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Abstract Iron is a redox active metal which is abundant in the Earth’s crust. It has
played a key role in the evolution of living systems and as such is an essential element
in a wide range of biological phenomena, being critical for the function of an enormous
array of enzymes, energy transduction mechanisms, and oxygen carriers. The redox
nature of iron renders the metal toxic in excess and consequently all biological
organisms carefully control iron levels. In this overview the mechanisms adopted by
man to control body iron levels are described.

Low body iron levels are related to anemia which can be treated by various forms
of iron fortification and supplementation. Elevated iron levels can occur systemi-
cally or locally, each giving rise to specific symptoms. Systemic iron overload
results from either the hyperabsorption of iron or regular blood transfusion and can
be treated by the use of a selection of iron chelating molecules. The symptoms of
many forms of neurodegeneration are associated with elevated levels of iron in
certain regions of the brain and iron chelation therapy is beginning to find an
application in the treatment of such diseases. Iron chelators have also been widely
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investigated for the treatment of cancer, tuberculosis, and malaria. In these latter
studies, selective removal of iron from key enzymes or iron binding proteins is
sought. Sufficient selectivity between the invading organism and the host has yet to
be established for such chelators to find application in the clinic.

Iron chelation for systemic iron overload and iron supplementation therapy for
the treatment of various forms of anemia are now established procedures in clinical
medicine. Chelation therapy may find an important role in the treatment of various
neurodegenerative diseases in the near future.

Keywords anemia ¢ iron ¢ iron chelators ¢ iron overload ¢ iron toxicity ®
neurodegeneration

Please cite as: Met. lons Life Sci. 13 (2013) 229-294

1 Introduction

1.1 Aqueous Iron Solution Chemistry

Iron, element 26 in the periodic table, is the fourth most abundant element in the
Earth’s crust. It has the maximum value of nuclear binding energy of all elements
and so tends to accumulate as a result of star based fusion reactions. It is 1000 times
more abundant than both copper and zinc. Its position in the middle of the first tran-
sition metal row of the periodic table leads to incompletely filled d orbitals and thus
the possibility of various oxidation states, the most common being (IT), d°, (III), d°,
and (IV), d* Tron(IV) is highly reactive and is restricted to intermediates formed
during enzyme catalytic cycles, whereas iron(II) and iron(IIl) are widely distributed
in solution, in the solid phase, and bound to proteins.

When iron salts (both iron(II) and iron(IIl)) are dissolved in water, they undergo
hydrolysis (equation 1), the process effectively being the deprotonation of
coordinated water molecules.

3+ 2+
OH2 OH2
H20—--| ------ OH, HzO———| —————— OH
/Q Fe’"\/,/ = ,> Fe'i/l/l + Hf
H,0 - 26, Hp0 7"~ --~OMH, (1)
OH, OH,
1

With iron(Il) (ferrous iron), the hydrolysis of micromolar solutions tends to take
place at pH values greater than 7.0 (Figure 1). In contrast, with iron(III) (ferric iron),
the charge density on the metal ion is much higher, thereby polarizing the water
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Figure 1 Iron(III) and iron(Il) speciation plots; [iron]ew, 1 pM; Ky,o solubility products, iron(III):
2.79 x 1073 M*, iron(II): 4.87 x 107" M?.

molecule more effectively than iron(II). As a result, dissociation of the proton from
hexa-aqua iron(IIl) (1) occurs more easily, hydrolysis initiating at much lower pH
values, typically pH 2.0 (Figure 1). Whereas it is possible to prepare a 10 pM iron(II)
sulfate solution at pH 7.0, the maximum concentration of iron(II) sulfate at this pH
values will be less than 10"¥M. Hydroxide ions are also able to crosslink hydrated
iron(IIT) species forming dimers and oligomeric anions (2, 3) [1], finally generating an
insoluble polymer of ferrihydrate [2]. The condensation reaction occurs rapidly at

