing the rates of NTBI removal with FO formation, it must be remembered 
that the FO assay procedure where DFO remains in contact with serum is 2 hours. This 
means that the first time point after zero (30 minutes) is equivalent to 2.5 hours, a time 
point at which the fast phase of NTBI removal has been completed. Bearing this in mind, it 
is important to notice that the faU in NTBI after 4 hours at 20 pM DFO is 2 pM (Figure 
4.3a) and this is approximately equal to the concentration of FO at the first time point 
equivalent to 2.5 hour incubation (1.9 pM) (Figure 4.3b). Similarly at 100 pM DFO, the 
fall in NTBI at 4 hours of approximately 3.5 pM (Figure 4.3a) is equal to the 
concentration of FO at an equivalent time point (Figure 4.3b) This is compatible with the 
FO being formed almost exclusively from NTBI with little or no contribution from
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transferrin. This is consistent with previous knowledge about the very slow rate of 
transferrin iron removal by DFO (Stefanini et al., 1991). The lack of further increases in 
FO after the initial time points (Figure 4.3b) suggests that insignificant further FO forms 
after the initial rapid phase. At 20 |iM DFO this is entirely consistent with the kinetics of 
NTBI removal, particularly as NTBI values in control serum (the same without DFO) fell 
slightly during this time. Even at 100 pM DFO there was in fact no decrease in NTBI after 
4 hours. The findings with FO formation do suggest that FO formation and NTBI removal 
had become very small after about 4 hours even at 100 pM DFO.
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Figure 4.3a Kinetics of NTBI removal by 20 and 100 pM DFO in serum of regularly 
chelated patients with TM^ (n = 3) over 8 hours. In the assay 0.5 ml of serum was 
incubated with 10 mM DFO solution to obtain the final concentrations of 20 and 100 pM 
and incubated at 37 “C for 0, 0.5, 1,2,4 and 8 hours. At the end of incubation serum was 
divided into two aliquots for FO and NTBI quantifications. For NTBI measurement 0.36 
ml of serum was added to 3.6 pi of 20 mM Af^ solution (a final concentration of 200 pM), 
then incubated at room temperature for I hour. Finally, add 40 pi of 800 mM NT A solution 
(80 pM at final concentration), incubated at room temperature for 30 minutes and 
centrifuged on filtration filters at 9,000 rpm (6,900g), 4 °C for 30 minutes. The ultrafiltrate 
was measured for NTBI concentration with the HPLC method as previously described in 
Section 2.1.2. The results obtained from three patients are shown as individual and 
combined NTBI (mean±SEM) values.
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Figure 4.3b Kinetics of FO formation during NTBI removal by 20 and 100 jiM DFO in 
serum of regularly chelated patients with TM'̂  (n = 3) over 8 hours. For FO estimation 
serum was diluted 1:40 in 0.1% casein, then assayed using the cEIA method as previously 
described in Section 2.2. The concentration of FO was shown as meardiSEM. Because 
the primary incubation of sera with DFO lasted 2 hours in order to compare the equivalent 
time points with Figure 4.3a, approximately 2 hours should be added to Figure 4.3b.

These findings are also consistent with previous clinical kinetic results (Porter et al, 
1996) that as soon as NTBI was chelated in thalassaemic serum by DFO, FO was formed 
immediately in a similar manner with respect to time and concentration dependencies. This 
suggests that even though DFO initially chelates a proportion of NTBI in the plasma 
compartment effectively, NTBI is not actually removed completely and the removal of 
NTBI in isolated plasma by DFO alone is not achievable at DFO concentrations achievable 
clinically and over infusion times used with standard sc DFO clinically.

4.5 IN  VITRO  RATES OF NTBI REMOVAL BY DFO IN SERA OF 
THALASSAEMIA MAJOR PATIENTS FROM ENGLAND AND THAILAND
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4.5.1 Rationale

.The sera examined in the above experiments were pooled from Thai TM patients and 
from TM patients in the UK in order to provide sufficient sera for each experiment. Thai 
TM patients differ from those in England because unfortunately the majority receive no 
chelation therapy because of economic circumstances. Therefore, few patients above 15-20 
years old are alive. In this study four individual patients were examined in order to give an 
indication of the interpatient variability which was not possible with pooled sera. In the 
UK, the populations are older and generally receive DFO on at least 5 nights a week. 
Poorly compliant patients may take DFO less often than this. We wanted to see whether 
there was any qualitative difference in the way in which DFO interacted with NTBI in 
patients who had DFO available to them and those who had not. We chose to compare 
NTBI removal by DFO in vitro in Thai TM patients with that seen with patients from the 
UK who had similar mean ferritin values. This meant that the UK patients examined were 
regularly chelated. In these studies individual sera of UK and Thai patients (in whom 
sufficient serum could be obtained) were examined.

4.5.2 Experimental design and methodology

Serum samples were collected from adolescent Thai thalassaemia major patients (TM) 
(13-21 years old) in Maharaj Nakom Chiang Mai Hospital, Thailand who had not received 
significant chelation therapy. Serum was also collected from regularly chelated adult 
thalassaemia major patients (TM^) (over 20 years old) attending the Out-patients 
Department at UCL Hospital. These sera were kept individually and stored at -20 °C until 
use.

In the assay 0.36 ml of serum was mixed with the 10 mM DFO stock solution to obtain 
final concentrations of 10 jiM DFO (in TM^), or 10 and 100 pM DFO (in TM) then 
incubated at 37 °C for 0, 0.5, 1 ,2 ,4  and 8 hours. All sera were less than 2-3 months old 
from the time of collection to the time of analysis. At the end of the initial incubation with 
DFO, serum was divided into one without Al̂ ,̂ and the other with Al̂ "̂  blocking by adding
3.6 pi of 20 mM Al̂  ̂solution (a final concentration of 200 pM), then incubated at room 
temperature for 1 hour. Finally, 40 pi of 800 mM NT A (80 mM at final concentration)
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solution was added, incubated at room temperature for 30 minutes and centrifuged on 
filtration filters at 9,000 rpm (6,900g), 4 °C for 30 minutes. The ultrafiltrate was analysed 
for NTBI concentration with the HPLC method as previously described in Section  
2 . 1 .2 .

Table 4.2 Clinical details and iron status in sera of thalassaemia major patients without 
(TM) and with regular chelation therapy (TM )̂.

Patient Diagnosis Sex Age

(yr)

SI
(pM)

TIBC
(pM)

Transferrin
saturation

(%)

Serum
ferritin

(lig/l)

AN(TMl) TM M 4 45.8 46 100 4970
PO (TM2) TM F 6 31.6 38 99 463
WE (TM3) TM M 9 37.6 38 99 7830
SI (TM4) TM F 12 49.9 50 100 10500

Mean+SEM - - 8+2 41.2+4.1 43+3 99+0.3 5941±2147

MO (TM^l) TM^ M 16 57.4 57 101 6045
AA (TM^2) TM'̂ M 21 39.6 40 99 5600
AC (TM^3) TM^ F 25 25.0 32 38 3310
CK (TMM) TM^ M 20 36.1 44 82 3460

Mean±SEM - - 21+2 39.5+6.7 43+5 80±15 4604+710

4.5.3 Results

The kinetics of NTBI reduction was investigated in poorly chelated sera of Thai TM 
patients who had not been significantly treated with DFO (Table 4.2).

Results in Thai patients in Figure 4.4 show that NTBI concentration decreased from 
2.25+0.29 to 0.45+0.19 pM when chelated with 10 pM DFO over 8 hours. The kinetics of
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NTBI reduction was biphasic with an initial rapid phase (K̂  = 0.75+0.19 jiM/hr) followed 
by a slow phase (Kp = 0.13+0.02 p.M/hr). At 100 |iM DFO, NTBI concentration decreased 
from 2.25+0.29 to 0.12±0.04 pM by 8 hours with an initial rapid phase (K„ = 1.23+0.27 
pM/hr) followed by a slow phase (Kp = 0.15+0.04 pM/hr). The rate of NTBI reduction 
was significantly greater with 100 pM DFO chelation than that with 10 pM DFO chelation 
(delta NTBI = 0.48 pM; p <0.05) by 1 hour at initial rapid phase but not significantly 
different (delta NTBI = 0.02 pM) at slow phase.
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Figure 4.4 Kinetics of removal of NTBI by 10 and 100 pM DFO in sera of four Thai TM 
patients. In the assay 0.36 ml of serum of Thai TM patients who have never been chelated 
was incubated with DFO solution to obtain the final concentrations of 10 and 100 pM and 
incubated at 37 “C for 0, 0.5, 1 , 2 , 4  and 8 hours. At the end of incubation serum was 
divided for one without and the other with Al̂ "̂  blocking by adding 3.6 pi of 20 mM 
Al̂ "" solution (a final concentration of 200 pM), then incubated at room temperature for 1 
hour. Finally, 40 pi of 800 mM NTA solution was added, incubated at room temperature 
for 30 minutes and centrifuged on filtration filters at 9,000 rpm (6,900g), 4 °C for 30 
minutes. The ultrafiltrate was measured for NTBI concentration with the HPLC method as 
previously described in Section 2.1.2. The results obtained from four patients are shown 
as mean±SEM.
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The rate of NTBI removal was also investigated in serum of 4 UK patients (TM^). 
Figure 4.5 shows that NTBI concentration decreased from 3.37±0.60 to 1.06±0.52 pM 
with 10 pM DFO chelation by 8 hours with an initial rapid phase (K„ = 1.45±0.46 pM/hr) 
followed by a slow phase (Kp = 0.11±0.03 pM/hr).

W e ll-c h e la te d  TM

+10 HM DFO

4 TMM
• TM--2
□ T M ^
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Time (Hour)

Figure 4.5 Kinetics of removal of NTBI by 10 pM DFO in serum of four UK TM'̂  
patients over 8 hours. In the assay 0.36 ml of serum was incubated with 3.6 pi of 10 mM 
DFO solution to obtain the final concentration of 10 pM and incubated at 37 °C for 0, 0.5,
1 . 2 . 4  and 8 hours. At the end of incubation 3.6 pi of 20 mM solution (a final 
concentration of 200 pM) was added to the serum, then incubated at room temperature for 
1 hour. Finally, 40 pi of 800 mM NTA solution (80 mM at final concentration) was added, 
incubated at room temperature for 30 minutes and centrifuged on filtration filters at 9,000 
rpm (6,900g), 4 °C for 30 minutes. The ultrafiltrate was measured for NTBI concentration 
with the HPLC method as previously described in Section 2.1.2. The results obtained 
from four patients are shown as individual and combined NTBI (mean+SEM) values.

4.5.4 Discussion

These results show no qualitative differences of NTBI removal by DFO in the plasma 
compartment of UK and Thai patients with thalassaemia major in that both groups of
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patients who had a biphasic response to DFO. The value of 1.45 |iiM/hr in the UK TM  ̂
patients is about twice that of the TI patients, 0.75 |LiM/hr. The number of patients in this 
study are small and the spread of values quite wide, making statistical comparisons 
questionable. However, if these quantitative differences were reproduced in larger numbers 
of patients, this would suggest that the fraction of NTBI available for rapid chelation is 
greater in patients who receive reasonably regular chelation therapy. The slow phase 
chelation in UK TM  ̂ patients (Kp = O.llpM/hr) is essentially the same as in the Thai 
patients (Kp = 0.13 pM/hr) suggesting that once the rapidly chelated pool has been 
removed, there is no relevant difference in the rate of the slower phase. It would be 
anticipated that these results are consistent with there being a biphasic response in both 
groups of patients but suggest that patients who receive chelation therapy may have a 
higher proportion of removable NTBI than those who do not. Larger number of patients 
will be required to confirm this finding statistically. However, it is clear that there is 
considerable overlap in the rate at which NTBI is removed in the UK and Thai patients 
examined. It would be of interest to examine the rate of NTBI removal in well chelated UK 
patients on 6 days per week therapy with ferritin value of 1,000 pg/L or less, to see 
whether the proportion of rapidly removable NTBI was greater than in the relatively poorly 
treated patients investigated here.

4.6 RATE OF NTBI REMOVAL IN THALASSAEMIA INTERMEDIA

4.6.1 Rationale

Previous findings in TI patients (Porter et al., 1996) treated with a continuous /v DFO 
infusion showed that NTBI was removed significantly more slowly in TI than TM. There 
are many reasons why this might be the case. During iv administration of DFO the kinetics 
of NTBI removal may not be dependent on interaction of DFO with NTBI in the plasma 
compartment alone; rates of iron release from macrophages and iron uptake in the hver and 
other cells may influence the kinetics. However, by examining the kinetics of interaction of 
DFO with NTBI in isolated plasma, the direct interaction of DFO with this compartment 
can be examined to determine whether there is a fundamental difference in the nature of the 
interaction of DFO with NTBI in isolated plasma between TI and TM patients.
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4.6.2 EXPERIMENTAL DESIGN AND METHODOLOGY

Serum samples were collected from TI patients (23-44 years old) (Table 4.3) attending 
tlie Out-patient department at UCL Hospital. These sera were stored at -20 °C until use.

In the assay 0.36 ml of serum (2-3 months old) was incubated with DFO solution to 
obtain the final concentrations of 10 and 100 |oM, then incubated at 37 “C for 0, 0.5, 1, 2,  
4 and 8 hours. At the end of incubation serum was divided into one without Al̂ "̂ , and the 
other with A\^ blocking by adding 3.6 \i\ of 20 mM Al̂  ̂ solution (a final concentration of 
200 |XM), then incubated at room temperature for 1 hour. Finally, 40 [i\ of 800 mM NTA 
solution (80 mM at final concentration) was added, incubated at room temperature for 30 
minutes and centrifuged on filtration filters at 9,000 rpm (6,900g), 4 °C for 30 minutes. 
The ultrafiltrate was measured for NTBI concentration with the HPLC method as 
previously described in Section 2.1.2.

Table 4.3 Clinical details and iron status in sera of four thalassaemia intermedia (TI) 
patients.

Patient Diagnosis Sex Age

(yr)

SI
(pM)

TIBC
(pM)

Transferrin
saturation

(%)

Serum
ferritin

(ltg/1)

GN (Til) TI F 23 35.0 35.0 100 356
MI(TI2) TI M 29 39.8 40.0 100 507
BG (TI3) TI F 44 34.8 35 99 2220
SS (TI4) TI M 31 31.2 31 101 1180

Mean+SEM 32+4 35.2+1.8 35.3+1.8 100+0 1066+424

4.6.3 Results and discussion

In sera of patients with TI, NTBI concentration was reduced from 2.40+0.19 to 
0.91+0.31 pM with 10 pM DFO by 8 hours showing an initial rapid phase (K„ = 
1.22+0.26 pM/hr) and subsequent slow phase (Kg = 0.10±0.03 pM/hr). When those sera 
were chelated with 100 pM DFO, NTBI concentration was reduced from 2.40+0.19 to
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0.16+0.27 |iM by 8 hours reduced from 2.40+0.19 to 0.91+0.31 |iM with 10 }iM DFO by 
8 hours with an initial rapid phase (K̂  = 1.70±0.15 jiM/hr) and subsequent slow phase (Kp 
= 0.08+0.01 |iM/hr). Removal of NTBI by DFO in sera of TI patients was time- and 
concentration-dependent. A larger amount of NTBI was removed by 100 pM than 10 pM 
DFO and this difference was attributable to the fast phase of NTBI removal.

CD
I -
z

+ 10 pM DFO + 100 nM DFO

A Til

□  TI2 

O 113 
•  TI4

□  TI2 
O TI3 

•  TI4

■  Mean±SEM■  M cantSEM

0 - -

0 1 2 3 4 5 6 7 8

Time (Hours)

Figure 4.6 Kinetics of removal of NTBI by 10 and 100 pM DFO in serum of four 
patients with TM over 8 hours. In the assay 0.36 ml of serum was incubated with 3.6 pi of 
DFO solution to obtain final concentrations of 10 and 100 pM and incubated at 37 “C for 0, 
0.5, 1, 2, 4 and 8 hours. At the end of incubation 3.6 pi of 20 mM Af"̂  solution (a final 
concentration of 200 pM) was added to the serum, then incubated at room temperature for 
1 hour. Finally, 40 pi of 800 mM NTA solution (80 mM at final concentration) was added, 
incubated at room temperature for 30 minutes and centrifuged on filtration filters at 9,000 
rpm (6,900g), 4 °C for 30 minutes. The ultrafiltrate was measured for NTBI concentration 
with the HPLC method as previously described in Section 2.1.2. The results obtained 
from four patients are shown as individual and combined NTBI (mean+SEM) values.
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These findings show similar Kp kinetics to the TM patients and the K„ in Thai TM 
patients does not differ significantly from that seen in UK TM^ patients. Although the 
number of patients are small, these findings suggest that the slower rate of NTBI removal 
observed in a previous study (Porter et ah, 1996) are unlikely to be due to a fundamental 
difference in the nature of NTBI between TI and TM and are more likely to reflect 
differences in iron turnover within the plasma compartment, being higher in TI patients.

4.7 CONCLUSION

The biphasic kinetics of NTBI removal seen with DFO in this isolated plasma 
compartment model are similar to those seen with previous studies with iv DFO in 
thalassaemia patients (Porter et al., 1996). This is perhaps surprising because in that 
previous study, no blocking technique was used. It has been shown in Figure 4.1 that 
when DFO was added directly to serum at a final concentrations of 10 pM without Al̂  ̂
blocking, that NTBI was completely and immediately removed by a process which had 
been shown to be shuttling in Chapter 3. This would suggest that httle or no DFO was 
available during the clinical studies to take part in the shuttling process. This could be 
because a high proportion of DFO was in fact FO, or because unbound DFO in the samples 
where NTBI was measured had not been stabilised (unlike those taken for DFO 
measurement) and that this had been degraded prior to the NTBI assay. Indeed previous 
studies (Patty Lee PhD thesis, London University 1994, page 80) show that after 1 month 
storage at -20 °C about 20% of DFO was destroyed by hydrolysis. Furthermore, DFO in 
serum samples stored at 37 °C will be hydrolysed by about 25% by 3 hours. This could 
affect the kinetics of NTBI removal to a small degree in vitro by reducing the DFO 
concentration from 10 pM to about 6-7 p.M. This is more likely to affect results in clinical 
samples where DFO may be at lower values (e.g. 5 pM) prior to hydrolysis taking place. 
Furthermore, the rate of hydrolysis of DFO may be even faster in thalassaemic sera. Data 
reported by Lee (Lee P, Ph.D. thesis. University of London, 1994, page 81) obtained from 
studies by Professor M. Pippard suggest that in iron overload serum DFO concentration 
may fall by nearly 50% (from 20.4 to 12.9pM) over 1 month in strorage at -20 °C. The 
findings in this chapter suggested that it would be necessary to re-examine the kinetics of 
NTBI removal in vivo in samples where Al^ had been added to avoid any residual 
shuttling from any stable DFO that remained during storage of serum samples during 
freezing. This is one of the key goals of Chapter 5.
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CHAPTER 5

CLINICAL STUDIES ON THE EFFECTS OF DIFFERENT 

REGIMENS OF DESFERRIOXAMINE ADMINISTRATION ON 

NTBI REMOVAL IN IRON OVERLOADED PATIENTS

5.1 INTRODUCTION

In this chapter, the interaction of DFO with NTBI is investigated in patients receiving 
DFO so as to clarify how regimes of DFO administration can be designed to remove NTBI 
most effectively. In Chapter 1, a review of DFO use was given, as well as current ideas 
about the interaction of DFO with NTBI in vivo. In Chapter 1, the possible sites of action 
of DFO with iron pools within the body were also discussed. It was clear from this 
information that chelatable iron, whether it be intracellular or extracellular, is finite at any 
point in time because chelators have only slow access to certain iron pools such as ferritin.

In the work described in this chapter, the removal of NTBI by a variety of DFO chelation 
treatments in iron-overloaded patients is investigated. Firstly the removal of NTBI by HES- 
DFO administered by single iv infusion in patients with thalassaemia and Diamond- 
Blackfan (DB) anaemia is described; this being the first regimen studied during the work on 
this thesis. Secondly, the rate of NTBI removal in plasma of patients with TM and TI given 
by an iv DFO infusion continuously over 24 hours is investigated, using the modified 
aluminium blocking technique for NTBI measurement, developed and described in 
Chapter 3. Thirdly, NTBI removal by DFO administered by a conventional sc infusion 
over 8-10 hours is compared with single-dose sc bolus injection in transfusion-dependent 
patients with TM. In a supplementary study, the effects are studied with two bolus sc 
injections given 12 hours apart. Finally the effect of a novel preparation of depot DFO is 
compared with the effect a standard 8 hour sc infusion of DFO in patients with TM.

Before this work is described, a brief review of the limitations of current standard DFO is 
given, followed by a review of the current state of knowledge about alternative regimens 
for DFO usage.
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5.2 NEW APPROACHES TO IMPROVING CHELATION EFFICIENCY BY 
MODIFYING PHARMACOKINETICS AND PHARMACODYNAMICS OF 
DFO

5.2.1 Limitations and uncertainties concerning conventional DFO infusions

At present, DFO is the only iron-chelating agent with worldwide approval for firstline 
clinical use to treat iron overload. Because of its lability and poor absorption from the 
gastrointestinal tract, DFO can not be given orally, so only the parenteral administration is 
possible. Subcutaneous (sc) infusion of DFO has now been used to reduce the body iron 
burden effectively for over twenty years. Despite the extension of survival observed in 
many DFO-treated patients (Giardina and Grady, 1995; Gabutti and Piga, 1996), many of 
them still develop iron-induced complications, and express poor compliance with sc 
infusions of DFO (Tamary et al., 1994). Poor comphance with chelation therapy is a 
serious problem, leading to earlier death than in patients who comply well with treatment. 
Teenagers often refuse the continual need for treatment, and young adults with jobs, active 
social lives and families, find it hard to the time to prepare and deliver their treatments.

Alternative DFO chelation programs are necessary for poorly compliant patients in an 
effort to find a solution to this problem. External non-electronic pumps, with light weight 
and disposable drug dehvery systems have used been recently to infuse DFO solutions in 
volumes 40 ml of water given over 12-24 hours (CianciuUi et al., 1996; Lombardo et al., 
1996). Compared with conventional peristaltic electronic pumps, many patients prefer the 
ready made DFO in disposable pumps. Numerous types of portable infusion pumps are 
now available, most of which can be strapped to the body in such a way to permit full 
freedom of movement. In addition continuous iv DFO infusions using slow infusion

pumps attached to an implantable port (called Portacatch™) are being recommended to save 
patients with serious cardiomyopathy related to iron overload or with local adverse 
reactions to DFO (Davis and Porter, 2000).

The infusion of DFO, either as an 8-12 hours sc infusion using a pump device has been 
adopted as standard therapy for DFO. The dosages recommended for infusion have been 
arrived at by trial and error and reflect a balance between the wish to maximise iron 
excretion and the risks of DFO induced toxicity. Unwanted effects ranging from allergies, 
problems of pain, itching and swelling at the infusion site to more severe toxicities 
described
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in Chapter 1 such as toxicity to ears, eyes, bone and effects on growth. It seems clear that 
the risk of DFO induced toxicity increases as the dose given increases (Silliman et al., 
1993; Giardina and Grady, 1995; Levine et al., 1997) and in patients with less iron 
overload (Singh et al., 1995; Gabutti and Piga, 1996). Children and adolescents who are 
still growing are at most risk from the adverse effects of DFO on growth as well as the 
effects on bone (Olivieri et al., 1992; De Sanctis et al., 1996; Naves Diaz et al., 1998). The 
risks of toxicity can be minimised by not exceeding 40 mg/kg/day before growth has 
ceased, and by reducing the dose of DFO as the degree of iron loading decreases (Giardina 
and Grady, 1995).

Less attention has been given to the effect of different durations of DFO infusions on 
decreasing the toxicity of iron. Although it is clear that DFO, when taken at least 5 times a 
week at recommended doses, will make the risk of death from iron induced heart disease 
very small, up to and in all likelihood beyond the age of 40 years (Giardina and Grady, 
1995), a large proportion of patients with thalassaemia who have been well transfused and 
chelated still fail to grow and develop full sexual fertility (Bronspiegel-Weintrob et al., 
1990; De Sanctis et al., 1996). This is in spite of the fact that doses of DFO are given 
which cannot be increased further without the risk of increased DFO toxicity. One reason 
for this is that the pituitary gland appears to be very sensitive to the effects of increased iron 
loading (Atkin et al., 1996). Another possible, though unproven, reason is that NTBI is 
present in most of these patients during the 16 hour during the day when DFO is not being 
infused. Indeed it was recently shown (Porter et al., 1996) that DFO is present in the 
plasma of patients, even those with ferritin values below 1,000 |ig/l (a level which has been 
recommended as a realistic target value), within minutes of stopping iv DFO infusion.

If better ways of administering DFO could be devised, it might be possible to clear NTBI 
for a longer proportion of the day and therefore decrease toxicity from iron. However, this 
hypothesis has not been tested and a goal of the work undertaken in this chapter has been to 
examine how different infusion regimens or different preparations of DFO might influence 
the extent and duration of NTBI removal by DFO.

5.2.2 Alternative approaches for use of DFO

Alternative approaches to a conventional DFO therapy include a single sc bolus injection.
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twice-daily sc injections (Borgna-Pignatti et al., 1997), continuously iv infusion (Porter et 
al., 1996; Davis and Porter, 2000) and recently single dose depot (Porter et al., 1998). 
Since DFO has a short half-life (20 minutes) in plasma, new formulations of DFO such as 
hydroxyethyl starch-desferrioxamine (HES-DFO) and desferrioxamine decane sulfonate 
(CGH 749B) have been modified to prolong its chelation activity.

It was shown that an iv infusion of HES-DFO (approximately 50 or 85 mg/kg body 
weight) in TM patients induced UIE equal to that achieved during 3 day sc infusion of 
DFO, and that achieved during 7 day sc DFO administration in some patients (Olivieri et 
al., 1996).

In an attempt to remove the need for a pump infusion system, several workers have 
investigated the efficacy of twice-daily sc bolus injections of DFO. Single im bolus 
injections were administered in early clinical studies of DFO but these were found to be 
generally less effective at inducing UIE than longer infusions of DFO either intravenously 
(Propper et al., 1976) or subcutaneously (Propper et al., 1977; Pippard, 1989). More 
recently there has been interest in sc bolus injections of DFO. Preliminary studies show 
that twice-daily bolus injections, administered at the same total dose as with an 8 hour 
single infusion produced similar UIE to the infusion (Borgna-Pignatti and Cohen, 1997; 
Gregorio et al., 1997). Such a regimen may provide an alternative to prolonged infusions 
and free from sc pumps, and can improve their comphance to the chelation therapy. It is 
not known whether such a bolus regimen is as effective at inducing faecal iron excretion as 
the infusion, which is known to induce about half the iron excretion by the faecal route 
(Pippard et al., 1982). Furthermore, it is not clear whether the predicted shorter plasma 
residency time using bolus injections would result in a shorter duration of NTBI removal 
compared with the 8 hours sc infusion. Such studies are indicated and the latter question is 
addressed in this chapter.

5.2.3 Polymeric form of DFO

A class of high MW iron chelators has been synthesized by covalently attaching DFO, by 
its amino group, to some biocompatible polymers such as dextran or hydroxyethyl-starch 
(HES) (Hallaway et al., 1989). These DFO-polymer conjugates have longer plasma half- 
lives and, because they remain in the plasma compartment due to their high MW, would be
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predicted to have lower CNS and bone toxicity from than unmodified DFO. Presumably, 
plasma residency times can be further modified by altering the size or charge of the polymer 
backbone. Dextran with MW of 40 or 70 kD, and HES with MW ranged from 15 to 200 
kD have been used to covalently attach to DFO molecule.

Hallaway et al. (1989) demonstrated that the LD50 in mice (based on DFO equivalents) is 
approximately 4,000 mg/kg for dextran-DFO as compared to 250 mg/kg for normal DFO; 
consistently, iv administration of the conjugates in dogs at a dose of 100 mg/kg did not 
cause the severe hypotension. The half-lives of the conjugates in plasma of Swiss-Webster 
mice were increased 10-15 times for dextran-DFO (T,/2 = 67 minutes) and HES-DFO (T,,, 
= 84 minutes) compared to the free DFO (T,/2= 5.5 minutes). Most importantly, the HES- 
DFO conjugate is fully effective in mediating in vivo iron mobilisation and excretion in 
hypertransfused mice (Hallaway et al., 1989).

The effects of HES-DFO on myocardial functional recovery following coronary 
occlusion and reperfusion was investigated in dogs. The result showed that HES-DFO 
significantly improved the percent segment shortening in the ischaemic-reperfused 
myocardial region; nevertheless, iron-saturated HES-DFO (HES-FO) and DFO had no 
effect as compared to the saline-treated group. Therefore, HES-DFO may be effective in 
enhancing the recovery of regional wall motion in stunned myocardium, possibly by its 
iron chelating characteristics (Maruyama et al., 1991). Investigation of efficacy and safety 
of HES-DFO showed that HES-DFO conjugate was a slightly more potent inhibitor of lipid 
peroxidation in vitro in rat cardiac membrane as compared with DFO, and this conjugate 
given at equivalent doses to DFO resulted in much greater recovery of regional myocardial 
function as compared with DFO-treated animals. Therefore, conjugating DFO to HES may 
represent an effective way to maintain the chelator in the vascular space resulting in 
eliminating any deleterious haemodynamic effects of DFO (Mousa et al., 1992).

It was shown that pre-treatment with HES-DFO improved recovery of the neural retina 
after ischaemia-reperfusion and also maintained the integrity of the blood-retinal barrier 
(BRB) in cats, possibly by scavenging of iron in the intravascular space at the BRB 
interface, thus limiting the catalysis of free radical production via Fenton chemistry 
(Gehlbach and Purple, 1994). Pretreatment with HES-DFO greatly protected cultured rat
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renal cells against lethal cell injury, possibly by depriving of iron released extracellularly 
during hypoxia/reoxygenation which was available to catalyse hydroxyl radical formation 
and lipid peroxidation (Palier and Hedlund, 1994).

Another study documented that combined treatment with HES-DFO and antibody against 
the transferrin receptor on mouse 38C13 tumor completely inhibited the initial tumour 
growth both in vitro and in vivo. The antibody was capable of causing regression of 
established tumors and the effect was further enhanced by HES-DFO as the iron-depriving 
agent (Kemp et al., 1995).

5.2.4 Depot DFO formulation

Because of the potential advantages of continuous treatment, where plasma 
concentrations of iron chelator are kept at a constant level, and because of the variable 
comphance with standard sc therapy, a new approach using a slow-release depot 
formulation of DFO (CGH749B) has been recently developed by Novartis Pharmaceuticals 
Company.

CGH749B (C25Ĥ gOgNg#C]oH2,S03H, MW = 783.03) is the decane sulphonate salt of 
DFO, which has greater lipid solubility than the standard mesylate salt. This is formulated 
as a suspension in mygliol (171.8 mg/ml), an oil which has previously been used in a 
number of other depot preparations. This formulation results in a slow release of DFO 
from the oily sc depot over several days; but the DFO released into plasma has the same 
structure as with standard sc infusions. The results from animal study showed that 
cumulative iron excretion in bile duct canulated rats was higher by CGH749B than by DFO 
(Alberti et al., 1997).

In clinical studies, following single sc bolus injections of this formulation to TM 
patients, semm levels of dmg and UIE are sustained over a period of time (Porter et al, 
1998b). There was significantly prolonged release of DFO from CGH749B (Tj/j = 36.3 
hours) compared with the same patients receiving standard DFO (terminal ehmination T ,/2 
= 7.59 hours). Chelation efficacy based on UIE was significantly higher with CGH749B 
than following standard DFO. Unlike standard DFO, metabolites of CGH749B were 
undetectable: probably less dmg was available for metabolism because of the higher 
chelation efficacy. UIE with CGH749B relative to standard DFO was linearly related to the
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dose. A depot dose of approximately 7.5 mg/kg promoted UEE equivalent to that produced 
by an 8 hour sc infusion of 40 mg/kg (Porter et al., 1997; 1998b). Cumulative UIE 
plateaued at 24-48 hours after the start of an 8 hours infusion of standard DFO, whereas 
UIE continued after a single sc bolus of CGH749B for 72-144 hours. Total UIE with 
CGH749B (6.7 mg/kg) was about equivalent to that with standard DFO (40 mg/kg).

These findings suggested that steady-state plasma concentrations will be obtained 
following approximately 14 daily doses of CGH749B. The purpose of the study described 
in this thesis was to determine the chelation efficacy and tolerability of the depot 
formulation, compared with the standard mesylate salt of DFO (at conventional doses), in 
regularly chelated patients with TM. Several indicators such as reductions in serum ferritin 
and NTBI, urine and faecal iron excretion were also measured to evaluate the chelating 
efficiency of CGH749B.

5.2.5 Combined therapy of DFO with the oral chelator deferiprone (LI)

Previous studies showed that DFP taken at the usual daily dose of 75 mg/kg was unable 
to maintain body iron stores in some (30-50%) of transfusion-dependent patients, at a level 
considered safe from risk of cardiomyopathy due to iron overload (Olivieri et al., 1995; 
Hoffbrand et al., 1998). Studies on NTBI however suggested that this drug might have a 
beneficial effect on NTBI levels (Al-Rafaie et al., 1992). As discussed previously, DFO 
given by sc infusion 5 times a week minimum at 30-50 mg/kg induced iron balance. With 
respect to NTBI, DFO given alone by iv infusion at the usual dose (40-50 mg/kg) lowers 
NTBI concentration in serum of thalassaemia patients, but NTBI reappears rapidly on 
cessation of DFO infusion (Porter et al., 1996). These findings suggest that a conventional 
treatment with DFP or DFO alone may be inadequate to completely clear serum NTBI and 
that DFP alone is inadequate to reduce iron stores to safe levels in a significant proportion 
of patients. Recently, Wonke et al. (1998) have evaluated whether an increasing dose of 
DFP and/or combination therapy with DFP and DFO could be safe and effectively lower 
iron stores in transfusion-dependent patients. However the effect on NTBI of this 
combination is unknown.

5.2.6 Combined use of DFO with vitamin C
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Vitamin C is known to increase UIE when given in conjunction with DFO chelation. 
Patients with iron overload often become vitamin C deficient, probably because iron 
catalyzes the oxidation of vitamin C. Supplements of vitamin C increases UIE in iron- 
overloaded patients receiving DFO treatment (Wapnick et al., 1969; Pippard et al., 1978a). 
Vitamin C increases the availability of iron and subsequently may increase its toxicity if 
large doses are not taken simultaneously with DFO infusion. As an adjuvant to chelation 
therapy, vitamin C in doses 5 to 200 mg/day may be given in divided doses, starting after 
an initial month of regular treatment with DFO. Unfortunately, impairment of cardiac 
function appeared in some patients with severe chronic iron overload following 
concomitant treatment with DFO and high doses of vitamin C (more than 500 mg daily) but 
was reversible after cessation of vitamin C supplement (Henry and Neinhuis, 1977). 
Monitoring of cardiac function is advisable during such combined therapy. Vitamin C 
doses in excess of 2-3 mg/kg are not recommended and it advised that this be given only 
immediately prior to or during DFO infusion.

5.3 KINETICS OF REMOVAL OF NTBI BY A SINGLE IN TR A VE N O U S  
INFUSION OF HES-DFO

5.3.1 Study design and rationale

The design principle of the HES-DFO molecule has been described previously in 
Section 5.2.3. It is reasoned that by giving an iv bolus with a long plasma residency, 
that NTBI can be removed because of this prolonged residency in the plasma. Each 
molecule of HES-DFO has similar iron affinity and specificity but longer vascular 
retention, than does unmodified DFO. Therefore, there is in principle an increased potential 
for this molecule to bind iron in the plasma compartment. However, because at the time of 
doing the study, little was known about the pharmacology of the HES-DFO, it was decided 
to examine what happened to NTBI as the HES-DFO molcule became increasingly 
saturated with iron. One possibility is that once the HES-DFO molecule is saturated with 
iron and begins to be broken down, that a large amount of free iron could be released into 
the plasma compartment, leading to high levels of measured NTBI. This could be harmful 
and therefore it was decided to examine whether this occurred.

Previous studies had shown that no serious unwanted clinical effects were observed in
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normal subjects treated with a 4 hours iv infusion of HES-DFO at doses equivalent to 
approximately 100 mg DFO per kg body weight (Hallaway et al., 1989). Therefore, it was 
decided to assess the efficacy and safety of a single infusion of this compound in five TM 
and three Diamond-Blackfan (DB) patients at different doses of HES-DFO (approximately 
30, 300 and 500 mg/kg body weight equal to 5.1, 51.2 and 85.3 mg DFO equivalent/kg 
respectively). The five TM and three DB patients were recmited for the study from the 
Hospital of Sick Children Toronto, by Professor Nancy F Olivieri, local ethical committee 
approval (Institutional Review Board, IRB) having been obtained.

A single iv infusion of HES-DFO (Table 5.1) was given over 1 hour at the beginning 
of study. Blood samples were collected before and during an iv infusion of HES-DFO for 
measuring NTBI concentration, biochemical and haematological parameters as necessary. 
Blood samples were taken at 0, 1 ,4 , 12 and 24 hours and then daily for 7 days for 
measurement of NTBI.

5.3.2 Patients and methodology

The HES-DFO conjugate was supplied by Biomedical Frontiers, Inc. (Minneapolis, 
USA) as a 10% solution (w/v) in physiological saline in which the chelator concentration 
was 26 mM. The MW of the conjugate ranged from 15 to 200 kD. 17% (w/v) of the 
conjugate weight is chelator. A 10% solution of HES without chelator was also provided as 
a control. Regarding stability, the drug used in this trial is stable for over a year under 
refrigeration in 0.9% NaCl solution. In clinical samples, this free ligand is stable for at least 
3 months frozen at -20 °C (personal communication with Dragsten P). DFO was purchased 
from Ciba-Geigy and prepared in sterile PBS. Patient details are given in Table 5.1. 
Serum ferritin level ranged 1,838-7,164 jig/1 in TM patients and 978-3,318 |ig/l in DB 
patients.

Blood samples were obtained at various times before and after infusion, then centrifuged 
at l,000g for 10 minutes and the resulting semm was stored at -80 °C for later analysis. 
The concentrations of Hb and semm ferritin were analysed locally in the Hospital of Sick 
Children, Toronto. Frozen sera, 3-4 months old, for NTBI assay were transported in dry- 
icc and stored at -20 ®C for further analysis in the Department of Haematology, UCL using 
the HPLC method as previously described in Section 2 .1 .2 . The Al̂  ̂blocking method 
was not used because at the time of the study, the method has not been validated.
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Table 5.1 The clinical information including age, weight, doses of HES-DFO, Hb level 
and serum ferritin concentration in eight iron-overloaded patients.

Patient Age
(yr)

Weight
(kg)

HES-DFO dose 
(mg DFO equivalent/kg)

Serum ferritin 
(ltg/1)

Hb
(g/dl)

TMl 15 53.0 51.2 1838 12.9
TM2 22 53.2 51.2 1884 12.0
TM3 20 72.0 51.2 4120 10.5

Mean±SEM 19±2 59.4±6.3 51.2 2614+753 11.810.7

TM4 17 47.3 5.12 3946 12.8
TM5 27 57.8 85.3 7164 10.3

DBl 17 52.6 85.3 1058 13.3
DB2 19 51.8 85.3 978 13.6
DB3 20 63.2 85.3 3318 14.1

Mean±SEM 19±1 55.9±3.7 85.3 17851767 13.710.2

5.3.3 Results

The results for removal of NTBI in 3 patients with TM (Figure 5.1) and 3 patients with 
DB (Figure 5.2) are shown below, following a 1-hour infusion of HES-DFO at a dose 
equivalent to 51.2 mg DFO/kg. Figure 5.3 shows the dose response at HES-DFO doses 
equivalent to 5.12, 51.2 and 85.3 mg DFO/kg respectively.