HO=---1-= e OH
HO"‘|"7OH HO<““7OH
S/ e, / 7 Fe_ /
OH, ., OH H041--\-0H HH041--\-0H
HO"i;'y‘l‘/O'\"i';";/‘,OH Hoii‘ejy';o\ie//OH
HO<-- \2/ NoH HO'KT_\_S'KT_\_OH
OH OH OH OH
n 2- n 6—
[(Fe™),(OH)g(H20).] [(Fe™)s(OH)z4]
2 3

neutral pH values, the initial phase of oligomer formation producing species between
16 and 30 iron atoms. In the presence of suitable ligands, for instance HEIDI (4) and
citrate (5), these complexes can be stabilized [3]. As a direct consequence of this
high affinity for oxygen donors, iron(IIl) must be coordinated by ligands in order to
maintain appreciable aqueous solubility at most physiological pH values.
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CO,H CO,H
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The two most common geometries for iron(Il) and iron(Ill) complexes are
octahedral for 6-coordinate complexes (1) and tetrahedral for 4-coordinate
complexes (6). Octahedral stereochemistry is more frequently observed. As iron(III)
possesses a smaller ionic radii than iron(Il) (0.65 and 0.78 A, respectively) and a
higher net charge (3+ and 2+), the charge density on the iron(IIl) ion is much greater
than that on the iron(II) ion (0.59 versus 0.27 eA=2). This large difference leads to
a markedly different ligand selectivity. Iron(IIl) favors coordination by charged
oxygen atoms such as hydroxide, phenoxide, phosphate, and carboxylates, whereas
iron(II) favors interaction with aromatic amines, imidazoles, and sulfhydryl groups
(see Table 1 [4] for a direct comparison of affinity constants with a range of ligands).
As a result of this difference in ligand selectivity, the addition of complexing
agents has a major influence on the Fe™/Fe" reduction potential. tris-Phenanthroline
iron(Il) is exceptionally stable, shifting the reduction potential between Fe(Phen);*
and Fe(Phen)3* in favor of the iron(II) complex (E, = +1.1 volt). In contrast, desfer-
rioxamine-B (7), an iron(Ill)-selective siderophore binds iron(Ill) much more

HO O H
S N N
F‘e\ S/ 0o
s CHs
[ 7 o N
‘ "HgN HN o HO O
\—\_FN\
OH

6 7

tightly than iron(Il) resulting with a reduction potential of —0.45 volt. The range of
reduction potentials for iron complexes spans the range +1.1 v to —0.8 v and it is
significant to note that a large proportion of this range is covered by iron-proteins
(+0.4 v to —0.5 v) [5].

The redox activity of the Fe'/Fe® pair can, depending on the coordination of
the metal, reduce molecular oxygen to form the superoxide anion (equation 2)
and reduce hydrogen peroxide to the hydroxyl radical (equation 3), the latter
equation corresponding to the Fenton reaction. As superoxide can be further

Fe" +0, = Fe" +0; 2)

Fe" +H,0, = Fe" +OH™ +OH' 3)
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Table 1 Stability constants for iron complexes.

Tron(I1I) Tron(IT)
Ligand log K., N pFe" logK,, N pFe"
Catecholate ‘\ 0o 438 3 155 135 2 6.0
Ao
Phenanthroline 14.1 3 <146 21.0 3 115
Oxalate -0 o) 185 3 <146 52 2 60
o} o~
Acetohydroxamate o] 28.3 3 <146 85 2 76
H
Citric acid (5) 182 2 167 44 1 6.1
Nitrilotriacetate N 240 2 181 128 2 7.1
04C H CO,
KCo3
EDTA 0, oc 251 1 235 143 1 124
NH >
\;4—
< ~ NH
CO, \—CO,
Desferrioxamine-B (7) 30.5 1 266 95 1 6.0
Histidine o 47 1 <146 104 2 6.0
N o}
<k
HN NH,

The affinity constants refer to the cumulative constants in the following equation:
Fe+L=FeL+L= FeL, +L = FeL,. pFe is defined as concentration of uncoordinated iron
when [Feliow = 10° M, [Ligand],,.; = 105 M at pH 7.4. Data taken from [4]. For pFe', a value of
<14.6 indicates that the ligand has a lower affinity than H,O at pH 7.4. For pFe!, a value of 6.0
indicates that the ligand does not bind iron(II) at pH 7.4.

N: maximum number of ligands in complex

converted to the highly damaging hydroxyl radical, rapid generation of these
species is damaging to cells [6]. If the reduction potential of an iron complex is
either high (> +0.2 v) or low (< —0.2 v) then redox cycling does not occur readily
because, under the former condition iron(Il) is preferentially stabilized and under



8 Iron: Effect of Deficiency and Overload 235

the latter, iron(III) is preferentially stabilized. However with a ligand possessing
a reduction potential close to zero, for instance EDTA (E, = +0.12 v) both the
iron(II) and iron(I) complexes are relatively stable and so the coordinated iron
can readily redox cycle between the two oxidation states.