UIE (measured at Toronto Hospital for Sick Children) showed that the iv infusion of 
HES-DFO (51.2 mg/kg DFO equivalent) induced UIE at 23 mg/week and 28 mg/week in 
TMl and TM3 patients, and at 96 mg/week in TM5 patient (dose = 85.3 mg/kg DFO
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equivalent). Cumulative UIE for 7 days was approximately four-times higher in the TM5 
patient than in DB patients induced by iv HES-DFO infusion at equal doses of HES-DFO 
(85.3 mg/kg DFO equivalent). Cumulative UIE was almost equal in all DB patients 
administered with iv infusion of HES-DFO (85.3 mg/kg DFO equivalent). UIE was 
measured between day 0 and day 7 and the kinetics of iron excretion showed that excretion 
began from day 1 and that the rate was fastest between day 0 and day 5 after which the rate 
slowed. The endpoint of UIE had clearly not been reached at days however.
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Figure 5.1 Removal and reappearance of NTBI in serum of patients with TM following a 
single iv infusion of HES-DFO. Three TM patients received a single iv infusion of HES- 
DFO given over 1 hour (equivalent to 51.2 mg DFO/kg) and were followed over 7 days. 
The data shown are the individual and combined (mean±SEM, n = 3) NTBI values.
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Figure 5.2 Removal and reappearance of NTBI in serum of patients with DB given by 
single iv infusion of HES-DFO. Three DB patients received a single iv infusion of HES- 
DFO (equivalent to 85.3 mg DFO/kg) over 1 hour and NTBI levels followed over 7 days. 
The data are shown as individual and combined (Mean±SEM, n = 3) NTBI values.
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Figure 5.3 The effect of varying doses of HES-DFO on NTBI removal and reappearance 
in serum of five TM patients over 4 days following a 1 hour iv infusion of HES-DFO. The 
data obtained from TM2 and TM8 are shown as average NTBI values of duplicate 
experiments, and those from TMl, TM3, TM4 are shown as mean±SEM.
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The total SI (SI concentration multiplied by assumed plasma volumes) were calculated by 
Olivieri and coworkers (Olivieri et al., 1996) and showed that levels increased after dosing 
with HES-DFO infusion from baseline levels of about 5 mg of iron to between 40 and 80 
mg of total SI, and then declined in parallel with the serum HES-DFO level (data not 
shown). At 85.3 mg/kg of HES-DFO, the maximum SI was generally achieved at days 5-7 
(in DBl, DB2 and DB3) and decreased thereafter and had not reached baseline levels by 
day 30. These kinetics are in marked contrast to our observed NTBI values which fell from 
day 1 though to day 4 in these same patients but rebounded to above baseline levels by day 
4.

In general, a single infusion of HES-DFO reduced serum NTBI to zero or very low 
concentrations for 12 to 96 hours after dosing HES-DFO. The semm HES-FO levels at 48 
hours post-infusion range from 300 to 1,000 pM (Ohvieri et al., 1996). NTBI was 
observed to rise quickly above levels determined at baseline in all patients, and much 
sooner in TM2 patient after stopping infusion.

The rate of removal of NTBI in TMl, TM3 and TM4 patients by iv infusion of HES- 
DFO at 51.2 mg DFO equivalent/kg was immediate, using the conventional NTBI assay 
without Al̂ + blocking, being complete within 1 hour. Kinetic analysis (Figure 5.1) 
shows that the NTBI reduction by HES-DFO is immediate and similar to that by DFO. The 
rate of NTBI removal is slightly slower with iv HES-DFO infusion (K«= 1.40±0.28 
pM/hr, Kp = 0.10+0.10 pM/hr) than previously reported using similar method with iv 
DFO infusion (K« = 1.58±0.20 pM/hr, Kp = 0.47±0.09 pM/hr) (Porter et al., 1996). At 
this concentration, HES-DFO was able to maintain the NTBI level marginally below 0 pM 
at least for 24 hours, then NTBI began to reappear and increased progressively from day 2 
to day 7. Apparently, NTBI concentration in serum of all these TM patients on day 7 were 
higher than pre-study concentration.

Even though HES-DFO was used at three different doses (5.12, 51.2 and 85.3 mg DFO 
equivalent/kg), the initial decrease in NTBI did not appear to be concentration-dependent in 
the TM patients. NTBI was cleared completely by 1 hour at all concentrations following 
HES-DFO administration (Figure 5.3). However, NTBI reappeared and increased 
rapidly in serum of the patient administered by HES-DFO at 5.12 mg DFO equivalent/kg, 
and
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finally seemed to be stable from day 1 until day 4. NTBI was absent from serum for 24 
hours in the two patients given 51.2 and 85.3 mg DFO equivalent/kg, and was 
subsequently detectable at 48 hours following the initial infusion.

The removal of NTBI in three DB patients by iv infusion of HES-DFO at 85.3 mg/kg 
DFO equivalent was also complete within 1 hour. Kinetic analysis (Figure 5.2) shows 
that the NTBI reduction by iv HES-DFO infusion (85.3 mg DFO equivalent/kg) is in a 
monophasic manner with only initial rapid phase (K«= 3.11+1.39 pM/hr). NTBI remained 
negative till 24 hours post-infusion and subsequently present in serum. By contrast, initial 
rapid phase of NTBI reduction by HES-DFO was approximately two-fold greater in serum 
of DB patients (at the higher dose of 85.3 mg/kg) than in serum of TM patients at 5.12 
mg/kg.

5.3.4 Discussion

Two aspects of the findings require careful consideration; firstly, the significance of the 
kinetics of NTBI removal, bearing in mind that an Al̂  ̂blocking step was not used in this 
study; secondly, the significance of the apparent rebound in serum NTBI levels.

The blocking technique was not used in this study because it had yet to be fully 
developed. Therefore it is likely that in the presence of NT A, during the NTBI assay 
procedure, that iron will have been shuttled onto the free iron binding sites of the HES- 
DFO by the NT A. Thus the apparent rate of NTBI removal may overestimate the true rate 
of NTBI removal by the HES-DFO. For shutthng to occur on these stored samples, it is 
necessary that iron free HES-DFO is stable in plasma at -70 °C, so it is unlikely that major 
metabolism or chemical instability was manifested in vitro during the 3-4 months of 
sample storage. Without employing the Al̂ "̂  blocking step, it is not possible to be sure 
about the true kinetics of NTBI removal by HES-DFO. What is more clear however is that 
when all the iron binding sites of HES-DFO are saturated, then in vitro shuttling cannot 
take place. By examining the kinetics of NTBI, it appears that at low doses (5.12 mg 
DFO/kg equivalent) of HES-DFO, the NTBI begins to reappear at levels below starting 
values (Figure 5.1), as soon as 12 hours after the infusion. This delay is longer at higher 
doses. These findings are compatible with the HES-DFO iron binding sites, taking longer 
to fill up with iron at higher doses. Once all the sites are full, then in vitro shuttling can no 
longer take place.
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Of possibly greater importance is the rebound effect seen, where NTBI levels exceed 
pretreatment values. Importantly, at 51.2 mg DFO/kg equivalent, there was a significant 
increase above starting concentrations of NTBI at 7 day in TM (Figure 5.1), and most 
noticeably in DB at 85.3 mg DFO/kg equivalent (Figure 5.2). However the most rapidly 
occurring rebound effect is seen in a TM patient given the relatively small dose of 5.1 
mg/kg (Figure 5.3).

The significance of these finding requires careful consideration. For HES-DFO to work, 
it must eventually be degraded so that the iron can be excreted in the urine. This 
degradation could occur in the plasma compartment by hydrolysis or by the breakdown of 
HES-DFO in macrophages as HES is known to be cleared by these cells. For HES-DFO 
to be safe, this degradation must not result in the iron binding being compromised in the 
plasma compartment. No data are available from the manufacturers about the metabolism 
and degradation of HES-DFO in plasma in vivo, and how therefore the iron is excreted. 
Because of the high MW of the HES-DFO, only by breakdown (complete or partial) of the 
molecule will iron be excreted in the urine. Samples of urine were not available to our 
laboratory for analysis but clearly the form in which the iron is excreted (i.e. as single FO 
molecules or as polymers) is important to the interpretation of the findings. Standard DFO 
is hydrolysed in human plasma (see Chapter 4) and it is possible that this same process 
occurs to molecules attached to HES. The fate of FO attached to HES is even more 
important and problematic. Generally FO is less readily broken down than DFO, but if 
some DFO molecules bound to HES were partly hydrolysed, their affinity for iron could be 
compromised. The results of this would be firstly that less tightly bound iron would be 
more likely to participate in oxidative tissue damage and secondly this iron would be more 
available to NTA in the NTBI assay. Hence one possible reason for the rebound NTBI 
effect is that as the individual DFO molecules “fill up” with iron, the iron is less tightly 
bound and measured as NTBI. The finding that NTBI rebounds most rapidly at the lowest 
dose of HES-DFO is compatible with this idea as the HES-DFO would be saturated most 
rapidly at the lowest total iron binding capacity. Another interpretation is that during storage 
the FO bound to HES is unstable leading to some iron being available to NTA and 
measured as NTBI. Because of the high values of NTBI in the rebound phase and because 
of the relative stability of FO on freezing, the former explanation seems more likely.
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although this is not certain. The findings in this study suggest that once the HES-DFO has 
become saturated with iron, that this may not be securely bound and could be toxic. Clearly 
more needs to be understood about the metabolism of HES-DFO before this can be more 
widely investigated clinically.

5.4 INTERACTION OF INTRAVENO U S  DFO WITH NTBI IN TI AND 
TM IN  VIVO; EFFECTS ON NTBI LEVELS AND RELATIONSHIP TO 
DFO AND FO CONCENTRATIONS

In this section, the effect of iv infusions of DFO on the rate of removal of NTBI is 
examined in TI and in TM using the blocking technique developed in Chapter 3. The 
method described in Chapter 2 to measure DFO and FO has also been applied in the same 
patients to examine whether differences in the rate of NTBI removal with TI and TM 
parallel the differences in DFO or FO levels.

5.4.1 Removal of NTBI hy intravenous DFO in TI and TM with and 
without the AŸ* blocking technique

Study design and rationale

The objective of this study was to examine how the kinetics of NTBI removal by iv DFO 
differed from the kinetics observed in previous studies (Porter et al., 1996), which did not 
use the blocking technique. A further objective was to compare the kinetics of NTBI 
removal with those obtained in Chapter 4 by the in vitro addition of DFO to thalassaemic 
semm. Major differences between the two kinetics would suggest that interaction of DFO 
with NTBI in the plasma compartment was not the major factor determining the rate of 
NTBI removal. Conversely, broadly similar kinetics would suggest that the rate of 
chelation of NTBI in the plasma compartment is likely to be the key determinant of the 
effectiveness of NTBI removal by DFO. A further question that we wished to address was 
whether the slower rates of NTBI removal in TI compared with TM (Porter et al., 1996) 
are reproduced using the Al̂ '̂  blocking method.

Patients and methodology
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Regularly chelated and transfused TM patients and intermittently chelated and transfused 
TI patients were hospitalised in the UCL Hospital for the duration of blood sampling. The 
TM patients were regularly transfused to maintain a pre-transfusion Hb level at >10 g/dl. 
This study was conducted and completed in all patients immediately prior to their scheduled 
transfusions. Standard DFO solution was prepared and administered as a continuous iv 
infusion over 24 hours using IVAC® infusion pump.

Blood samples were collected before commencing DFO infusion to measure the 
concentrations of SI, TIBI and serum ferritin in the Department of Chemical Pathology, 
UCL Hospital. Doses of DFO (50 mg/kg/day) were the same as in previous studies (Porter 
et al., 1996) and represent a standard adult therapeutic dose. The iv cannulae were sited to 
infuse DFO (50 mg/kg) solution continuously for 24 hours. Blood samples were obtained 
at various times before, during and after infusion, then centrifuged at 1,000g for 10 
minutes, and the resulting serum was divided and stored at -80 ®C for later analysis of 
NTBI, DFO and FO. The concentrations of NTBI in TM serum (approximately 1 month 
old) and in TI serum (approximately 2 months old) were analysed in the Department of 
Haematology, UCL using a previously described HPLC-based assay without and with the 
refinement of an Al̂ "" blocking step (see in Chapter 3).

The efficacy of chelation in different ways of DFO therapy, in different formulations of 
DFO and even in different types of patients is based on the rate of NTBI reduction in the 
plasma compartment. All values are shown as mean±SEM; except in the preliminary pilot 
study which the data are shown as average values obtained from duphcate experiments. 
Data were analysed for statistical significant by using Student’s t test for both unpaired and 
paired samples. The clinical details of the patients examined are tabulated below.

Cumulative area over curve (cAOC) expresses reduction of the area under the curve for 
NTBI over 1 hour and can be calculated by using this formula:

cAOC (pM/hr) = E [NTBIt(„̂ ,) - NTBI ][n]/2

which T„ represents time at n hours of DFO administration and n represents numbers of 
hours.
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Table 5.2 Clinical details for TM and TI patients who received a continuous iv infusion 
of DFO (50 mg/kg) over 24 hours.

Patient Diagnosis Sex Age

(yr.)

SI
(itM)

TIBC
(|XM)

Transferrin
saturation

(%)

Serum
ferritin

(ltg/1)

Hb

(g/dl)

AA TM M 20 34.6 35 99 7510 11.2
MM TM F 22 37.8 38 99 5260 11.7
MJ TM F 17 25.6 26 98 7280 11.1

MeaichSEM 20±2 32.7±3.7 33+4 99±0 6683±715 11.3+0.2

MG TI F 29 36.8 37 99 4720 9.2
RG TI M 34 33.8 35 97 2610 10.3
SS TT M 31 31.2 31 101 1180 8.3

MeaidiSEM 31±2 33.9+1.6 34+2 99+1 2836+1028 9.3+0.6
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R esults

There were no significant differences in age, Hb level, the concentrations of other iron 
parameters such as SI, TIBC and transferrin saturation were not significantly different in 
between two groups (Table 5.2). Only ferritin concentration looks much higher in the 
TM; therefore, we included these three TM and three TI patients to study and compare the 
rate of NTBI reduction.

Following DFO infusion the NTBI level assayed without a blocking step declined more 
rapidly in both TM and TI patients than those assayed with the modified method with a 
blocking step. The different NTBI concentrations persisted in the semm of TM and TI 
patients over 24 hours iv infusion (Figure 5.4) using either the standard NTBI assay or 
with the additional blocking step.
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Figure 5.4 Rate of NTBI removal in semm of three TM (approximately I month old of 
storage at -80 °C) and three TI (approximately 2 months old of storage at -80 °C) patients 
administered with a continuous iv infusion of DFO (50 mg/kg) over 24 hours. The data 
shown are the (mean±SBM) concentration of NTBI assayed without and with (*) the 
refinement of an blocking step.
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Over the 24 hours, removal of NTBI was significantly greater in TM (delta NTBI = 
1.48+0.49 jiM) than in TI (0.57+0.55 |iM) at 24 hour of infusion (delta NTBI = 0.90 |iM; 
p <0.05), which was also expressed as reduction of the cAOC for NTBI (27.0 pM/hr in 
TM and 18.4 pM in TI) (Figure 5.5). The rate of NTBI reduction at 1 hour infusion was 
not significantly different in both groups, (delta NTBI = 0.28 pM; p = 0.41). The levels of 
NTBI reached 0.55+0.25 pM in TM and to 2.23+0.85 pM in TI following 4 hour DFO 
infusion, and subsequently declined to 0.13+0.60 pM in TM and to 2.15+0.85 pM in TI 
after 24 hours infusion.
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Figure 5.5 Cumulative area over curve (cAOC) for NTBI removal in serum of TM and TI 
patients administered continuously with an iv infusion of DFO over 24 hours.

Discussion

The effect of the blocking step is less marked than in vitro, which for reasons discussed 
in Chapter 4, is likely to be due to the effect of lower level of DFO available for in vitro 
shutt'ing. Previous studies demonstrated the presence of excess DFO ranged from 5-15 
pM, mean 7 pM) (Lee et al., 1993) and 5-6 pM (Porter et al., 1996) in chelated serum of 
thalassaemia patients over 48 hours continuous iv infusion but these samples had been 
stabilised immediately. For reasons discussed in Chapter 4, it is likely that in the samples
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where NTBI was measured and DFO had not been stabilised that the concentration of free 
DFO was considerably reduced. This would account for the relatively small magnitude of 
the difference between the blocked and unblocked samples in vivo compared with in vivo.

Interestingly, the finding in this section that NTBI is more difficult to clear with TI and 
than in TM, is similar to the finding in the previous study where blocking was not used 
(Porter et al., 1996). This suggests that although the magnitude of removable NTBI differs 
in blocked and unblocked samples, the effect of disease diagnosis still affects NTBI 
removal. The main difference between TI and TM patients is that the TI patients are less 
heavily transfused or are untransfused. These TI patients have considerable ineffective 
erythropoiesis and haemolysis (which is suppressed in TM by hypertransfusion). 
Therefore, plasma iron turnover is greater (greater red cell breakdown and greater iron 
uptake by red cells) in TI than TM. The greater release of iron from macrophages as red 
cells are broken down in TI than TM may mean that NTBI is formed at a faster rate. In 
Chapter 4 it was seen that the removal of the slow component of NTBI in TI is not 
significantly different from TM in the plasma compartment. This is consistent with the high 
iron turnover from red cell breakdown in TI being the main contributor to the slower 
removal of NTBI. Thus, the rate of NTBI formation is an important determinant of the 
ability to clear NTBI. Clearly, iron overload also plays an important part in determining the 
saturation of transferrin, but this appears not to be the only factor. In Chapter 6 it will be 
seen that the rate of clearance of transferrin iron may also contribute to NTBI levels.

5.4.2 Relationship of DFO and FO levels to NTBI removal in TI and TM

Study design and rationale

In the same samples analysed above, the samples were also assayed for DFO and FO 
using the immunoassay described in Section 2 .2 .2 .5 . The assay for FO measurement 
had not been developed at the time of the above studies and the samples had to be stored for 
up 12 months at -80 °C. Because of the perceived instability of DFO in aqueous solution, 
even when frozen (Singh et al., 1990; Lee PhD thesis, London University, 1994), samples 
were stabilised by adding excess iron to give the total (DFO+FO) in one assay, and FO was 
measured in a separate assay in which excess iron was not added. DFO is the difference
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between total and FO. This assay does not distinguish between DFO and its metabolites as 
the antibody recognises FO and FO metabolite B equally (Chapter 2 and Kemp P, Ph.D. 
thesis. University of London, 1997).

Results

The concentrations of DFO and FO were estimated in the same samples where the NTBI 
removal was occurring of TM and TI patients. The FO values shown are the concentrations 
of iron-bound DFO and iron-bound forms of DFO metabolites, mainly metabolite B. It can 
be seen that the levels of unbound DFO initially increased following 0.5 hour infusion and 
remained in the steady state in both TM and TI patients over 24 hours. The unbound DFO 
values ranged from 5.99 to 6.50 |iM in TM and from 3.47 to 7.92 |iM in TI during 1-24 
hours of infusion (Figure 5.6) equivalent to those obtained from a previous study (Porter 
et al., 1996). During 0-4 hours of infusion serum FO concentration was higher in TI than 
in TM, but not significantly different; these then progressively increased over 24 hours 
infusion. However, using this assay, FO concentration exceeded those of DFO both in TI 
and in TM.
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Figure 5.6 Serum DFO and FO concentration-time profile obtained from patients with 
TM aid TI following continuous iv infusion of DFO (50 mg/kg) over 24 hours. The data 
of DFO and FO concentrations are expressed as meardbSEM.
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Discussion

There are few studies where the rates of DFO and FO formation were examined at the 
same time. Most studies of the kinetics of DFO have focused on those of the iron free form 
(Lee et al., 1993; Porter et al., 1996). In early study Summers et al. (1979) used 
ultrafiltrates of plasma to extract DFO and FO (to which 100 mM MgSO  ̂was added prior 
to ultracentrifugation). FO was then measured spectrophotometrically (at 440 nm) using the 
patients serum without DFO as a blank. To examine the kinetics of FO formation, the same 
extraction was performed in samples to which excess iron had been added to examine the 
kinetics of DFO+FO and hence a derived DFO value. Although the recovery of DFO and 
FO was reported as 97-100%, the age of the samples was not stated and it is not clear what 
effect if any the MgSO^ would have on distribution of iron between DFO and FO. 
However, in the studies of Summers et al. the concentrations of DFO (Ĉ ^̂  20 pM) 
exceeded FO (C^^ 3 pM) in normal subjects but in an iron overloaded patients FO 
concentrations (C^^ 12.9p.M) exceeded DFO (C ^  2.75p.M). Interestingly, Allain et al. 
(1987) found that following a bolus (10 mg/kg im) of DFO, that whereas in control 
subjects DFO levels (C^^ 15 pM) exceeded FO levels (C^^ 4 p-M), that in
haemochromatosis patients, the reverse was the case with FO levels (Ĉ ^̂  16 pM)
exceeding those of DFO(C^ 7 p,M). The methods used in this study were again indirect 
using AAS technique to measure iron bound to FO extracted by benzyl alcohol after the 
addition of excess iron which was presumed to convert all DFO to FO.

The findings in this section are the first to use immunoassay to examine the rates of FO 
formation in patients. In the assay, the samples had to be diluted 1:40 so it is possible that 
relatively small amounts of contaminating iron in the buffer systems could have led to some 
formation of FO from DFO during the assay. However, because of the age of the samples, 
the extent to which FO formation could have occurred during the assay may have been 
reduced by the relative instability of DFO in serum (samples had been stabihsed to give 
total DFO+FO) and should not have been affected by storage, and FO in the unstabilised
sample should not have been affected by storage. These findings are in agreement with
fmdmgs of Allain et al. (1987) and Summers et al. (1979) and suggest that unhke urine 
where about 90% of the DFO is excreted iron free, in semm of iron loaded patients, the 
majority of DFO is bound to iron. This could be because, the Tyj of DFO (0.98 hour) is 
much more rapid than that of FO (2.4 hours) (Allain et al., 1987). More work needs to be 
done to clarify the relationship between DFO and FO kinetics. Although the results in this
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section are preliminary and further studies are necessary with internal controls for DFO and 
FO, it is interesting to note that whereas the kinetics of DFO and FO are similar NTBI 
appears to be removed more effectively in TM than TI. It might be expected that the latter 
was accompanied by a more rapid formation of FO in TM but this does not appear to be the 
case. The rate of FO formation is thus not directly proportional to rate of NTBI reduction 
following DFO infusion. Clearly, in both TI and TM, there is excess DFO present at all 
times despite NTBI remaining. This is consistent with the findings in Chapter 4 that there 
is an NTBI component in plasma which cannot be rapidly removed from plasma directly. 
Thus these findings confirm that in both TI and TM, NTBI is present in plasma despite an 
excess of DFO being present. The implications of these findings will be discussed further 
in the final chapter.

5.5 COMPARISON NTBI REMOVAL BY SUBCUTANEOUS BO LU S  
INJECTION COMPARED WITH SUBCUTANEOUS INFUSION OF DFO

5.5.1 Rationale

Recent studies have suggested that UIE with a standard 8-12 hours infusion of DFO can 
be equalled by approximately the same dose of DFO given in two equally divided sc 
boluses. However, although UIE may be approximately the same by these two approaches, 
the studies fail to address two issues. The first is whether faecal excretion of iron is as 
efficient by the bolus regimen as by the sc infusion. This is not the subject of the work 
described here but is clearly important. The second question is whether the clearance of 
NTBI following short acting boluses is as effective and as prolonged with the bolus 
regimen as with the standard infusion regimen. In this section two studies are described. 
The first is a large study from patients in Toronto where the kinetics of NTBI in response 
to a bolus sc injection or an 8 hours sc infusion of DFO are compared. The second is a 
smaller study where the kinetics of NTBI are compared with those of twice-daily bolus 
injections of DFO.

5.5.2 Comparison of efficacy of NTBI removal by a single-dose bolus 
injection with subcutaneous infusion of DFO
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Study design

This clinical trial was performed in eleven regularly chelated patients with TM (age 
18.9±0.8 years and body weight 46.1±11.4 kg) at the Hospital for Sick Children,
Toronto. Patient characteristics are shown in Table 5.3.

Patients and methodology

Table 5.3 Clinical details for eleven regularly chelated patients with TM administered with
sc infusion and a single-dose bolus injection of DFO.

Patient Age

(yr)

Body

weight

(kg)

L ie

(mg/kg)

sc infusion Single-dose bolus injection

Dose

(mg/kg)

Hb

(g/dl)

UIE

(mg/kg/day)

Dose

(mg/kg)

Hb

(g/dl)

UIE

(mg/kg/day)

TMl 16.6 37.0 11.9 47.3 11.9 0.31 54.0 10.3 0.02

TM2 15.3 53.0 20.3 47.2 10.4 0.24 47.2 9.7 0.05

TM3 21.5 57.0 8.8 49.1 9.8 0.19 52.6 9.9 0.19

TM4 19.6 56.0 2.5 50.0 9.7 0.24 53.6 10.0 0.34

TM5 15.9 40.0 18.9 50.0 10.7 0.17 50.0 8.9 0.20

TM6 32.7 60.0 NA 50.0 7.6 0.02 50.0 ND 0.04

TM7 11.6 20.8 7.9 48.1 8.9 0.22 48.1 10.9 0.24

TM8 15.7 46.2 18.1 49.8 10.3 0.16 49.8 8.7 0.30

TM9 14.4 50.0 13.2 50.0 11.1 0.04 50.0 11.4 0.09

TMIO 21.4 48.2 25.4 49.1 9.5 0.08 48.2 9.8 0.31

TM Il 15.5 38.3 10.2 52.2 8.9 0.27 52.2 10.6 0.47

Mean 18.9 46.1 13.72 49.4 9.7 0.18 . 50.5 10.0 0.21

±SD ±0.8 ±11.4 ±2.18 ±1.4 ±0.3 ±0.03 ±2.3 ±0.8 ±0.04

NA, Results not available; ND, Not determined.
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Table 5.4 Kinetics of NTBI removal in serum of eleven regularly chelated patients with 
TM administered with sc infusion and single-dose bolus injection.

sc infusion Single-dose bolus injection

Patient NTBI fuMI Rate constant NTBI fuMI Rate constant

0 hr 1 hr 6 hr Ktt(M-M/hr) Kp(|iM/hr) 0 hr 1 hr 6 hr K„(pM/hr) Kp(|iM/hr)

1 TMl 5.00 4.62 1.92 0.40 NA 5.00 2.64 3.64 2.64 NA

f TM2f. 6.00 4.67 3.00 1.33 0.28 3.33 0.10 0.63 2.80 NA

} TM3 5.00 2.64 1.37 1.25 0.55 3.75 1.70 2.07 1.80 0.35

; TM4 6.00 4.25 2.50 1.75 0.38 6.25 1.68 3.79 4.57 NA

TM5 4.16 3.64 3.39 0.53 NA 4.25 2.50 4.25 1.30 NA

TM6 5.55 2,72 0.83 1.80 0.37 3.16 1.07 3.65 2.91 NA

TM7 3.05 2.23 1.85 0.80 NA 4.24 2.73 4.19 1.51 0.18

TM8 5.59 5.42 3.26 1.95 0.05 5.70 3.77 0.69 0.35 NA

TM9 5.33 4.67 4.34 1.00 NA 5.26 1.39 3.49 3.87 0.49

TMIO 4.25 3.84 4.25 0.41 0.09 3.93 -0.89 0.59 2.22 NA

T M ll 3.17 3.01 3.00 0.15 0.38 2.09 1.14 1.46 0.18 NA

Mean 4.78 3.79 1.85 1.04 0.30 4.02 1.28 2.48 2.20 0.34

±SEM ±0.40 ±0.31 ±0.54 ±0.19 ±0.07 ±0.35 ±0.35 ±0.42 ±0.41 ±0.09

NA, Results not available.
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Each patient was administered with two different regimens of DFO, bolus injection (dose 
50 mg/kg) and sc infusion (dose 50 mg/kg), 1-4 months apart. An 8 hours sc infusion of 
DFO (49.4±1.4 mg/kg; duration 7.8±0.3 hours) and single-dose bolus injection of DFO 
(50.5+2.3 mg/kg) for 15-45 minutes (22±10 minutes) were given and followed over 10 
hours. Blood samples were collected before, during and following a sc infusion or before 
and following a bolus injection, then transported on dry ice at -20 °C to the Department of 
Haematology, UCL and stored at -80 °C for further analysis. The concentration of NTBI in 
serum samples (4-5 months old) were measured using a previously described HPLC-based 
assay without and with the refinement of the blocking step described in Chapter 3.

Results

Initially NTBI concentration in patients ranged from 3.05 to 6.0 pM (4.78+0.04 fiM) 
before starting sc DFO infusion and from 2.09 to 6.25 |iM (4.23±0.37 fxM) before bolus 
injection of DFO (Table 5.4).

Following sc DFO infusion the NTBI levels derived from the assay without and with a 
blocking step declined progressively for 8.5 hours, then rose rapidly after 2 hours stopping 
infusion (Figure 5.7). Apparently, the NTBI concentration measured without a blocking 
step was less than that obtained from the modified method included a blocking step. These 
different values may come from an excessive unbound DFO in serum samples when sc 
DFO infusion was given continuously. Similarly, this unbound DFO was seen at 1 to 8 
hours after bolus injection. Consequently, we used the NTBI values assayed with a 
blocking step to study the kinetics of NTBI removal and to compare the chelation efficacy 
between sc infusion and bolus injection.



241

sn

s c  DFO 
s c  DFO*

5-

0 1 2 3 4 5 6 7 8 9 1 0

Time (Hours)

Figure 5.7 Chelation efficacy of NTBI removal in serum of eleven TM patients with sc 
infusion of DFO over 8 hours. The concentration of NTBI assayed without and with (*) 
the refinement of a blocking step are expressed as mean±SEM.

Kinetic analysis shows that the concentration of NTBI was rapidly reduced from 
4.27+0.37 pM to 1.62+0.39 pM at 1 hour following a bolus injection of DFO (delta 
NTBI = 2.65 pM; p <0.05) and the K« value was 2.20+0.41 pM/hr (Table 5 .4). 
Subsequently, the concentration of NTBI increased at approximately 4 hours (2.35+0.81 
pM), and returned to pre-bolus treatment level at 6 to 8 hours (2.48+0.42 pM and 
4.30+0.67 pM respectively) (Figure 5.8). NTBI concentration was reduced from 
4.78+0.04 pM to 3.79+0.31 pM at 1 hour following a sc infusion of DFO (delta NTBI = 
1.04+0.28 pM) (Table 5.4); comparatively, rate of NTBI removal by sc infusion was 
significantly slower than bolus injection (delta NTBI reduction =1.61 pM/hr; p <0.05); 
NTBI reached minimum concentrations at 8-8.5 hours (NTBI = 1.85+0.54 pM) following 
the start of sc infusion and returned to pre-treatment levels at 10 hours (5.25±0.25 pM) 
following the start of infusion. K« and Kp values were 1.04±0.19 pM/hr and 0.30+0.07 
pM/hr respectively.
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Figure 5.8 Chelation efficacy of NTBI removal in serum of eleven regularly chelated TM 
patients with a single-dose bolus injection of DFO over 8 hours. The concentration of 
NTBI assayed without and with (*) the refinement of a blocking step are expressed as 
mean±SEM.
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Figure 5.9 cAOC of NTBI reduction in serum of eleven regularly chelated TM patients 
with sc infusion and a single-dose bolus injection of DFO over 8 hours was expressed as 
mean±SEM.

Alternatively, clearance of NTBI was expressed as cAOC (see Section.5.4.1)._ 
Reduction in NTBI concentration between following bolus injection (13.9+2.7 |iM«hr) 
and sc infusion (17.2±3.2 pM#hr) was not significantly different (delta cAOC = 3.3 
|iM»hr; p = 0,41) (Figure 5.9). The trend shows a more rapid decrease in NTBI with the 
bolus but at the end of 9 hours the reduction in NTBI with the sc infusion is slightly 
greater. These findings surprisingly suggest that in terms of decreasing the exposure in the 
plasma to NTBI, the bolus (here shown as a single bolus effect) is as effective.

Liver iron concentration (LIC) was determined within 3 months of the kinetic being done. 
There was no obvious correlation between LICs with rate of NTBI removal by sc infusion 
(r̂  = 0.039) and bolus injection (r̂  = 0.074) (Figure 5.10) although there is perhaps a 
weak trend of decreasing rate of NTBI removal with increasing LIC in the patients given 
bolus DFO.
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Figure 5.10 The relationship between liver iron concentration (LIC) and rate of NTBI 

removal (K J by sc infusion and bolus injection of DFO.

D iscussion

It was found that NTBI was not completely removed by either regimen. The 
concentration of NTBI was reduced progressively by the 8 hours sc infusion of DFO, and 
rebounded within 2 hours after cessation of infusion. With bolus injection, NTBI removal 
was more rapid than sc infusion. The surprising finding is that the total exposure to NTBI 
appears to be as effectively decreased by a single sc bolus injection of DFO compared with 
twice the dose of sc DFO as an 8 hours sc infusion. If the kinetics of the second sc bolus 
(given 12 hours later but not measured) had been similar to the first, then the total removal 
of NTBI or “protection time” from NTBI would be greater with the 12 hours boluses than 
8 hours sc infusion every 24 hour. These findings suggest that 8 hours sc infusion of 
DFO may not be a particularly efficient way to remove NTBI. It is important to know 
whether longer infusion lasting 24 hours per day, 7 days a week are eventually more 
effective than an 8 hours sc infusion. This is the subject of an ongoing study. The effect of 
continuous exposure to low doses of DFO is addressed in Section 5.6.
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5.5.3 Comparison of efficacy of NTBI removal by twice-daily bolus 
injections with subcutaneous infusion of DFO

Rationale and experimental design

In the above study, the effects of only a single bolus injection of DFO on NTBI kinetics 
were studied. Furthermore, levels of DFO and FO were not measured. UIBC measurement 
has been previously suggested as a surrogate marker for DFO level in serum (Fosburg and 
Nathan, 1990). We wished to examine the relationship between DFO level and NTBI 
concentration using bolus injection or sc infusion of DFO comparing the UIBC with the 
immunoassay for DFO.

Patients and methodology

This study was performed at the Children’s Hospital, Boston. Patient characteristics are 
shown in Table 5.5. The patient was administered with two different regimens of DFO, 
twice-daily bolus injections (2x25 mg/kg) and 12 hours sc infusion (50 mg/kg), then 
followed over 24 hours. Blood samples were collected before, during and following a sc 
infusion or before and following a bolus injection to measure the concentrations of NTBI, 
DFO and FO.

Table 5.5 Clinical details for a TM patient administered with 12 hours sc infusion and 
twice-daily bolus injections of DFO.

Patient Sex Age Body weight DFO dose Serum ferritin Body iron
(yr) (kg) (g/day) (lig/1) burden

TM M 31 65 3.3 547 Low

Frozen serum samples were transported in dry-ice to the Department of Haematology, 
UCL and stored at -80 °C until further analysis. The concentration of NTBI in 2-3 months 
old sera was measured in the Department of Haematology, UCL using the previously 
described HPLC-based assay without and with the refinement of an blocking step (see
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in Chapter 3). For DFO and FO quantification, semm sample (around 1 year old) was not 
and was stabilised with an excess iron solution at the Department of Haematology, UCL 
then assayed for DFO and FO concentrations respectively using the immunoassay 
described in Section 2.2.2.S.

The levels of SI and TIBC were measured using AAS technique (Olsen and Hamlet, 
1969) in the Department of Clinical Chemistry, the Children’s Hospital Boston. This 
technique has greater specificity and accuracy than other spectrophotometric methods, and 
has the additional feature of requiring less time than most colourimetric or AAS methods 
employing chelation and extraction. In principle, Semm protein was precipitated by 20% 
trichloroacetic acid and heated, then the hberated ferric iron (SI) in the supernatant was 
measured by the AAS method. For TIBC measurement, aqueous iron was added to the 
semm and the excessive iron was precipitated by magnesium carbonate, then the 
supernatant was processed as in the SI assay procedure. UIBC was calculated as the 
difference between TIBC and SI and plotted for each method of DFO administration. This 
method will measure the combined transferrin binding capacity as well as that of any DFO 
present in the sample. Semm ferritin concentration was analysed in the Department of 
Clinical Chemistry, the Children’s Hospital Boston using the immunoassay technique.

Results

In phase 1 study, NTBI removal by 12 hours sc infusion of DFO in a TM patient with a 
low semm ferritin concentration of 547 |ig/l was initially rapid (K„ = 0.97 |iM/hr) and 
subsequently slow (Kp = 0.24 p.M/hr) (Table 5.6). The level of NTBI increased 
immediately after cessation of infusion.

Table 5.6 Kinetics of NTBI removal in semm of a TM patient administered with 12 
hours sc infusion and twice-daily bolus injection of DFO.

Patient sc infusion Twice-daily bolus injection

Ka(llM/hr) Kp (|LiM/hr) K(x (|LtM/hr) Kp (|iM/hr)

TM 0.97 0.24 2.34 NA
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The concentration of FO was 2.35 |iM at 1 hour and 5.0 jjM at 6 hours; whereas 
unbound DFO concentration reached 0.88 )liM at 1 hour and 17.77 |uM at 6 hours, then 
completely cleared from plasma after 12 hours cessation of infusion (Figure 5.11). 
UIBC correlated positively with (DFO+FO) (r̂  = 0.939) and with delta NTBI (r̂  = 0.567). 
UIBC did not correlate with NTBI when AŸ'  ̂was added to block free binding sites of DFO 
(r"=0.328).
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Figure 5.11 Chelation efficacy of NTBI removal by DFO in plasma of a TM patient 
given with 12 hours sc infusion of DFO (50 mg/kg) in phase 1 study. The concentrations 
of UIBC, NTBI, DFO and FO are shown in average values of duplicate experiments.
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Figure 5.12 Chelation efficacy of NTBI removal by DFO in plasma of a TM patient 
given with twice-daily bolus injections of DFO (2x25 mg/kg) in phase 2 study. The 
concentrations of UIBC, NTBI, DFO and FO are shown in average values of duplicate 
experiments.
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In phase 2 study, NTBI was removed rapidly by 1 hour with each bolus injection (K„ = 
2.34 pM/hr) (Table 5.6), then returned to pre-treatment levels. FO was formed 
simultaneously with the NTBI reduction following both injections. Large amount of 
unbound DFO was detectable at 1 hour after the start of bolus injection (Figure 5.12). 
UIBC correlated with (DFO+FO) (r̂  = 0.832), also with delta NTBI (r̂  = 0.636) and delta 
NTBI* (r" = 0.429).

.Discussion

The findings in this study show that the NTBI values are inversely related to levels of 
DFO measured either by the UIBC method or by the immunoassay. This means that even 
using the Al̂  ̂blocking technique, the maximum decrease in NTBI is seen at times when 
DFO is maximally present in plasma. The absolute levels of iron free DFO do not agree 
between the two methods, indeed the findings with UIBC suggest that higher values of 
DFO were obtained with the bolus injection than with the sc infusion. By contrast, using 
the immunoassay, the values of DFO are not much higher using the bolus than with the sc 
infusion. Importantly, these samples had not been stabilised for DFO measurement and the 
age of the samples at the time of analysis in the UK was about 12 months. By contrast, the 
samples were analysed relatively freshly at Boston (within 1 week). It is likely therefore 
that the DFO concentration was underestimated in the samples measured in the UK.