As with ligand selectivity, the kinetic lability of a metal complex is heavily
dependent on the charge density of the cation, the higher the value, the slower the
rate of exchange. One method adopted to compare the lability of a series of metal
ions is to monitor the rate of exchange of water molecules on the corresponding
aqueous ions (equation 4). For ions such as Ca**, which have a low charge density,

Fe(H,0);" +H,0% = Fe(H,0), (H,0*)+H,0 (4)

the water-exchange rates approach the diffusion limit (k = 5 x 10® s™'); this renders
Ca* ideal for a rapid signalling role in cells. The value for iron(II) is 4.4 x 10° s~!
and for iron(IIl) it is 1.6 x 10% s7!, iron(Ill) exchanging much more slowly than
iron(Il). Clearly, iron(Il) is kinetically labile and is able to exchange rapidly
between binding sites. In contrast iron(Ill) is much less labile, the rate of
exchange between multidentate ligands being particularly slow; for instance the
half-life of the donation of iron(IIl) from Fe'EDTA (1mM) to desferrioxamine-B
(7, 1 mM) is 42 h [5].

1.2 Iron-Dependent Proteins. The Nature of the Iron
Binding Sites

Man has over 500 iron-containing metalloproteins [2].

1.2.1 Heme-Containing Proteins

In this protein class, iron is bound to a porphyrin molecule by the 4 aromatic nitrogen
atoms in octahedral fashion, the axial ligands are typically provided by the protein,
but can also provide a binding site for gaseous molecules such as dioxygen
(Figure 2). There are three main classes of heme proteins: oxygen carriers, as typified
by hemoglobin and myoglobin; activators of molecular oxygen, as typified
by peroxidases, catalases, and cytochrome P450s. Peroxidases and catalases oxidize
a range of compounds using H,0, as a substrate; cytochrome P450s hydroxylate
a wide range of xenobiotic and endogenous substrates, including steroids, using
oxygen as a substrate. Electron transport proteins, as typified by cytochromes a, b,
and ¢, are components of the respiratory chain, they accept electrons from reduced
donor molecules, transferring them to appropriate acceptors, thereby linking
substrate oxidation to cytochrome ¢ oxidase [2].
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1.2.2 Iron-Sulfur Proteins

In this protein class, iron is bound to sulfur in tetrahedral fashion. Two predominate
core structures are found in man, 2Fe-2S clusters and 4Fe-4S clusters (Figure 3).
Many of the proteins that contain these clusters are involved in electron transfer.
Thus ferredoxins are located in electron transfer chains and can also act as donors
to enzymes where they exchange electrons between redox centers which are
physically separated. The valence state of 2Fe-2S clusters oscillates between 2+ and
3+ and with 4Fe-4S clusters, between 1+ and 2+. The activity of these proteins is
not limited to one-electron transfer and iron-sulfur clusters are found in dehydratases
and S-adenosylmethionine-dependent enzymes [2].
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1.2.3 Non-heme, Non-sulfur, Iron-Dependent Enzymes

These enzymes fall into two broad categories, those containing either mononuclear
or dinuclear iron.

A large number of mononuclear non-heme iron enzymes are involved with the
activation of dioxygen to catalyze the hydroxylation of a wide range of substrates.
With the a-oxoglutarate-dependent enzymes, iron(Il) is bound to the enzyme via
two histidines and an aspartate residue (Figure 4) and is involved with the hydrox-
ylation of amino acids and the demethylation of histones [6]. Pterin-dependent
hydroxylases fall into a related enzyme group and these are responsible for the
hydroxylation of aromatic amino acids [6]. The dinuclear iron proteins typically
contain a four helix bundle protein fold surrounding a (p-carboxylato)diiron core.
The two iron atoms are typically separated by less than 0.4 nm and have one or more
bridging carboxylate ligands, together with bridging oxo or hydroxo ligands [7].
The diiron center is bound to the protein via imidazole and carboxylate functions
(Figure 5). Such centers are found in the H chains of ferritin, where iron(II) is
oxidized to iron(IIl) and deposited in a core of ferrihydrite and in ribonucleotide
reductase where the diiron center generates a tyrosyl radical which is utilized in the
conversion of ribosides to deoxyribosides [7].
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Figure 4 Proposed mechanism of Fe(I)- and 2-oxoglutarate-dependent dioxygenase-catalyzed
reactions. In the example of asparaginyl hydroxylation, the reaction proceeds through a radical
mechanism involving an iron-oxo intermediate, which adopts both iron(Ill) and iron(IV) oxidation states
during the process. The decarboxylation of 2-oxoglutarate occurs simultaneously. Reproduced
with permission from [6]; copyright 2007, Nature Publishing Group.
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1.2.4 Transport and Iron Storage Proteins