Interestingly, the difference of NTBI values in between the blocked and unblocked 
techniques is small suggesting that the amount of free DFO available for shuttling in the 
stored sample is very small. On the other hand the immunoassay measurement employed 
the addition of excess iron (1 mM) to measure DFO (as [DFO+FO] -  FO) concentration 
which means that the stored sample must have been capable of binding iron. At the 
concentration of DFO measured (>10 pM), the findings in Chapter 4 suggest that 
shuttling would have occurred causing a large difference between blocked and unblocked 
measurements. The likely explanation for this is that although the residual DFO in the 
stored sample is recognised by the antibody and can bind very high concentration of iron, 
the affinity for iron has been affected by partial degradation; hence, the affinity is 
insufficient for efficient shuttling.

However, it is clear that the pattern of changes in UIBC and DFO are closely related and 
in the inverse effect on NTBI. Furthermore, the pattern of NTBI decrease following the
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second sc bolus suggests that this may result in less total exposure to NTBI with two sc 
boluses in 24 hours than with one 8 hours sc infusion in 24 hours. This requires 
confirmation with further studies.

5.6 DEPOT  DFO (CGH749B); A COMPARISON OF NTBI REMOVAL BY 
A SINGLE DOSE WITH STANDARD  DFO

5.6.1 Study design and rationale

As discussed in Section 5.2, depot DFO by virtue of its slow release from the site of a 
sc depot, has a prolonged pharmacodynamic action with respect to UIE which is paralleled 
by a prolonged plasma residency. However, the peak plasma levels of DFO achieved with 
the depot DFO (CGH749B) preparation are significantly less than those achieved with 
standard doses of iv or sc DFO (at 40-50 mg/kg). If removal of NTBI was determined 
primarily by the concentration of DFO achieved in the plasma, depot DFO (CGH749B) 
would be less effective at removing NTBI than standard DFO. If however removal is 
primarily determined by the duration of interaction of DFO with NTBI in the plasma 
compartment, then single dose depot DFO (CGH749B) should be effective at removing 
NTBI over the period of prolonged release.In this study, the aim has been to compare the 
kinetics of removal of NTBI following a single small dose (6.2 mg/kg) of the depot DFO 
(CGH749B), compared with an 8 hours infusion of standard DFO at a conventional dose 
(40 mg/kg).

5.6.2 Patients and methodology

A single-dose study with a new depot formulation of DFO (CGH749B) was compared 
with a standard formulation of DFO (given sc infusion over 24 hours) in order to provide 
continuous chelation without the need of a pump. The pharmacokinetics of NTBI 
reduction, urine and faecal iron excretion have been used to evaluate the chelation efficacy 
of the drug to remove the iron from the patients.

In the study (which formed a part of a larger iron balance study), four regularly chelated 
patients with TM were hospitalised in UCL Hospital and commenced on a constant low 
iron diet to achieve an equihbration period for 8 days (this was not necessary for the NTBI 
study but was part of the balance study). A sc infusion of DFO (40 mg/kg) was given for 
8 hours. One week after a previous study, a single sc infusion of depot DFO (CGH749B)
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(6.2 mg/kg) was given. In both studies, blood samples were collected before commencing 
DFO infusions for measuring NTBI, SI, TIBC, transferrin saturation and serum ferritin 
levels, then collected during and following administration of standard and depot DFO to 
measure the concentration of NTBI.

Unlike previous studies, fresh serum samples were used to measure the concentration of 
NTBI in the Department of Haematology, UCL for the first 24 hours of the study. Fresh 
samples were used in case sample storage might affect the anticipated small reduction on 
NTBI with depot DFO (CGH749B) and also to compare the blocked and unblocked 
kinetics with the sc infusion of standard DFO in Section 5.5. Samples at times 0-24 
hours from both standard and depo DFO studies were analysed on the same day of blood 
collection. Samples were received in laboratory within 1 hour of collection (at room 
temperature) and centrifuged immediately. Serum was then immediately incubated with Al̂  ̂
(200 jiM at final concentration) for 1 hour. NTA (80 mM at final concentration) was then 
added and the standard HPLC assay was performed on freshly prepared ultrafiltrates. For 
samples taken after the first 24 hours, these were centrifuged within 1 hour of collection 
and frozen at -80 °C for 7-10 days prior to NTBI measurement. The previously described 
HPLC-based assay without and with the refinement of an A \^  blocking step (see in 
Chapter 3) was used for NTBI determination. The concentrations of SI, TIBC and serum 
ferritin were measured in the Department of Chemical Pathology, UCL Hospital (see 
Section 2.3, 2.4 and 2.5).

Four TM patients (age range from 20 to 25 years) participated in the cross-over study to 
compare depot DFO (CGH749B) with a standard DFO infusion. Patient details are given 
in Table 5.7. There are not any significant differences of the levels of SI, TIBC, 
transferrin saturation, serum ferritin and Hb in the two arms of the study.
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Table 5.7 Clinical details of four regularly chelated patients with TM administered by 
standard 2J\d depot DFO.

1) 5c infusion of standard DFO.

Patient Age SI
(flM)

TIBC
(|iM)

Transferrin
saturation

(%)

Serum
ferritin

(Fg/1)

Hb
(g/dl)

MM 22 42.1 42.0 100 2130 15.2
CC 20 34.2 34.0 101 3090 12.9
AC 25 25.0 32.0 78 3310 13.0
CK 20 36.1 44.0 82 3460 13.8

Mean±SEM 22±1 34.4+3.5 38.0+2.9 90+6 2998+299 13.7+0.5

2) Bolus injection of depot DFO (GCH749B).

Patient Age SI
(pM)

TIBC
(pM)

Transferrin
saturation

(%)

Serum
ferritin

(Pg/1)

Hb
(g/dl)

MM 22 36.3 36.0 101 1770 14.3
CC 20 35.2 35.0 101 2480 13.9
AC 25 19.4 30.0 65 3160 13.9
CK 20 35.0 36.0 97 3980 14.6

Mean±SEM 22+1 31.5+4.0 34.3+1.4 91+9 8428+5477 14.2+0.2
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5.6 .3  R esults

Pre-infusion concentration of NTBI in four TM patients ranged from 3.76 to 7.58 pM 
(5.59±0.80 pM) before the start of sc infusion of standard DFO and from 5.92 to 8.31 
pM (7.12±0.52 pM) before giving single-dose depot DFO (CGH749B) (Table 5.8).

Table 5.8 Kinetics of NTBI removal in plasma of four regularly chelated TM patients. 
1) 5c infusion of standard DFO.

NTBI (pM) Rate constant
Patient

0 hr 4 hr 8.5 hr K a(pM /hr) Kp(pM/hr)

MM 3.76 1.94 2.04 0.49 0.00
CC 7.58 5.92 6.75 0.60 0.20
AC 5.94 4.47 5.66 0.49 0.00
CK 5.06 3.59 3.89 0.61 0.08

Mean±SEM 5.59+0.80 3.98+0.83 4.23+1.37 0.55+0.03 0.09+0.06

2) Bolus injection of depot DFO (CGH749B).

NTBI (pM) Rate constant
Patient

0 hr 4 hr 8.5 hr K*(pM/hr) Kp(pM/hr)

MM 5.92 7.58 4.17 0.00 NA
CC 8.31 5.58 3.77 0.70 NA
AC 7.57 4.97 1.93 0.65 NA
CK 6.67 6.00 1.64 0.36 NA

Mean±SEM 7.12+0.52 6.03+0.56 2.88+0.64 0.43+0.16 NA
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In the same samples from depot DFO (CGH749B) study, when a blocking step was not 
used NTBI values were slightly lower, but not significantly different from that with a 
blocking step. Therefore, we used the NTBI values assayed with a blocking step to 
calculate the kinetics of NTBI removal and to compare the chelation efficacy between 
standard m d depot DFO.

With standard DFO treatment kinetic analysis shows that the concentration of NTBI was 
reduced from 5.59+0.80 to 3.98+0.83 pM at 4 hour following infusion (delta NTBI = 
1.61 |iM; p <0.05), and the NTBI removal was in a biphasic manner with the K„ value of 
0.55+0.03 pM/hr and Kg value of 0.09±0.06 pM/hr (Table 5.8). At 0.5 hour after 
cessation of the infusion, there was a rapid return of NTBI at the rate of 0.59+0.34 p,M/hr 
reaching pre-treatment NTBI concentration by 96 hours (Figure 5.13).

With the depot DFO (CGH749B) formulatioii, the concentration of NTBI decreased from 
7.12+0.52 to 6.03+0.56 pM after 4 hours giving depot DFO (CGH749B) (delta NTBI = 
1.12 pM; p <0.05) at the initial rate constant of 0.43±0.16 p,M. This was followed by a 
prolonged but steady reduction to 2.88+0.64 pM (delta NTBI = 5.24 pM) lasting over 192 
hours (0.015 p,M/hr) (Figure 5.14).

Results of NTBI removal demonstrate that the initial rate of serum NTBI removal is not 
significantly different in between treatments with standard and depot DFO (delta K„ of 
standard V5 depot DFO = 0.12 pM/hr; p = 0.49). The subsequent rate of NTBI removal 
was slower with the depot DFO (CGH749B) but lasted for 192 hours, in contrast to the sc 

DFO infusion which ceased to have an effect within 2 hours of stopping infusion. The 
return of NTBI to pre-treatment values within 2 hours of stopping the sc DFO infusion is 
in agreement with the findings in Section 5.5.
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Figure 5.13 Chelation efficacy of NTBI removal over 12 hours in serum of four 
regularly chelated patients with TM administered with an 8 hours infusion of standard 
DFO. The concentration of NTBI assayed without and with (*) the refinement of an 
blocking step is shown as mean±SEM. In this study, four regularly chelated patients with 
TM were given sc infusion of DFO (40 mg/kg) for 8 hours, then followed for 7 days. 
Fresh serum samples (at time 0-24 hours) were analysed on the same day of blood 
collection whereas other subsequent sera without Al̂  ̂stabihsing were frozen at -80 °C for 
7-10 days for further NTBI measurement together. The previously described HPLC-based 
assay without and with the refinement of an AP  ̂blocking step (see in Chapter 3) was 
used for NTBI determination.
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Figure 5.14 Chelation efficacy of NTBI removal in serum of four regularly chelated TM 
patients with administered with a single injection of depot DFO (CGH749B). The 
concentration of NTBI assayed without and with (*) the refinement of an blocking step 
is shown as meardiSEM. In this study, the same four regularly chelated patients with TM 
were given a single injection of depot DFO (CGH749B) (6.2 mg/kg), then followed for 
futher 7 days. Fresh serum samples (at time 0-24 hours) were analysed on the same day of 
blood collection whereas other subsequent sera without stabilising were frozen at -80 
°C for 7-10 days for further NTBI measurement together. The previously described HPLC- 
based assay without and with the refinement of an Al̂  ̂blocking step (see in Chapter 3) 
was used for NTBI determination.
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5.6.4 Discussion

These findings show that the action of depot DFO (CGH749B) on reducing NTBI is both 
slower and of longer duration than with the sc infusion of standard DFO. The return of 
NTBI to pre-treatment values within 2 hours of stopping the sc infusion of DFO is in 
agreement with the findings in Section 5.5. The duration of action for both standard and 
depot DFO is consistent with both the duration of their pharmacodynamics and 
pharmacokinetics in plasma. It has been previously reported that UIE continued for beyond 
144 hours with a single injection of depot DFO (CGH749B) whereas no further excretion 
was observed with the sc infusion of standard DFO beyond 48 hours (Alberti et al., 
1997). With regard to plasma DFO concentration, all DFO had been cleared by 48 hours 
(terminal T„2 = 7.6 hours) with the sc infusion of standard DFO, whereas it persisted 
beyond 5 days with the depot DFO (CGH749B) administration (terminal T̂ /̂  = 36.3 
hours). Thus, the effects of both infusions of standard and depot DFO parallel NTBI 
removal with the known pharmacokinetics. This is also of interest because the 
pharmacokinetics of depot DFO (CGH749B), as shown by the AUG, correlate with UIE 
(Porter et al., 1997).

The differences of NTBI values (assayed by blocked and unblocked techniques) with the 
sc and bolus administrations of DFO are also of interest. With the bolus method, these 
NTBI values are essentially the same suggesting very httle iron free DFO in serum, 
whereas with the sc infusion, as expected, the difference between blocked and unblocked 
is consistent with free DFO being present in serum. Interestingly this difference is greater 
in fresh samples than in stored samples using sc infusion of DFO in Section 5.5. This 
suggests that with sc infusion, significant proportions of iron free DFO are present in 
contrast to the bolus method. This is supported by the findings that httle or no metabolites 
of DFO are seen with the bolus injection in contrast to the sc infusion (Porter et al., 1997); 
metabolism only being possible for the iron free DFO.

Therefore, these findings show sustained decrease in NTBI with depot DFO (CGH749B) 
suggesting that prolonged exposure to DFO, even at low concentration may result in a slow 
fall in NTBI values. This principle needs to be explored using long term iv infusion. 
Unfortunately, studies using repeat doses of depot DFO (CGH749B) were not well 
tolerated and did not show an additive effect on UIE and this preparation has been 
discontinued for further development.
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5.7 CONCLUSIONS

The findings in this chapter establish a number of important principles. Firstly, the 
kinetics of NTBI removal in vivo using the blocking technique show that NTBI was not 
completely removed by an 8 hours sc infusion of DFO. Secondly, a 24 hours iv infusion 
also failed to remove NTBI completely, but both regimens decreased NTBI to a small 
extent. Surprisingly, boluses of DFO where peak plasma concentration of DFO are greater 
than with sc infusion reduce NTBI concentration by a similar extent to a sc infusion. If the 
twice daily regimen is taken into account the total exposure to NTBI is less with the two 
boluses than the one bolus infusion. The duration of exposure to DFO necessary to 
remove NTBI completely (if this is possible) has not been determined but the findings with 
the bolus study suggest that continuous exposure to DFO even at a low concentration may 
decrease NTBI values slowly. The findings of the bolus and sc study taken together with 
the other studies suggest that both DFO concentration and duration of exposure to DFO will 
influence NTBI removal. It appears that the 8 hours sc infusion at 40 mg/kg is 
insufficiently long or at high enough concentrations to remove all the NTBI. It remains to 
be seen how long it is necessary during continuous infusion to remove all NTBI or if this is 
possible while iron overload remains.

The kinetics of NTBI removal using the blocked and unblocked techniques are less than 
would be expected from the findings in Chapter 4 where fresh DFO was spiked into sera. 
However, comparison of NTBI from blocked and unblocked techniques in between fresh 
and stored samples with sc DFO infusion suggest that these differences are due to 
instabihty of DFO on storage. Therefore, the kinetics of NTBI removal by iv DFO in 
unblocked samples previously reported (Porter et al., 1996) do not differ as much as might 
be expected from those using blocking in Section 5 .4 . It is clear however that NTBI is 
removed more slowly than previously recognised. The optimal regimen to minimise NTBI 
has yet to be determined.
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CHAPTER 6

GENERAL CONCLUSIONS
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CHAPTER 6

6.1 INTRODUCTION

The aim of the work in this thesis has been to increase the understanding of plasma 
NTBI, a form of iron present in plasma when transferrin becomes saturated. The intention 
of the work has been to understand the rate at which the most commonly used iron 
chelator, DFO, removes NTBI. To do this it has been necessary to develop an assay for 
this purpose which prevents shuttling of NTBI onto DFO by NTA during the assay 
procedure. A further goal of the thesis has been to understand which factors other than iron 
overload may affect NTBI levels.

6.2 IN  VITRO  REMOVAL OF NTBI BY DFO WITH AND WITHOUT 
BLOCKING

In order to examine interaction of DFO with NTBI a new method has been developed 
after the discovery that NTA can shuttle iron from NTBI into DFO during the HPLC assay. 
The modified assay uses the HPLC-based technique with the AF  ̂blocking step to stop this 
shuttling during the assay (see Scheme 3.2.4). Fortunately, the concentration of Al̂ "̂  
added to block shuttling (200 pM at final concentration) does not affect the NTBI 
measurement based on HPLC method, even in the presence of high concentration of FO 
(20 fiM at final concentration). There is no interaction of AlO with NTA in the assay 
procedure even in the presence of FO, nor is there removal of Al̂  ̂ from AlO complex by 
CP22 in the HPLC separation.

It has been shown in Chapter 3 that NTBI removal in thalassaemic serum is immediate 
in the absence of Al^ blocking step whereas the NTBI removal using the blocking step is 
in biphasic manner showing an initially rapid rate followed by a slow rate. Even though 
part of the NTBI is removed quickly, some NTBI is not removed in isolated semm, even at 
high DFO concentrations. The rate of FO formation with and without NTA has been 
studied to support the idea that NTA shuttles iron from NTBI onto DFO or unsaturated 
transferrin during the assay, leading to underestimated NTBI values. Thus the formation of 
FO in thalassaemic serum chelated with DFO was faster in vitro in the presence of NTA 
than that
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in the absence of NTA. This is consistent with DFO in serum removing the iron from the 
Fe-NTA complex to form FO (shown in Scheme 3.2.3). Of interest, unsaturated 
transferrin can also act as a sink for shuttling of iron by NTA in normal, haemochromatosis 
or chemotherapy serum and this can also lower the NTBI concentration assayed with the 
HPLC method (Gosriwatana et al., 1999). In thalassaemia patients, this is less of an issue 
because transferrin is nearly always saturated.

6.3 IN  VIVO KINETICS OF REMOVAL OF NTBI BY DFO

Clinically kinetic studies of NTBI removal by DFO with and without A \^  blocking show 
that shuttling occurred in unblocked samples when unbound DFO remained in the serum of 
patients who had undergone DFO chelation therapy. This effect was greater when DFO had 
been added directly to serum. This is probably because of the instability of DFO on 
storage. DFO is known not to be stable even stored at -20 °C or -80 °C (Singh et al., 1990; 
Lee P, Ph.D. thesis. University of London, 1994) so that the shuttling effect of NTBI in 
old serum samples from in vivo studies was diminished. When unstored serum was 
analysed freshly, the shuttling of NTBI by DFO was relatively marked in unblocked 
samples compared with stored samples of patients who had received a similar DFO clinical 
regimen.

Kinetic analysis in blocked samples shows that when DFO was administered clinically, 
the way in which NTBI was removed is different depending on the way DFO had been 
given. Unsurprisingly, NTBI removal by a continuous sc infusion of DFO was 
significantly slower than by a single-dose bolus or by twice-daily bolus injection at the 
beginning, and NTBI was not completely removed by either sc or bolus DFO. Even a 
new polymeric form of DFO, depot DFO (CGH749B), could not clear all serum NTBI but 
showed a longer chelation activity than standard DFO. The findings overall show that no 
current clinically used method of giving DFO completely removed NTBI in iron overloaded 
patients with TM. There also seems to be a slower removal of NTBI in the serum of TI 
patients which may be because of the higher rate of release of iron from red cell breakdown 
(haemolysis and ineffective erythropoiesis) than in transfused TM patients. Thus, reduction 
of serum NTBI by a continuous iv infusion of DFO in the presence of blocking step was 
greater in TM than in TI, the result being consistent with a previous report where 
aluminium was not added (Porter et al., 1996).
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The kinetic findings both in vitro and in vivo of a rapidly and a more slowly removed 
(or unremoved) component of NTBI by DFO raise questions about whether two or more 
NTBI pools exist and about the nature of such pools. DFO may be able to chelate iron form 
the low MW NTBI fractions (e.g. iron-citrate) relatively easily compared with higher MW 
forms. Future work examining the rate of interaction of DFO with protein bound and low 
MW NTBI species is planned to look at these questions.

6.4 REMAINING QUESTIONS AND FUTURE STUDIES

Much remains unknown about NTBI. The work in this thesis with respect to DFO 
interaction with NTBI suggests at least two NTBI pools, one slowly accessible to chelation 
and one rapidly accessible to chelation. The molecular species of NTBI need to be 
characterized further and the interaction of chelators with these different forms also needs to 
be invesigated. Prehminary work performed in Professor Robert C. Rider’s laboratory at 
King’s College London suggests that NTBI species can be separated into low MW, 
oligomeric and protein bound forms by the HPLC method. Other techniques which may be 
beneficial to study include non-denaturing PAGE, capillary electrophoresis and size- 
exclusion liquid chromatography. A further question that requires investigation is whether 
the slowly chelatable NTBI component is as toxic to cells as low MW NTBI species are 
known to be (Hershko et al., 1978; Gutteridge et al., 1985; Halliwell and Gutteridge, 
1986). Larger number of studies of the interaction of DFO with isolated serum samples are 
needed to clarify whether there are small differences between the proportions of rapidly and 
slowly chelated NTBI in different groups of iron overloaded patients. As discussed in 
Section 6.3 there is insufficient information to be certain of the relative contributions of 
iron overload and iron turnover to NTBI levels and studies are needed to clarify this.
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NON-TRANSFERRIN-BOUND IRON (NTBI) PERSISTING IN THE 
LONG-TERM AFTER BONE MARROW TRANSPLANTATION (BMT).
AR. Perry, S. Srichairatanakool, N. McKeag, AJ. Peniket, AH. Goldstone, 
JB. Porter, Department of Haematology, University College 
London Hospitals, UK.

There has been accumulating evidence for iron overload as a long-term 
complication of BMT for haematological malignancies. Much of this data 
refers to ferritin as a marker of iron overload, with attending difficulties in 
interpreting high values in the presence of other problems such as 
hepatitis or GVHD. Arguably, a more pertinent marker of iron overload is 
non-transferrin-bound iron (NTBI). This form of iron, absent in normal 
sera, has been identified in conditions of iron overload (beta- 
thalassaemia and haemochromatosis), and is able to facilitate production 
of free radicals - possibly contributing to tissue toxicity in these 
conditions. We have measured NTBI, by an HPLC method developed in 
this laboratory, in 18 patients who were between 3 and 168 months post- 
BMT. 7 of the 18 (39%) had detectable NTBI, including 2 allogeneic 
BMT patients and 5 who had undergone autologous marrow I  peripheral 
stem cell transplants. There was no apparent difference in sex, disease- 
type, conditioning therapy or transplant-type between those who had 
NTBI (median time from transplant = 8 months) and those who had no 
NTBI detectable (median time from transplant = 5 months). There was a 
significant difference between the two groups in terms of serum iron 
(p<0.005), transferrin saturation (p<0.002), serum ferritin (p<0.02) and 
previous red cell transfusions (p<0.05). Although all those with NTBI had 
raised serum ferritin levels and tranferrin saturations, these parameters 
were also increased in 7/11 of those with no NTBI detectable, and 
cannot be considered adequate predictors of NTBI. The persisting 
presence of NTBI in a significant proportion of BMT patients raises the 
possibility that this form of toxic iron contributes to long-term tissue 
damage following bone marrow transplantation.
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EVIDENCE FOR "SHUTTLE" EFFECT OF NTBI ONTO DESFERRIOXAMINE IN 
THALASSAEMIC PLASMA IN PRESENCE OF NTA. S.Srichairatanakool. P.Kemp 
and JB .Porter. Departm ent of Haematology, University College London, 98 
Chenies Mews, London. WC1E 6HX. UK.

Non transferrin bound Iron (NTBI) is a highly toxic form of plasm a iron 
present in concentrations of 1-1 OpM in iron overloaded patients. We have recently 
show n that NTBI appears to be very labile, returning within a few minutes of 
cessation  of Desferrioxamine (DFO) chelation therapy in thalassaem ia major 
patients. The methodology currently used to m easure NTBI employs the incubation 
of plasm a with BOmM NTA for 20 minutes followed by an ultrafiltration step and 
HPLC m easurem ent of iron. We w ere concerned to determine w hether in the 
p resen ce  of clinically relevant plasm a Desferrioxamine (DFO) concentrations 
(approximately lOpM) whether NTA bould promote the transfer of iron, which had 
not been chelated by DFO in vivo , from NTBI onto ferrioxamine (FO). If this 
occurred, this could lead to the underestimation of NTBI in patients receiving DFO 
treatment.

Initial experim ents showed that NTA available iron m easured by HPLC 
(NTBI) (starting concentration 3.8pM) was removed from thalassaem ic plasm a 
within 20 minutes of incubation with DFO at concentrations above 10|iM DFO, 
consistent with shuttling of NTA available iron to FO, To examine this effect further, 
we used a'n ELISA im m unoassay (developed by P.Kemp Ciba Pharmaceuticals 
Horsham) for FO which has allowed us to measure the formation of FO from DFO in 
normal and thalassaem ic plasm a and allows the m easurem ent of FO down to 
concentrations as low as 0.1 pM FO,

Normal human plasma a s  well as  plasma from thalassaem ia patients not 
receiving chelation treatm ent w ere incubated with DFO in the p resence and 
absence of 80mM NTA and the formation of FO together with the rate of removal of 
NTBI were m easured by immunoassay. In the absence of NTA, no FO was formed 
in normal plasm a incubated with lOpM DFO for up to 2h. Equally when 
thalassaem ia plasma containing an excess of 3pM NTBI w as incubated with 10pM 
DFO for 2h, only very small concentrations of DO were formed (< 0.2uM). However, 
in the presenece of 80mM NTA, 3.5 pM iron was removed from NTÀ at 2h. These 
studies show that in the absence of NTA to act as  a  shuttle from NTBI to DFO, the 
rate of chelation of iron from transferrin or from NTBI is very slow. Experiments 
performed using HPLC analysis of NTBI and FO also show evidence for shuttling of 
iron from NTBI to FO over a concentration range of 10-1 OOpM DFO.

Thus m easured reductions in NTBI during DFO therapy may underestimate 
: the true NTBI value due to shuttling of iron from NTBI to DFO in the presence of NTA 
in vitro. This effect is likely to be particularly m arked when DFO plasm a 
concentrations exceed lOpM.
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STUDIES OF IRON EXCRETION AND NON-TRANSFERRIN-BOUND 
PLASMA IRON (NTBPI) FOLLOWING A SINGLE INFUSION OF 
HYDROXYETHYL STARCH-DEFEROXAMÏNE (HES-DFO): A NEW 
APPROACH TO IRON CHELATION THERAPY. N.F. Olivieri. E. Nishet- 
Brown.* S. Srichairatanakool.* P. Dragsten.* P. Hallaway.* B, Hedlund.* J.B 
Porter. Biomedical Frontiers, Minneapolis, MN; University College, London, UK; • 
The Hospital for Sick Children, Toronto, Canada.

Deferoxamine (DFO) remains the only iron chelator to demonstrate sustained 
efficacy in the long-term reduction of body iron burden. Its clinical utility is limited 
by rapid plasma clearance, mandating frequent infusions to induce iron excretion and 
reduce non-transferrin bound plasma iron (NTBPI), an important source of iron- 
induced damage in vivo. A "long-acting" DFO preparation with equal efficacy to 
standard DFO would circumvent difficulties with compliance with nightly therapy. 
We therefore evaluated the efficacy and safety of a single infusion of the compound 
HES-DFO (Biomedical Frontiers, Minneapolis) in a rising single dose study in 8 
iron-loaded patients, five with thalassemia major and three with Diamond-Blackfan 
anemia. HES-DFO is a compound composed of standard DFO attached to starch 
polymer, creating a high molecular weight chelator with identical iron affinity and 
specificity, and longer vascular retention, than does the standard preparation of DFO, 
Patients received a single intravenous dose of HES-DFO (3 or 5 ml/kg body weight, 
equal to 51.2 mg or 85.3 mg DFO/kg respectively) over 1 hour. Efficacy was 
assessed (i) by daily 24-hour urinary iron excretion over seven post-infusion days, 
values of which were compared to urinary iron excretion induced by subcutaneous 
infusions of DFO in these same patients; and (ii) by reduction in non-transferrin 
bound plasma iron. Regular biochemical and hematologic parameters monitored the 
safety of HES-DFO. In patients with thalassemia major, 3 or 5 ml HES-DFO per 
kgbody weight induced urinary iron excretion equal to that achieved during 3.2 ± 2.2 
(range 1.1-7.0) days of subcutaneous DFO. Urinary iron excretion induced by HES- 
DFO in patients with Diamond-Blackfan anemia was significantly less striking 
(p<0.005), equal to urinary iron excretion achieved during 1.3 ± 0.5 (0.6-2) days of 
subcutaneous DFO. A single infusion of HES-DFO reduced non-transferrin bound 
plasma iron to zero or very low concentrations for 12 to 96 hours following 
infusion; non-transferrin bound plasma iron was observed to rise at the time point at 
which circulating chelator concentration began to decline below the total plasma 
iron concentration. Following discontinuation of infusion, non-transferrin bound 
plasma iron was observed to increase above levels determined at baseline. In one 
patient, urticaria prompted drug discontinuation; subsequent skin testing showed no 
allergy to starch, DFO or HES-DFO. The efficacy and lack of toxicity of HES- 
DFO in this single dose study in iron-loaded patients suggest that, if efficacy can be 
modified so that iron excretion following one infusion of HES-DFO is equal to that 
achieved during one week of subcutaneous DFO, HES-DFO should play a useful 
role in long-term reduction of body iron burden in selected patients with iron 
overload.
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Summary. Previous studies have suggested that non- 
transferrin-bound plasma iron (NTBI) is present in patients 
undergoing cytotoxic chemotherapy, and that this may 
exacerbate untow^d organ damage and increase the risk of 
bacterial infections foUovidhg chemotherapy. However, the 
source of NTBI during myelosuppressive chemotherapy is 
controversial. In this study we have examined the kinetics of 
the appearance and disappearance of NTBI with chemother
apy. NTBI was present in only two out of 24 patients prior to 

I chemotherapy but, following chemotherapy, was present in 
19 patients, with peak NTBI levels at 5d after onset of 
chemotherapy (mean 3-06/im). Thereafter levels fell, but 
were still detectable in seven patients 14d after the end of 
chemotherapy. The appearance of NTBI was associated with

a sudden rise in transferrin saturation, but NTBI was 
detected on four occasions in the absence of full transferrin 
saturation. We have also established that daunorubicin 
cannot itself liberate NTBI from serum. There was no 
relationship between induced NTBI levels and serum iron or 
ferritin levels, previous or current blood transfusions, disease 
stage, or the type of chemotherapy given. The appearance of 
NTBI following chemotherapy was inverserely related to the 
fall in reticulocytes and serum transferrin receptor (TIR) 
levels, suggesting that NTBI formation is a consequence of 
suspension of erythropoietic activity.

Keywords: non-transferrin-bound iron, chemotherapy.

It has long been recognized that patients with acute 
leukaemia have elevated serum iron levels and saturated 
serum iron binding capacities (Caroline et al, 1969), and that 
high concentrations of ferritin are present both in the serum 
and blasts of patients with acute leukaemia (Worwood et al, 
1974). The appearance of a form of iron which is unbound 
to serum transferrin has been described in disorders 
associated with iron overload such as idiopathic haemo
chromatosis (Batey ct'al 1978; Gutteridge et ml, 1985) and 
thalassaemia (Hershko et al, 1978; Anuwatakulchai et al, 
1984). Transferrin may also, in principle, become saturated 
following the suspension of erythropoiesis, as seen in aplastic 
anaemia, even before iron overload occurs. Such non- 
transferrin-bound iron (NTBI) may be capable of mediating 
tissue damage by stimulating free radical formation and lipid 
peroxidation in cell membranes (Gutteridge et al, 1985).

NTBI detectable by the bleomycin assay has been 
demonstrated in the serum of patients with haematological 
malignancy undergoing cytotoxic chemotherapy (Halliwell 
et al 1988; Gordeuk & Brittenhara, 1992; Harrison et al,

Correspondence: Dr S. J. Bradley, Department of Haematology. 
University College London Medical School. 98 Chenies Mews, 
London WCIE 6HX.

1994). It has been postulated that this NTBI may augment 
the untoward tissue damage seen with chemotherapy 
(Halliwell et al 1988), and in addition may facilitate 
bacterial growth, thus increasing the infection risk during 
the neutropenic period (Harrison et al, 1994). The bleomycin 
assay for NTBI has a number of drawbacks, however, 
particularly for studies involving patients undergoing 
cytotoxic chemotherapy. Because bleomycin is used as an 
integral part of the assay using DNA-induced damage as the 
final detection system, drugs used as part of a chemotherapy 
regimen may lead to false positive results. An alternative to 
the bleomycin assay is the NTBI assay described by Singh et al 
(1990) which uses a high-performance liquid chromato
graphy (HPLC) based system to measure iron which is not 
bound to transferrin. This method measures iron directly 
using nitrilotriacetic acid (NTA) as a capture agent, and is 
therefore not subject to the theoretical risk of false positive 
results that may be encountered with the bleomycin method.

The purpose of this study was to apply the above assay to 
determine the rates of appearance and removal of NTBI in 
patients undergoing myeloablative chemotherapy, and 
thereby gain insight as to the mechanism(s) by which 
NTBI is formed and cleared in such patients. To achieve this, 
we studied the relationship between NTBI and markers of
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haemopoietic recovery including automated reticulocyte 
counting and circulating transferrin receptors in 24 patients 
undergoing a variety of myeloablative chemotherapeutic 
regimens, both with and without haemopoietic rescue using 
autologous marrow or peripheral blood stem cells. We also 
examined the relationship of NTBI to markers of iron 
overload such as transferrin saturation and serum ferritin 
before, during and after chemotherapy. The influence of 
daunorubicin on measurable NTBI in  v itro  was investigated 
in order to establish that there is no interference by this 
anthracycline in the NTBI assay.

MATERIALS AND METHODS 

Patients
We monitored 24 patients (18 male and six female) 
undergoing a variety of chemotherapeutic regimens at the 
haematology unit at University College London Hospitals, 
the details of whom are shown in Table I, In summary, 12 
patients were undergoing peripheral blood stem cell trans
plants for lymphoma, six were receiving leukaemia con
solidation regimens, five receiving leukaemia induction 
regimens, and one was undergoing autologous bone marrow 
transplantation. Six patients were studied at diagnoris or in 
relapse, nine were in partial remission, and nine were in 
complete remission. 19 patients had received red cell 
transfusions previously (mean 25 units, range 1 -7 9  units).

M eth ods
B lood sam pling. 15 ml of venous blood was taken at the 

following times: pre-chemotherapy, 24 h and 5 d after the 
onset of chemotherapy, and at 7 and 14 d after the course of 
chemotherapy had finished. Serum was separated by 
centrifugation within 30min of sampling, and stored at 
- 3 0 T .

NTBI qu an tita tion . NTBI was measured using nitrilotri
acetic acid (NTA). ultrafiltration and UV detection with 
HPLC, the methodology for which has been described 
previously (Singh e t al, 1990), with modifications as detailed 
In a subsequent paper (Porter e t a l, 1996). NTBI was 
quantitated by ferric chloride standards made up in 80 nm 
NTA.

S erum  iron, transferrin  satura tion  an d  fe rr itin  m easurem ent. 
Serum iron and total iron binding capacity (TIBC) were 
quantitated by the PET-600 method (American Monitor 
Corporation. Indianapolis. Ü.S.A.), the normal ranges for 
which were 7 -4 5  ;tmol/l and 4 5 -7 3 /zmol/l respectively. 
Serum ferritin was measured by immunoassay using the 
IMX analyser (Abbott Diagnostics. Maidenhead) with a 
normal range of 3 0 -284  ̂ g/1 for males and 6 -1 8 6  ftg/1 for 
females,

.Transferrin receptor m easurem ent. Serum transferrin recep
tor concentration (TfR) was measured using a commercial 
kit employing the quantitative sandwich enzyme immuno
assay technique (R&D Systems Europe Ltd, Abingdon).

Table I. Patient characteristics.

Patient
Age
(yr) Diagnosis Stage Treatment

Previous
transfusions

Pre-treatment 
ferritin (yg/l)

Pre-treatment 
NTBI (ji.vi)

Maximal 
NTBI ifiM)

1 30 NHL PR PBSCT 2 280 - 0 4 9 -0-49
2 48 NHL PR PBSCT 4 216 -0-49 -0-43
3 34 AML CR AML consolidation 26 1531 -0-62 2-9
4 49 AML CR AML consolidation 31 1522 0 4-26
5 44 AML Relapse AML induction 47 1976 -0-49 1-48
6 48 ALL Relapse ALL induction 42 2085 2-78 2-9
7 37 HD PR PBSCT 3 196 -0-43 2-04
8 19 ALL Diagnosis ALL induction 0 178 - 0  43 - 0 4 3
9 58 AML CR AML consolidation 27 3377 -0-37 2-1

10 52 HD CR PBSCT 27 901 -0-49 1-48
11 41 NHI, PR PBSCT 12 1552 ND 3 33
12 19 AML Relapse AML Induction 15 ND -0-09 5-19
13 67 AML CR AML consolidation 14 1861 -0-28 4 0 7
14 62 NHL PR PBSCT 5 246 -0-49 -0-35
15 30 NHL CR PBSCT 0 430 -0-49 -0-14
16 46 HD PR PBSCT 10 ND ND 2-43
17 60 AML CR AML consolidation 54 2800 -0-35 3-33
18 35 ANIL CR AML consolidation 59 1459 -0-28 2-92
19 32 HD PR PBSCT 0 377 -0-28 3-06
20 16 HD Relapse PBSCT 15 1104 -0-56 2-15
21 60 ANIL CR ABMT 79 2698 2-00 3-06
22 49 AML Diagnosis AML induction 1 50 -0-67 3-48
23 55 NHL PR PBSCT 0 33 -0-96 3-85
24 50 NBL PR PBSCT 0 12 -0-96 3-00

NHL= non-Hodgkin's lymphoma: AML =  acute myeloid leukaemia: HD =  Hodgkin’s disease: ALL=acute lymphoblastic leukaemia: 
PR =  partial remission: CR =  complete remission: PBSCT= peripheral blood stem cell transplant; ABMT =  autologous bone marrow transplant.
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Serum samples were diluted 1 in 100. assayed in triplicate, 
and TIR quantitated from a standard curve. The normal 
range given for the kit was 0 85-3 05 fig/ml.

The effect of daunorubicin on the NTBI assay. Previous 
pharmacokinetic studies have shown that clearance of 
daunorubicin after a single intravenous dose is biphasic. 
with an initial peak plasma concentration of between 0 1  
and 1*0 fig/ml after a single therapeutic dose, and an initial 
half-life of 30-45 min (Woodcock et al, 1984: Alberts et al, 
1970). Thereafter, clearance takes place at a slower rate with 
a half-life of up to 55 h. Based on these observations, serum 
was incubated with daunorubicin (Rhone-Poulenc Rorer, 
Eastbourne) at a final concentration of 1 /xg/ml at 3 7°C for 4 h 
to ascertain whether daunorubicin could directly infuence 
NTBI levels in normal serum and pooled thalassaemic 
serum. This was to ensure that daunorubicin. a known 
chelator of iron, did not Increase measured NTBI values 
under circumstances where NTBI is known to be present 
(thalassaemic serum) or absent (normal control serum). 
Samples for NTBI quantitation were taken at hourly 
intervals.

Statistics. All values are expressed as the mean ± the 
standard error of the mean (SEM), unless otherwise stated. 
Differences between mean were analysed by the Student’s 
t-test; P values <0 05 were deemed to be significant.

RESULTS

Appearance and removal of NTBI with myeloablative chemotherapy 
Fig 1 shows the variation in mean NTBI levels before, during 
and after myeloablative chemotherapy. NTBI was detectable 
in only two patients pre-chemotherapy, and both had been 
heavily transfused in the past: one had acute lymphoblastic 
leukaemia in relapse and had received 42 units of red cells, 
and the other had acute myeloid leukaemia in remission and

5
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20 4 6 8 10 12■2 14 16

Days post chemotherapy

Fig 1, Changes in mean (±SEM) NTBI level pre-chemotherapy. 24 h 
and 5 d after the onset of chemotherapy, and at 7 and 14 d after the 
end of chemotherapy are shown (n = 24).

had received 79 units of red cells (Table I). In other patients 
NTBI was absent and negative values were obtained in most 
patients. Such negative NTBI values are characteristically 
found in normal control subjects and are thought to be due 
to the iron present in SOmvi NTA (2/i.\i) being donated to 
free binding sites on transferrin when the latter is <100% 
saturated (Porter et al. 1996). This results in a NTBI value 
less than that obtained with 80 mvi NTA alone which is used 
as the diluent in the standard curve. At 24 h after onset of 
chemotherapy. NTBI was detectable in 11/24 patients. 7d 
after the end of chemotherapy, when haemopoietic activity 
would be minimal. NTBI was detected in 14/23 patients 
tested. By 14 d after the end of chemotherapy NTBI levelŝ  
had fallen in all of the 14 patients, but was still detectable in 
seven patients. NTBI was not detected at any stage in five 
patients.