In view of the potential redox activity of many simple iron complexes, the levels of
such labile iron forms are maintained at carefully controlled limits, both extracel-
lularly and intracellularly. In the extracellular compartments iron is almost entirely
transported between cells, tightly bound to transferrin. Within cells, ferritin acts as
an iron sink and is in equilibrium with the labile iron(Il) pool, which depending on
the cell type, is limited to the range 0.5-2 pM [8].

Serum transferrin is a globular protein which possesses two high affinity iron(III)
binding sites (Figure 6a) [9]. Each site consists of two tyrosines, one histidine, one
aspartate, provided by the protein, together with a synergistically bound carbonate
anion. These ligands create an octahedral coordination sphere (Figure 6b) with a high
selectivity for iron(IIT) and an affinity of 102° M~ (conditional stability constant at
pH 7.4) [9]. Serum transferrin is typically circulating in the blood at a level of 35 pM,
with between 25 and 35% of the iron binding sites occupied. Under such conditions
the levels of the so called non-transferrin bound iron are vanishingly small. Transferrin
delivers iron to cells which express transferrin receptors [10,11].

Ferritin is a protein composed of 24 homologous subunits, designed to create a
large aqueous enclosure for the storage of iron atoms. Each ferritin molecule can
accommodate up to 4500 iron atoms [12] (Figure 7). Ferritin is the major iron
storage protein for all mammalian tissues and consists of a mixture of two subunits
referred to as L- and H-subunits. In general, L-rich ferritins are characteristic of
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Figure 6 (a) Human serum transferrin [9]; (b) coordination sphere of ferric ion in the N-lobe
binding site of human serum transferrin [11]. Reproduced with permission from [25]; copyright
2012, Elsevier.

organs storing iron for long periods (e.g., liver) and these molecules tend to possess
a high iron content. H-rich ferritins, which are characteristic of the heart, have a
major role in iron detoxification, they possess a ferroxidase site (see Figure 5b)
and tend to contain a lower iron content. Iron(Il) enters the various pores of the
oligomeric structure (Figure 7b) and is rapidly oxidized to iron(IIl) either by the
growing core of ferrihydrite or at the ferroxidase site of the H-subunit [13]. Ferritin
molecules are constantly being synthesized and removed to lysosomes, where they
are degraded, thereby releasing the entrapped iron [14]. This iron enters the cytosolic
labile iron pool under the tight control of iron(II) transport proteins, which are
located in the lysosomal membrane.
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Apo-ferritin -~ Nucleation

Holo-ferritin  Core formation

Figure 7 The three-dimensional structure of the ferritin subunit and 24-mer. (a) 24-meric human
H-chain ferritin molecule viewed down the four-fold symmetry axis (PDB 1FHA). (b) The crystal
growth mechanism of core formation in ferritin [13]. Reproduced with permission from [13];
copyright 1981, Elsevier.

1.3 Iron Transport

In mammalian cells there is a labile iron pool which supplies iron to the mitochon-
drion for incorporation into heme and iron-sulfur cluster proteins (Figure 8). It is
also the source of iron for many cytoplasmic iron-dependent enzymes. As non-
coordinated iron salts can catalyze the formation of toxic oxygen-containing radi-
cals, the levels of this labile iron pool must be tightly controlled. Cells must be able
to sense iron levels and regulate homeostasis in such a manner as to maintain non-
toxic levels. The concentration of this iron pool is determined by the rates of iron
uptake, utilization for incorporation into iron proteins, storage in ferritin and iron
export from the cell (Figure 8). The concentration of the pool falls into the 0.5-2
UM range and a likely structure is iron(II) bound to a single molecule of glutathi-
one (8) [15]. This structure ensures protection against autoxidation of iron(Il) and
offers a mechanism for the introduction of iron into protein-bound iron sulfur clus-
ters via glutaredoxins [8]. The selection of iron(Il) in preference to iron(I1I) for this
role is logical in view of the kinetic lability of iron(II) being 5 x 10* times higher
than that of iron(III).
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1.3.1 Cellular Iron Transport