NTBI levels and transferrin saturation 
There was a sudden rise in transferrin saturation from a 
mean of 44*8% pre-chemotherapy, with three patients 
showing full saturation, to 76% at 24 h, with 13 patients 
showing full saturation; rising to 99*1% at 5 d after onset of 
chemotherapy (Figs 2 a-b). Thereafter transferrin satura
tions fell to 80*1% and 74*4% at 7 and 14 d after the end 
of chemotherapy. Generally the presence of NTBI was 
associated with full transferrin saturation, and this relation
ship was consistent despite rising or falling NTBI levels 
(Figs 2a-b). However, these graphs show that there were 
four instances where NTBI was detected in the absence of full 
transferrin saturation (mean 77*6%. range 68*2-89*0).

NTBI levels and serum iron-and ferritin 
Serum iron levels fell within the normal range throughout - 
the observation period, though four patients were found to 
have low levels prior to chemotherapy, but not after the onset 
of chemotherapy (not shown). Four patients had high serum 
iron levels at one or more stages, and NTBI was detected in 
four out of five simultaneous samples. Generally there wras 
no correlation between levels of NTBI and serum iron. Serum 
ferritin concentrations varied widely between patients, but 
were generally high with a tendency to rise still further over 
the observation period. There was no correlation between 
NTBI levels and serum ferritin at any stage. As expected, the 
highest ferritin levels pre-chemotherapy were seen in the 
heavily transfused patients: ferritin >1000fig/l mean 37 
units, ferritin <1000/ng/l mean 4 units (not shown).

NTBI levels and blood transfusions and disease status 
NTBI was not detected in five patients at any stage. These 
patients had received few red cell transfusions in the 
past (mean 2*2 units), and two had never been transfused. 
Also, the two patients in whom NTBI was present pre
chemotherapy had both been heavily transfused prior to the 
current course of treatment (Table I). Yet, despite these 
observations, there was no correlation between past 
transfusion history and NTBI levels during the study 
period. All but two patients received red cell transfusions 
during the current course of chemotherapy (mean 4*9 units, 
range 0-15). and there was a similar lack of correlation
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Fig 2. The relationship between NTBI level and transferrin satura
tion are shown pre-chemotherapy and 24 h after onset of chemo
therapy (a), and at 7 and 14 d after the end of chemotherapy (b).

between NTBI levels and the number of units transfused. 
There was no association between disease status and NTBI 
levels; mean maximal levels reached for those in complete 
remission was 2-66 ±  0-45 ;iM versus 2-08 ±  0 4 6 /xm for 
those with active disease (P =  0 41). Similarly there was 
no relationship between NTBI levels and treatment 
modality; mean levels for those who had transplants was 
1 -7 7 ± 0 -4 4 /xm versus 2-93 ±  0 4 5 for those who 
received chemotherapy alone (P =  0-08).

NTBI levels an d  haem opoietic  a c tiv ity  
In nine of the 24 patients the relationship between NTBI 
levels and haemopoietic activity was investigated in more 
detail. NTBI levels. TfR concentration, and reticulocyte 
counts were performed pre-chemotherapy. 24 h and 5 d 
after onset of chemotherapy, and at 7 and 14 d after the end

of chemotherapy. The results are plotted on Figs 3(a-c). 
NTBI was not detected in any of the nine patients pre- 
chemotherapy Levels fell significantly in all nine patients 
between 7 and 14 d { l - 6 S p \ i  v 0 -16^m. P =  0 01). but was 
still detectable in five patients at 14 d. There was no change 
in reticulocyte counts and TfR concentration pre-che
motherapy and 24 h after onset of chemotherapy. Nadir 
reticulocyte counts occurred at 7 d after the end of 
chemotherapy, whereas the lowest TfR concentration 
occurred 5 d after the onset of chemotherapy, whereas TfR 
concentrations never fell outside the normal range of the kit 
used, for any patients studied. Both reticulocyte counts and 
TfR concentrations tended to rise between 7 and 14 d. but
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Fig 3. Changes in mean (±SLM). NTBI level (a), reticulocite count 
(b) and transferrin concentration (c) pre-chemotherapy. 24 h and 
5d after onset of chemotherapy, and 7 and 14 d after the end of 
chemotherapy are shown (n =  9).
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the changes were not statistically significant (P=0*16 and 
P=045 respectively). There was no correlation between the 
change in NTBI levels between 7 and 14 d, and the change in 
T(R concentration and reticulocyte count. However, only one 
patient showed full reticulocyte recovery (0 3% to 2*1%), 
and this was associated with a marked rise in TfR (1 63 /ig/ 
ml to 3 61 fig/wl), and the disappearance of NTBI (2-15 /xm 
to - 0  42 m̂). There was a significant rise in neutrophil 
counts between 7 and 14 d (0 04 x 10 /̂1 v 1 0  x 10 /̂1, 
P = 0*012), with five patients showing neutrophil recovery, 
yet NTBI was still detectable in three of these.

The effect of daunorubicin on the NTBI assay 
Incubating pooled normal serum with daunorubicin at 1 ^g/ 
ml for 4 h did not result in the liberation of NTBI. Similarly, 
the incubation of pooled thalassaemic serum known to 
contain 3*58/iM NTBI with daunorubicin under the same 
conditions did not result in à change in NTBI concentration 
(not shown).

DISCUSSION

This study has used a direct quantitative method for NTBI 
detection to demonstrate the kinetics of the appearance and 
disappearance of NTBI during myeloablative chemotherapy, 
and for the first time establishes an inverse relationship 
between this and markers of erythropoiesis. The kinetics of 
appearance and removal of NTBI in relation to markers of 
erythropoiesis are consistent with a model of NTBI formation 
resulting from a temporary reduction in iron removal from 
transferrin by the erythrbn, whereas release of plasma iron 
from breakdown of effete red cells in the reticuloendothelial 
system continues at a similar rate. This results in a rapid 
saturation of transferrin (independently of changes in total 
body iron), with the transient appearance of NTBI until the 
erythron regenerates and normal uptake of transferrin iron 
by the erythron resumes. Our findings do not support the 
contention that NTBI is formed by release of iron from dying 
leukaemia cells (Carmine et ai 1995) or as a consequence of 
direct interaction of anthracylins with transferrin. Further
more, NTBI levels are not affected by disease status or the 
modality of treatment given.

NTBI was detected as early as 24 h after the onset of 
chemotherapy, consistent with previous studies using the 
bleomycin assay (Halliwell et al, 1988: Gordeuk et al, 1992; 
Harrison et al 1994; Carmine et al 1995). A rapid rise in 
transferrin saturation has also been seen in previous studies 
(Gordeuk & Brittenham, 1992; Harrison et al, 1994) but. in 
contrast to these, NTBI was detected in the absence of full 
transferrin saturation in four occasions in our study. This 
phenomenon has also been observed In haemochromatosis 
patients where NTBI was detected by the HPLC method in 
the absence of full transferrin saturation in both untreated 
and treated patients (Guyader et a i  1993).

In thalassaemic patients treated with iron chelators a 
strong correlation between NTBI levels and serum iron and 
ferritin has been reported (Al-Refaie et al 1992). We found 
no such correlation in this study. A similar lack of relation
ship between NTBI levels and serum ferritin has been

observed by Harrison et al (1994) and Guyader et al (1993) 
in post-chemotherapy patients, presumably because serum 
ferritin levels are influenced by many other factors in this 
situation such as previous blood transfusions, underlying 
disease, sepsis, and drug-induced hepatic dysfunction. The 
highest ferritin levels were seen in the most heavily 
transfused patients, yet we found no correlation between 
past or current transfusions and NTBI levels, although the 
two patients who did have NTBI prior to transplant were 
relatively heavily transfused (patients 21 and 6). Recent 
findings by our group, however, have shown that NTBI does 
persist in a proportion of patients who have received auto- or 
allografts from 3 months to several years previously and 
have full haemopoietic reconstitution (Ferry et aJ, 1997). In 
the latter group, however, there was a correlation between 
the presence of NTBI and the number of blood units 
transfused, .unlike the patients reported in this paper. It 
therefore appears that the source of the transient NTBI 
in patients with transient myelosuppression is relatively 
independent of iron storage status.

TfR concentration was used as a sensitive marker of 
erythropoiesis, as previously shown for other haematological 
disorders (Kohgo et al, 1987: Huebers et al, 1990; Beguin et 
al, 1993). For example, the study by Kohgo et al (1987) 
suggests that a rise in TfR concentration in treated iron- 
deficient patients precedes the rise in reticulocyte count by 
2-3 d. So far, however, there have been few studies looking 
at TfR levels and cytotoxic chemotherapy.. One study 
documented raised TfR levels in newly diagnosed NHL, 
with levels falling to normal in responding patients (Stasi 
et a l 1995), and another demonstrated reduced levels 
15-150 d post bone marrow transplant (Huebers et al 
1990), Our study showed no change in TfR concentration 
pre-chemotherapy and 24 h after the onset of chemotherapy, 
but thereafter there was an inverse relationship between 
NTBI levels and TfR concentration, suggesting a rise in NTBI 
with suspension of erythropoietic activity, and a subse
quent fall as erythropoiesis resumes post chemotherapy. 
The lack of a statistically significant correlation between 
the change in NTBI levels at 7 and 14 d and the change in 
TfR concentration and reticulocyte counts over the same 
time period may have been because 14 d was too early to 
look for full erythropoietic recovery only one patient 
showed full reticulocyte recovery, and this was associated 
with a marked rise in TfR concentration and the disappear
ance of NTBI. Looking again at 21 d may have been helpful.

The relevance of these findings to patients undergoing 
myeloablative therapy are firstly that NTBI may augment 
untoward oxidative tissue damage induced by cytotoxic 
chemotherapy by catalysing the formation of hydroxyl 
radicals from hydrogen peroxide (Halliwell et al, 1992), 
and secondly this form of iron may be more readily available 
to facilitate the growth of microorganisms than transferrin 
bound iron (Caroline et al, 1969). Some chemotherapeutic 
agents such as anthracyclines are themselves capable of 
generating hydrogen and superoxide radicals, and the 
presence of iron would potentiate this (Halliwell et al 
1992). The heart is particularly vulnerable to oxidative 
stress owing to reduced amounts of catalase and superoxide
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dismutase (Doroshow e t al, 1980). Furthermore. NTBI 
levels have been found to correlate with oxidative 
damage to plasma proteins, mucositis and hepatic enzyme 
release in children undergoing chemotherapy for ALL 
(Carmine e t a l, 1995).

Given these concerns, several authors have suggested that 
the use of iron-chelating agents in this setting (Halliwell e t al. 
1988: Carmine et al. 1995; Beare & Steward, 1996). ICRF- 
187, an efficient iron chelator, has been shown to reduce 
anthracycline-induced cardiotoxicity in several animal 
studies (Herman & Ferrans, 1981; Perkins e t a l, 19S2). 
The use of ICRF-187 in the treatment of women with 
advanced breast cancer suggested that this agent reduced 
the incidence of doxorubicin induced cardiac toxicity with
out effecting the anti-tumour effect (Speyer e t a l. 1988). 
However, concerns have been raised regarding the degree of 
myelosuppression seen with this agent (Beare & Steward, 
1995). Apart from one^mall study looking at the use of 
desferrioxamine with chemotherapy in the treatment of 
patients with advanced neuroblastoma (Donfrancesco e t al. 
1992), there have been no studies with other iron chelators 
in this setting.

This clear demonstration of predominantly transient NTBI 
induction by myelablative chemotherapy suggests that 
the timing of anthracyclin administration may be critical 
to iron-mediated toxicity, and that by giving these agents 
early in a myeloablative regimen the cardiotoxic effecs of 
anthracyclin might, in principle, be reduced. The value of 
iron chelators other than ICRF-187 to minimize potentially 
harmful effects of NTBI is also unknown and further 
investigation in these areas would be of potential value.

REFERENCES

Alberts, D.S., Bachur, N.R. & Holtzman, J.L. (1970) The pharmaco
kinetics of daunomycin in man. Clinical Pharmacology and 
Therapeutics. 12, 96-103.

Al-Refaie. F.N.. Wickens, D.G.. Wonke, B.. Kontoghiorghes. G.J. & 
Hoilbrand. A.V. (1992) Serum non-transferrin-bound iron in 
beta-thalassaemia major patients treated with desferrioxamine 
and LI. British Journal of Haematology. 82, 431-436, 

Anuwatanakulchai, A., Pootrakul, P., Thuvasethakul, P. & Wasi. P. 
(1984) Non-transferrin plasma iron in /3-thalassaemia/Hb E and 
haemoglobin H diseases. Scandinavian Journal o f Haematology. 32. 
153-158.

Batey. R.G., Fong. P.L.C. & Sherlock. S. (1978) The nature of serum 
iron in primary haemochromatosis. Clinical Science, 55. 24P-2  5P. 

Beare. S. & Steward. W.P. (1996) Plasma free iron and chemotherapy 
toricity. Lancet. 347. 342-343.

Beguin, Y., Clemons. G.K., Pootrakul. P. & Fillet, G. (1993) 
Quantitative assessment of erythropoiesis and functional classifi
cation of aneima based on measurements of serum transferrin 
receptor and erythropoietin. Blood. 81. 1067-1076.

Carmine. T.C.. Evans. P.. Bruchelt. G.. Evans. R.. Handgretinger. R.. 
Niethammer, D. & Halliwell, B. (1995) Presence of iron catalytic 
for free radical reactions in patients undergoing chemotherapy: 
implications for therapeutic management. Cancer Letters, 94. 
219-226.

Caroline. L. Rosner. F. & Kozinn. P.J. (1969) Elevated serum iron, low 
unbound transferrin and candidiasis in acute leukemia. Blood, 34. 
441-451.

Donfrancesco. A.. Deb. G.. Dominici. C.. Angionl. A.. Caniglia. M.. 
De Sio. I.. Fidani. P.. Amici. A. & Heison. I. (1992) Deferoxamine, 
cyclophosphamide, etoposide. carboplatin. and thiotepa 
(D-CEaT): a new cytoreductive chelation-chemotherapy regimen 
in patients with advanced neuroblastoma. American Journal of 
Clinical Oncology. 15. 319-322.

Doroshow. J.H., Locker. G.Y. & Myers. C.E. (1988) Enzymatic defenses 
of the mouse heart against reactive oxygen metabolites: altera
tions produced by doxorubicin. Journal of Clinical Investigation. 65. 
128-135.

Gordeuk. V.R. & Brittenham. G.M. (1992) Bleomycin-reactive iron in 
patients with acute non-lymphocytic leukemia. FEES Letters, 308. 
4 —6.

Gutteridge, J.M.C.. Rowley, DA . Griffiths E. & Halliwell B. (1985) 
Low-molecular-weight iron complexes and oxygen radical 
reactions in idiopathic haemochromatosis. Clinical Science, 68, 
463-467.

Guyader, D.. Morel. !.. Le Dreau, G„ Canva, V.. Zanninelli. G., 
Deugnier, Y. & Brissot, P. (1993) Relationship between plasma 
non-transferrin-bound iron and the extent of iron overload in 
genetic hemochromatosis. AASLD. A911.

Halliwell. B.. Aruoma. O.I.. Mufti. G. & Bomford. A  (1988) 
Bleomycin-detectable iron in serum firom leukeimc patients 
before and after chemotherapy. FEES Letters 241. 202-204.

Halliwell, B., Gutteridge. J.M.C. & Cross. C L  (1992) Free radicals" 
antioxidants, and human disease: where are we now? Journal of 
Laboratory and Climcal Medicine, 119, 598-620.

Harrison, P., Marwah, S.S., Hughes. R.T. & Bareford, D. (1994) Non- 
transferrin bound iron and neutropenia after cytotoxic 
chemotherapy. Journal of Clinical Pathology. 47, 350-352.

Herman, E.H. & Ferrans. V.J. (1981) Reduction of chronic 
doxorubicin cardiotoxicity in dogs by pre treatment with (±)- 
1.2-bis (3.5-dioxopiperazinyl-1 -yl)propane (ICRF-187). Cancer 
Research, 41, 3436-3440.

Hershko, C., Graham. G.. Bates. G.W. & Rachmilewitz, LA. (1978) 
Non-specific serum iron in thalassaemia: an abnormal serum iron 
fraction of potential toxicity. British Journal o f Haematology. 40, 
255-263.

Huebers, H.A. Begiun, Y., Pootrakul P.. Einspahr, D. & Finch. C.A. 
(1990) Intact transferrin receptors In human plasma and their 
relation to erythropoiesis. Blood, 75. 102-107.

Kohgo. Y., Niitsu. Y.. Kondo. H.. Kato, J.. Tsushima. N.. Sasaki, K.. 
Hirayama. M.. Numata. T.. Nishisato. T. & Urushizaki. I. (1987) 
Serum transferrin receptor as a new index of erythropoiesis. Blood. 
70,1955-1958.

Perkins, W .L. Schroder. R.L.. Carrano R.A. & Imondl A.R. (1982) 
Effect of ICRF-18 7 on doxorubucin-induced myocardial effects 
in the mouse and guinea-pig. British Journal o f Cancer. 45, 
662-667.

Perry. A.R.. Srichairatanakool S.. McKeag. N., Peniket, A.J.. 
Goldstone. A.H. & Porter. J.B. (1997) Non-transferrin-bound 
iron (NTBI) persisting in the long-term after bone marrow 
transplantation (BMT). Bone Marrow Transplantation. 19. 
(Suppl. S7) 24.

Porter, J.B., Abeysinghe. R.D., Marshall. L,. Hider, R.C. & Singh, S. 
(1996) Kinetics of removal and reappearance of non-transferrin- 
bound plasma iron with deferoxamine therapy. Blood. 88. 705-713.

Singh, S.. Hider, R.C. & Porter. J.B. (1990) A direct method for 
quantification of non-transferrin bound iron (NTBPI). Analytical 
Biochemistry. 186. 320-323.

Speyer. J.L., Green. M.D., Kramer. L. Rev. M., Sanger, J.. Ward, C.. 
Dubin. N., Ferrans, V, Stecy. P.. Zcleniuch-Jacquotte. A., Wernz. J.. 
Feit, E. Slater. W.. Blum. R. & Muggia. F. (1988) Protective effect of 
the bispiperazinedione ICRF-187 against doxorubicin-induced

© 1997 Blackwell Science Ltd. B ritish  Jou rn d  o f  H aem atology 99: 337-343



S on -tm n sferrin -bo iin d  Iron induced by M yeloablative C hem otherapy 3-t3
cardiac toxicity in women with advanced breast cancer. .New 
Eiujland Journd of Medicine. 319. 745-752.

Stasi. R.. Zinzani, P.L. Galieni. E. Lauta. V..VI.. Damasio. E.. Dispensa. L. 
Dammacco. F.. Vendltti. A., Del Poeta. G., Cantonetti. M.. Perrotti. A.. 
Papa. G. & Tura. S. (1995) Clinical implications of cytokine and 
soluble receptor measurements in patients with newly-diagnosed 
aggressive non-Hodgkin’s lymphoma. European Jounuil of Haematology. 
54 .9 -1 7 .

Woodcock. T.M.. Allegra. J.C.. Richman. S.P.. Lalley. K.. Kubota. T.T.. 
Blumenreich. .M.S.. Gentile. P.. Jones. M. & Seeger. J. (1984) 
Pharmacology and phase I clinical studies of daunorubicin in 
patients with advanced malignancies. Seminars in Oncology. 11. 
(Suppl. 3). 28-32.

Worwood. M.. Summers. .M.. Miller. P.. Jacobs. A. & Whittaker. J.A. 
(1974) Ferritin in blood cells from normal subjects and patients 
with leukaemia. British Journd of Haematology. 28. 27-35.

® 1997 Blackwell Science Ltd. B ritish  Journal o f  H aem atology 99: 337-343



Relative elTicLieV o f  siibcuianeoiis infusions and bolus injeciions ol desfeiriexamine in the removal 

o f  non-transferrin-bound iron (NTBI) (1998): Blood. 92( 10) Supplement 1 (part 1), 668a.________
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Abstract# 2754 -
RELATIVE EFFICACY OF SUBCUTANEOUS INFUSIONS AND BOLUS 
INJECTIONS OF DEFEROXAMINE IN THÉ REMOVAL OF NON- 
TRANSFERRIN-BOUND IRON (NTBI). J.B Porter*, S. Srichairatanakool*, 
D.G. Nathan, H. Schinkel*, B. Gee, N.F. Olivieri. University College, London: 
Boston Children's Hospital, Boston, MA; University o f Toronto, Canada.

Much of the toxicity o f iron overload can be ascribed to NBTI, which is 
present at concentrations up to 10 pM in patients with transfusional iron overload. 
An important function o f overnight subcutaneous infusions of deferoxamine 
(DFO) is to bind and detoxify NBTI. To maximize the cardioprotective effects of  
DFO, NTBI should in principle be removed for 24 hours per day; during 
administration o f intravenous DFO, NTBI may be completely removed but is 
detected in serum within minutes of stopping an infusion. We have developed a 
reliable assay of NBTI to compare the duration and kinetics o f NTBI removal 
during administration of two regimens o f DFO: a standard subcutaneous infusion 
o f DFO 50 milligrams per kilogram (mg/kg) body weight over 8 hours; and twice- 
daily bolus injections of DFO 25 mg/kg administered over 15 to 45 minutes, 
recently reported (J Pediatr 1997;130:86-8) to induce urinaiy iron excretion equal 
to that achieved during standard DFO infusions. NTBI was measured using an 
HPLC-based assay with the refinement o f a blocking step to minimize in vitro 
removal of NTBI by DFO during the assay procedure. NTBI concentrations were 
measured over 10 hours: before, during, and following one 8-hour subcutaneous 
Infusion o f DFO, or before and following a bolus injection o f DFO, in 11 patients 
with thalassemia major aged 11 to 32 years. Measurements, determined during 
both regimens administered 1-4 months apart, were obtained during the week 
immediately prior to transfusion in each patient. Results showed that following a 
bolus injection o f DFO, urinary 24-hour iron excretion (0.21 ±0.44 mg/kg) was 
not significantly different from that following a 8-hour DFO infusion (0.18 ± 0.03 
mg/kg; P = NS). Expressed as reduction o f the area under the curve for NTBI, 
reduction in NTBI exposure did not differ significantly following bolus injections 
(16.9 ±  3.9 pM.h/L) and infusions (14.3 ± 4.5 pM.h/L). Following a bolus of DFO, 
concentrations o f NTBI were rapidly reduced: concentrations reached a nadir 1 
hour following administration (delta NTBI = 2.62 pM), increased at approximately 
4 hours, and returned to pre-bolus levels at 6 to 8 hours. By contrast, removal of 
NTBI by an 8-hour DFO infusion was significantly slower (delta NTBI 1 hour 

' following the start o f infusion = 1.43 pM; p < 0.05); concentrations reached a 
nadir 6 hours following the start of infusion (delta NTBI = 3.2 pM), and returned 
to pre-treatment levels 10 hours following the start o f infusion. Although 
interpatient variability in response was observed, NTBI was not removed 
completely by either regimen. These findings suggest that the DFO exposure 
provided during a standard 8-hour subcutaneous infusion is insufficient to remove
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Unbound Iron Binding Capacity: Correlation with Non-transferrin Bound 
Plasma Iron and Deferoxamine Levels.

B.E. Gee\ T. Law2, S.S. Kurth\ S. Srichairatanakool^ N.F. Olivierit D.G. Nathan^ J.B.
Porter .̂

 ̂Morehouse School of Medicine, Atlanta, GA, USA; ^Children's Hospital, Boston, MA, USA, 
^University College London, UK, University o f Toronto, Toronto, Canada.

INTRODUCTION: Much of the clinical experience suggests a dose-response relationship 
between Deferoxamine (DFO) and its side effects. Direct measurement of DFO levels and 
clearance of non-transferrin bound plasma iron (NTBI) by high-performance liquid 
chromatography (HPLC) has been described by Porter [1] and others, but this method is not 
widely available for routine clinical use. Unbound iron binding capacity (UIBC) as measured 
by atomic absorption has been suggested by Fosburg as a surrogate measure for “free” or 
excess DFO (not bound to iron) and ferrioxamine (FO) [2]. As part of a study of the relative 
efficacy of bolus SC DFO versus continuous SC infusions, we have measured UIBC, NTBI, 
DFO, and FO levels. METHODS: Each subject was treated with DFO by continous SC 
infusion (phase I) and bolus SC injection (phase 2). In phase 1, DFO 50 mg/kg was given by 
continuous SC infusion over 12 hours. In phase 2, DFO 25 mgAcg was given by SC injection 
at study hours 0 and 12. Serum samples were obtained at study hours -12,0,1, 6,12,13,18, 
and 24 during both phases. Fe and TIBC were measured by atomic absorption [3]. UIBC 
was calculated as the difference between TIBC and Fe. NTBI was measured by HPLC [1]. 
DFO and FO were measured by immunoassay [4]; RESULTS: Data are available for three 
subjects. Peak UIBC occurred at hours 6-12 after the initiation of continuous infusions and 1 
hour after bolus injections. Peak UIBC was almost three times greater with bolus SC 
injections. (DFO + FO) levels showed a similar pattern of peaks and troughs, but peak (DFO 
+ FO) levels were similar with the two methods (Table 1 ).

Table 1. Peak UIBC and (DFO + FO) levels

Assay Phase 1 Phase I Phase 2 Phase 2
Mean Range Mean Range

UIBC [pM Fe] 21.25 8.57-31.33 50.00 45.53-53.75
DFO +F0 [pMl 24.23 18.08-27.48 23.87 19.93-30.10

UIBC correlated positively with (DFO -i- FO) (R = 0.71) and negatively with delta NTBI (R = 
0.69). UIBC did not correlate with NTBI when aluminum was added to block free binding 
sites of DFO (R = 0.38). There was no significant relationship between delta Fe and FO (R =
0.14..
SUMMARY: Our data show correlations between UIBC and NTBI or (DFO + FO). UIBC 
measurements may provide a simpler means of monitoring pharmacokinetics during chelator 
therapy and further studies are warranted.

1. Porter JB, Abeysinghe RD, Marshall L, Hider RC, Singh S. Blood, 88:705,1996
2. Fosburg MT, Nathan DO. Blood, 76:435, 1990
3. Olson A, Hamlin W. Clinical Chemistry, 15:438, 1969
4. Srichairatanakool S, Porter JB. Unpublished, 1999
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Summary. Seven untransfused patients with congenital 
dyserythropoietic anaemia type I were investigated to 
assess the determinants of both iron overload and serum 
bilirubin levels. The serum ferritin concentration was 
increased in all patients and non-transferrin-bound iron 
(NTBI) was increased in all but one patient. None of the 
patients showed the C282Y mutation in the hereditary 
haemochromatosis gene, HFE. One patient was homozygous 
for the H63D mutation in this gene. The data indicated that 
differences in the extent of iron overload were not mediated 
by co-inheritance of the C282Y mutation in the HFE gene

but could largely be explained by differences in the severity of 
anaemia and ineffective erythropoiesis. and in the age of the 
patient. In one patient an unusually high plasma bilirubin 
level was associated with the variant A[TA];TAA configura
tion in the TATA box of the uridine diphosphate glucuro- 
nosyltransferase (U G T -IA ) gene promoter, the mutation 
found in most patients with mild Gilbert’s syndrome.

Keywords: congenital dyserythropoietic anaemia type I, 
serum ferritin, non-transferrin bound serum iron. HFE gene 
mutations. Gilbert's svndrome.

Congenital dyserythropoietic anaemia (CDA). type I, is an 
uncommon inherited disorder which is characterized by 
macrocytes in the blood film, certain dysplaslic changes in 
the erythroblasts. gross ineffectiveness of erythropoiesis 
and an autosomal recessive inheritance (VVickramasinghe. 
1998), The plasma bilirubin level is elevated to different 
extents in different patients. The same is true for the serum 
ferritin level and the diagnosis of CDA type I is occasionally 
made in untransfused patients who present with the 
manifestations of iron overload. In the present investiga
tion we have studied various biochemical parameters of 
iron overload in the sera of seven patients with CDA type I, 
In addition we have investigated factors that might 
account for differences in the severity of the iron overload, 
including co-inheritance of two mutations of the HFE  
gene, namely C282Y (the most commonly found mutation 
in hereditary haemochromatosis) and H63D, The possibi
lity that the different degrees of hyperbilirubinaemia may 
be related to the presence of the A[TA];TAA variant in the 
TATA box of the promoter of the uridine diphosphate 
glucuronosyltransferase (U G T -IA ) gene was also studied.

Correspondence: Professor S, N, VVickramasinghe, Department of 
Haematology, Imperial College School of Medicine, St Mary's 
Campus. Norfolk Place. London W2 IPG,

MATERIALS AND METHODS

The diagnosis of CDA type I was based on conventional 
criteria including the presence of internuclear chromatin 
strands joining a small proportion of incompletely separated 
erythroblasts and a spongy (’Swiss cheese’) appearance of 
the erythroblast heterochromatin in a substantial proporti(jii 
of cells. The main clinical and some laboratory findings in 
the seven patients studied are summarized in Table 1 in 
which the cases are divided into two groups. A and Ii, 
according to the severity of the anaemia, Urine was tested 
for haemosiderin in six patients and only case 5 had 
haemosiderinuria (case 3 was not tested).

None of the patients had been transfused except for case 5 
who had undergone an exchange-transfusion at birth. Cases 
3 and 6 have been reported previously (VVickramasinghe 
& Pippard, 1986). When case 6 was re-assessed at the age 
of 56 years the serum ferritin was 3695 jug/l, the transferrin 
saturation was 98%. the liver biopsy showed cirrhosis, 
and the liver iron was 465pimol/g dry tissue. He was 
subsequently treated with infusions of desferrioxamine and 
regular phlebotomy for 2 years followed by regular 
phlebotomy for 7 years until 1994, At the age of 34 years 
case 3 had a serum ferritin of 3869 ^g/1, a transferrin 
saturation of 87- 5%. and liver iron of 5 37 |imol/g dry tissue. 
He was treated with infusions of desferrioxamine and

522 © 1999 Blackwell Science lad



Table I, Main clinical and laboratory features and the UGT-IA gene promoter status of the cases of CDA type I.
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Age
Case (yr) Gender Race

Hb
(g/dl)

MOV
(fl)

Reties 
(X  10 /̂1)

Bilirubin
(ftmol/i)

LDH
(U/l)

sTK
(lU/l)

sTIR
(nmol/ll A[TA]xTAA^

Group A (Hb <10g/dl)
I t  25 m ' Lebanese 6 9 101 52 114 1382 221-7 57-1 [TA],/[TA];
2 39 F Lebanese 8-1 107 51 50 689 187-1 59-7 [TA]„/[TA]7
3 49 M English 9-9 99 146 34 724 143-9 60-9 (TAU/[TA]fi

Group B(Hb> 10 g/dl)
4 72 F English 10-5 111 43 25 522 33-1 (TA],/ITA]7
5 22 M English 11-0 92 93 32 1171 166-7 59-6 . [TA],/[TAU
6 70 M English 11-2 104 27 77 497 43-5 35-2 [TAl7/[TA]7
7 46 M English 12 0 102 73 38 595 . 117-1 42-6 (TA],/[TA]7

Reference ranges 85-99 20-130 <17 50-450 1-83-9-6 8-7-28-1

♦Sequence analysis of the TATA box of the UGT-IA gene promoter, 
t  Nephew of case 2: serology for hepatitis A, B and C infection negative.

venesection over 8 months in 1985. Case 2 was found to 
have a high serum ferritin and hepatic siderosis at the age of 
17 years and she received subcutaneous infusions of 
desferrioxamine intermittently over the next year. Case 5 
received subcutaneous infusions of desferrioxamine four 
times a week between the ages of Î and 6 years but not since 
then. The other three cases had not been venesected or been 
treated with desferrioxamine: case 4 was previously reported 
by liCwis et til (1972).

Serum  th iim idiiie kiimse (sTK) iiiul serum  trim sferrin receptor 
(sT jK ) (issmis. sTK activity was measured using the 
Protiiogen® TK-REA radioenzyme assay (Sangtcc Medical. 
Bromma, Sweden) and sTlR levels using the Quantikine'^' 
IVlV'’ Soluble Transferrin Receptor EMSA (R & Ü Systems 
Inc.. Minneapolis. U.S.A.).

Polym erase chain reaction (P C R ) am plification and an alysis  o f  
the U G T -IA  gene prom oter. A  DNA fragment (286-288  bp) 
encompassing the 5' promoter region of U G T -ÎA  gene was 
amplified by PCR using the following primers: F: 5 -CTG AAA 
GTG AAC TCC CTG CTA CC-3' and R: 5'-CCC CAA GCA TGC 
TCA GCC ACT G-3 . Amplifications were carried out under 
standard conditions using 20 0 ng genomic DNA and 125  
units of Tag polymerase (Cetusl. PCR was carried out for 35 
cycles at 95°C for 30s. 52°C for 4 5 s and 72'C for 45 s with 
an initial extended dénaturation time of 3 min and a final 
extension at 7 2 °C  for 3 min. The products were then directly 
sequenced using either of the amplification primers as 
sequencing primers, and an ABI 377 sequencer (Applied 
Biosystems).

Iron studies. Serum iron and unsaturated iron binding

Table II. Results of studies of iron status and of the occurrence of two mutations in the hereditary haemochromatosis (HFE) genes in cases of CDA 
type I.

Transferrin
Age Serum Fe 

Case (yr) (/tmol/l)
TIBC
(;*mol/l)

saturation
{%)

Ferritin
(ftg/1)

NTBI
(fimol/l)

C282Y
mutation

H63D
mutation

Group A (Hb< 10 g/dl)
1 . 25 33 9 39 88 80S 4-76 Neg Neg
2* 39 34-5 38 91 1265 4-48 Neg Ncg
5* 49 34-6 39 89 1190 2-57 Neg Neg

Group B (Hb>10g/dl)
4 72 14-7 42 55 766 0-85 Neg Neg
5  ̂ 22 20-5 45 46 382 0-62 Neg Neg
6^ 70 20-6 40 52 461 0 Neg Neg
7 46 39-7 44 90 735 1-84 Ncg Homozygous

Reference ranges
M — - 20-50 16-323 -
F - 15-50 7-283 -
M + F 7-45 45-73 - - 0

♦ Cases 2, 3. 5 and 6 were previously treated with desferrioxamine or desferrioxamine plus venesections for 1.0-7. 3 and 9 years, respectively. 

© 1999 Blackwell Science Ltd. Brili.di Journal of Haematology 107: 522-525
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capacity were measured using a Guanidinc/FerroZine® 
metiiod with COBAS® INTEGRA Roche diagnostic reagents. 
Serum ferritin was assayed using a Microparticle Enzyme 
Immunoassay with the AxSYM Ferritin reagent kit. Serum 
non-transferrin-bound iron (NTBI) was quantitated by the 
HPLC-based method described by Porter et <1/ (1996).

A n a lysis  o f  the HFE gene. The HFE gene was analysed for 
the C282Y and H63D mutations by PCR amplification 
followed by restriction enzyme digestion (Merryweather- 
Clarke et al. 199 7). The C282Y mutation creates a new Rsa I 
site and the H63D mutation abolishes an Mbo I restriction 
site.

RESULTS

One of the seven patients (case 6) was homozygous for the 
A[TA];TAA variant in the U G T -IA  gene promoter (Table I).

Four of the patients had markedly increased percentage 
transferrin saturation values and all of the patients had 
increased serum ferritin levels (Table II). NTBI values were 
elevated in all except one of the patients (case 6) who had 
received prolonged treatment for iron overload. Serum LDH 
and sTfR levels were elevated in all patients and sTK activity 
was increased in all of the patients tested.

None of the patients had the C282Y mutation in the HFE 
gene and one of the patients was homozygous for the H63D 
mutation.

DISCUSSION

In CDA type I high NTBI levels were found in patients with 
ferritin levels both above and below 1000 /xg/1 (Table II). In 
view of the potential cytotoxicity of NTBI these data suggest 
that some form of chelation therapy may be desirable in this 
disorder. However, case 4. a very active 72-year-old who had 
never been treated with desferrioxamine or venesections and 
who currently has a ferritin level of 766 fig/1 and an NTBI 
concentration of 0 83 ftmol/l. illustrates the fact that some 
untreated mildly anaemic patients survive without clinical 
manifestations of iron overload until old age.

The majority of patients with hereditary haemochroma
tosis are homozygous for a missense mutation in codon 282 
of the HFE gene which substitutes Tyr for Cys in this position 
(C282Y) (Worwood. 1998). This mutation was not found in 
any of the cases of CDA type I studied. Evidently, the greater 
degree of iron overload in some of our cases of CDA type I 
did not result from heterozygosity for the C282Y mutation. 
The H63D mutation in the HFE gene was found in one of 
the seven patients (case 7) and this patient was homozygous 
for the mutation. Whether the H63D mutation contributed 
to the moderate degree of iron overload in case 6 is uncertain, 
especially as the role of this mutation in hereditary 
haemochromatosis also remains unclear (Worwood. 1998). 
Nevertheless, it is of interest that a moderate degree of iron 
overload in a recently reported patient with a previously 
undescribed form of congenital dyserythropoiesis was also 
associated with homozygosity for the H63D mutation 
(Wickramasinghe ct al, 1998).

The extent of ineffective erythropoiesis was not directly

measured in the present study but may be reasonably 
considered to be proportional to the severity of the anaemia. 
Examination of our data suggests that severity of ineffective 
erythropoiesis (as judged by anaemia) and age can explain 
most of the variation in serum ferritin levels. Thus, the three 
patients with Hb levels < 10 g/dl (Table II. group A) had the 
highest serum ferritin and NTBI values, and among these the 
youngest (case 1) had the lowest serum ferritin level. In 
addition, among the patients with Hb > 10 g/dl (Table II. 
group B). the youngest (case 5) had the lowest serum ferritin 
level. However, comparisons within group B are difficult, as 
the iron status of two of the patients had been modified by 
treatment with desferrioxamine or desferrioxamine and 
phlebotomy for 3 and 9 years, respectively. Haemosiderinuria 
is known to limit iron overload (Wickramasinghe. 1998). but 
was only found in one case.

Inheritance of the TA insertion in the TATA box of the 
U G T -IA  gene results in reduced expression of the gene 
(Bosnia e t al, 1995). and homozygosity for the [TA]: variant 
is associated with a mild form of Gilbert's syndrome 
(Monaghan e t al, 1996). The [TA]: îHele is also involved in 
the increased bilirubin levels observed in Individuals with 
/3-thalassaemia (Galanello et al, 1997,1999: Sampietro e t al, 
1997). One of the seven patients with CDA type I (case 6) 
was homozygous for the variant A|TA]:TAA genotype and 
this patient also had the second highest plasma bilirubin 
level even though he had the smallest increase of ineffective 
erythropoiesis as judged by the Hb level, plasma LDH activity 
and sTK activity, and the smallest increase in total 
erythropoietic activity as judged by the sTlR concentration. 
In this patient it is likely that the elevation in the plasma 
bilirubin was partly caused by co-inheritance of Gilbert’s 
svndrome.
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