Within the circulation, transferrin-bound iron is the principle iron source for all
mammalian tissues; although under iron overload conditions, transferrin becomes
saturated and non-transferrin bound iron appears in the serum and is taken up by
cardiac and endocrine tissue by uncharacterized transporters.
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1.3.1.1 Transport of Iron-Loaded Transferrin

There are at least three classes of transferrin receptors in mammalian cells; TfR1,
which is expressed on many cell types, TfR2, which is restricted to hepatocytes and
erythroid cells, and a third type, only located in epithelial kidney cells. The basic
mechanism of iron transport is the same for each class. Fe,-transferrin-TfR com-
plexes bind to clathrin-coated pits which are internalized into endosomes. The
endosome lumen is acidified to pH 5.5, whereupon both transferrin and TfR undergo
conformation changes to release transferrin-bound iron. A ferrireductase reduces
the released iron(IIl) to iron(II), which is a substrate for the divalent metal-ion
transporter 1 (DMT1) (Figure 9). Both apo transferrin and TfR are recycled to the
cell surface. It has been estimated that a transferrin molecule experiences over 200
such cycles during its life time [10].

1.3.1.2 Absorption of Dietary Iron
Inorganic iron present in the diet is predominantly iron(III) and this is reduced

on the surface of duodenal enterocytes by the ferrireductase DCYTB (Figure 10).
The resulting iron(II) enters the cell through the divalent metal transporter

Tf- Fe,
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Ferroportin
ﬁ q Fe!
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heme - HPX

Figure 9 Macrophage iron fluxes.



8 Iron: Effect of Deficiency and Overload 243

- Fe** Fe3*

Heme

DMT1
Apical surface
(gut lumen)

Heme Fe**

N\’

heme
oxidase

cell
requirements

Basolateral surface
(Blood)

Ferroportin

Ferroxidase
Fe'' Transferrin

FeZQ Fe:io

apo Transferrin

Figure 10 Duodenal enterocyte located on intestinal villae. Associated with the unidirectional
movement of iron.

which is proton-coupled [16]. DMT1 has been shown to transport other divalent
metals, such as Zn(II), Mn(II), and Co(II), but the physiological relevance of this
property is unclear.

Heme iron is transported from the lumen of the duodenum by the transport
protein HCP1 [17]. Once absorbed, heme is degraded by heme oxygenase to form
iron(IT) (Figure 10). Thus both DMT1 and HCP1 supply iron to the labile iron pool
(possibly as Fe''. Glutathione, 8).
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1.3.1.3 Mitochondrial Iron Transport

Mitochondria are major sites of iron consumption in mammalian cells as they
accommodate the enzymes involved in heme and iron-sulfur cluster synthesis. The
uptake of iron is dependent on membrane potential and facilitated by the transport
proteins mitoferrin-1 and mitoferrin-2 [18]. Mitoferrin-2 is widely distributed in
different tissues, whereas mitoferrin-1 is restricted to erythroid cells. Ferrochelatase,
the terminal enzyme in heme synthesis receives iron(Il) directly from the inner
mitochondrial membrane and has been demonstrated to form a oligomeric complex
with mitoferrin-1 [19]. It has been suggested that frataxin shuttles iron(II) from the
same membrane, directing iron to enzymes involved in iron sulfur cluster
synthesis.

1.3.1.4 Ferroportin-Mediated Iron Efflux

Duodenal enterocytes, macrophages, hepatocytes, and CNS cells release iron in a
controlled manner by use of the iron efflux transporter ferroportin (FPN1). This
transporter was independently discovered by three groups and was originally termed
Iregl [20], ferroportin [21], and MTP [22]. The term ferroportin has been widely
adopted. The gene encodes a highly hydrophobic membrane protein with 10—12
transmembrane spanning domains, which bears little sequence identity with any
other transporter family. Indeed, ferroportin is specific for iron(Il) and is the only
iron exporter identified to date. Ferroportin is located on the basolateral side of
duodenal enterocytes and in the cytoplasmic membranes of both macrophages and
hepatocytes (Figure 10).

For efficient transfer of freshly effluxed iron(II) to apo transferrin, ferroportin is
frequently closely coupled with a multi-copper ferroxidase, for instance, hephaestin
or ceruloplasmin, whereupon the iron(Il) is rapidly oxidized to iron(III), without the
generation of oxygen-containing free radicals.

1.3.1.5 Iron Metabolism Facilitated by the Macrophage

Macrophages acquire iron via the transferrin receptor, hemoglobin, via
erythrophagocytosis and the haptoglobin receptor and heme, sequestered by hemo-
pexin via the lipoprotein receptor, CD91 (Figure 9). Changes in the surface glyco-
proteins of red blood cells take place as they age. These modified proteins are
recognized by receptors on the macrophage surface and trigger phagocytosis.

Haptoglobin and hemopexin scavenge hemoglobin and heme respectively.
Both are released in the circulation as a result of hemolysis (Figure 9) [23]. On
entry to the cytoplasm, the heme moiety is degraded by heme oxidase and the
resulting iron(II) enters the labile iron pool. On exposure to the lumen of a pha-
golysosome, hemoglobin is degraded, releasing heme which is able to penetrate
the membrane also gaining access to heme oxidase. Iron(Il) is exported from the
macrophage via ferroportin and the effluxed iron(II) is oxidized to iron(IIl) by
ceruloplasmin.



8 Iron: Effect of Deficiency and Overload 245

1.3.2 Regulation of Iron Metabolism

Iron homeostasis is regulated by balancing iron uptake with intracellular storage
and use. In mammalian cells, this is largely achieved at the level of protein syn-
thesis. Regulatory sequences in mRNA molecules are located in the noncoding
regions situated at 5° and 3’ extremities of the coding regions. Location in the
5’ region is usually associated with initiation of translation, whereas location in
the 3’ region is associated with enhanced mRNA stability [24]. The regulatory
sequences relating to iron metabolism are termed iron responsive elements (IRE)
and their structural features are well established [25]. Iron responsive proteins
(IRP) bind to IREs and thereby control the translation of the related mRNA. An
IRE consists of an upper stem of five base-paired residues that assume a helical
structure which is separated from a lower stem of base-paired structures by an
unpaired cytosine, thereby creating a bulge in the structure (Figure 11). At the
top of the structure is a six membered loop which includes the sequence AGU.

*A

*G

Upper stem

Lower stem

Figure 11 The iron responsive element is an RNA stem-loop structure. The upper and lower
stems are composed of base-pairs which are held in a helical conformation. In the six-membered
loop AsafNAsafdasdasdasd, the C at position 1 of the loop forms a base-pair with the G at position
5. This C-G base-pair structures the loop, allowing the A, G, and U residues to form a region that
can form multiple hydrogen bonds with proteins. The upper and lower stems are separated by an
unpaired “bulge” C that confers flexibility on the structure by interrupting the helix. Reproduced
with permission from [25]; copyright 1997, Elsevier.
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Figure 12 Mechanism of iron-regulatory protein 1 (IRP1) in the translational regulation of
(a) transferrin receptor and (b) ferritin.

Table 2 Known genes with IRE regions.

Gene name IRE position Function

H and L Ferritin 5’UTR Iron storage

Erythroid 8-amino-levulinate synthase 5’UTR Erythroid heme synthesis
Succinate dehydrogenase 5’UTR TCA cycle

m-Aconitase 5’UTR TCA cycle

Ferroportin 5’UTR Iron efflux

DMTI 3’UTR Iron uptake

Transferrin receptor 3’UTR Iron uptake

Cell cycle control gene (CDC14A) 3’UTR Cell cycle

These residues constitute the major recognition feature for IRPs, both the bulged
C and the AGU region fit into binding pockets of IRP molecules. The affinity
constant for this interaction falls in the range 10-30 pM [2,26].

In man there are two IPRs and when iron levels are low they both bind to mRNA.
When iron levels are adequate, IRP1 acquires a [4Fe-4S] cluster converting it to the
enzyme aconitase (Figure 8) and IRP2 is degraded by proteasomes. The binding of
a IPR to the transferrin receptor mRNA enhances the stability of RNA and hence
increases protein synthesis (Figure 12a). This in turn promotes receptor mediated
iron uptake. The effect on ferritin mRNA is to reduce protein synthesis (Figure 12b),
thereby increasing the availability of intracellular iron. A number of proteins with a
central role in iron metabolism are controlled in analogous fashion (Table 2).

1.4 Iron Physiology

While the body levels of other dietary metals can be regulated by excretion in the
feces and urine, humans do not possess the ability to remove excess iron from the
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body. Consequently, several proteins have evolved which regulate iron homeostasis,
their location being primarily in duodenal endothelial cells, hepatocytes and
reticuloendothelial macrophages. It is essential for these cells to function in concert.
Regulation of total body iron is achieved by feedback mechanisms that operate on
iron absorption. Approximately 4 mg of iron circulates bound to transferrin (this is
about 0.1% of total body iron). Seventy five percent of body iron is in the form of
heme proteins, mainly hemoglobin, the remainder being located in cells either in
non-heme enzymes or ferritin. Although only 1-2 mg of iron is absorbed each day
by normal individuals, 20 mg is transferred daily to the bone marrow for erythropoi-
esis and is efficiently recycled by macrophages (Figure 13). There is no active
excretion mechanism for iron; loss is uncontrolled and results mainly from bleeding
and epithelial desquamation. It has been estimated that the average iron atom
survives in a human for approximately ten years.

1.4.1 The Role of Hepcidin

Hepcidin is a 25 residue peptide containing four disulfide bridges (Figure 14). It has
an amphipathic nature and possesses a net positive charge. The structure is highly
conserved within mammals and fish [27]. Removal of the N-terminal pentapeptide
leads to loss of activity. Hepcidin regulates iron export from a range of cells by
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binding to ferroportin, causing internalization and degradation of the iron-efflux
protein. The mechanism of this internalization is similar to that of other receptors
and involves hepcidin-induced phosphorylation and subsequent ubiquitination
of ferroportin. Thus, under conditions of high hepcidin serum levels, ferroportin
located in the duodenal epithelial cells and macrophages will be internalized and
such cells are unable to efflux iron. Under conditions of low hepcidin serum levels,
the opposite holds and thus, high iron fluxes enter the serum originating from both
duodenal epithelial cells and macrophages.

Figure 14 Human hepcidin.
DTHFPICIFCCGCCHRSKCGMCCKT
L

Hepcidin is produced primarily in the hepatocyte, the synthesis being regulated
by both the iron and the inflammatory status of the organism. High concentrations
of fully saturated transferrin trigger the involvement of bone morphogenetic protein
(BMP), which in turn facilitates the phosphorylation of the transcription factor
SMAD4. SMAD4 controls hepcidin synthesis. Hepcidin synthesis is also regulated
by erythropoietic signals such as GDF15. In addition, hepcidin synthesis is regulated
by inflammatory stimuli, thus, interleukin 6 activates the JAK/STAT signaling
pathway which again stimulates the hepcidin promoter [28].

Thus, under conditions where man is replete in iron (high saturation of transferrin),
hepcidin synthesis is increased and there is an overall retention of iron by the
duodenum, hepatocyte, and macrophage. The converse also holds, thus conditions,
where a low transferrin saturation exists, will lead to the inhibition of hepcidin
production and a concomitant enhanced release of iron from the same group of
cells. Significantly, elevation of interleukin 6 occurs when man is infected by micro-
organisms and parasites. Such an action triggers hepcidin synthesis, reducing the
extracellular availability of iron and thereby enhancing the host defense [29].

2 Iron Deficiency and Anemia

2.1 Iron Requirements of Man

Healthy term infants with a normal birth weight are born with high hemoglobin
levels and sufficient iron stores to support growth for the first six months of life [30].
Babies are born with body iron loads, typically in the region of 80 mg/kg; the
corresponding value for adult men is 55 mg/kg. Thus, the low iron content in human
milk does not present a problem to the suckling infant and renders infection to be
less of a problem.
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Figure 15 Daily iron requirements. Information taken from [31].

Preterm and low birth weight infants exhaust their iron stores at an earlier age
than normal children and thus, there is a greater chance of anemia with such children.
The transfer of iron from maternal blood to the fetus occurs mainly in the third
trimester (Figure 15). Thus premature infants are born with lower iron stores. At six
months, solids and cereals should be given to babies, with the goal of beginning
to provide appreciable levels of iron in the diet. Iron requirement for the rest of
life remains close to 1 mg/day (Figure 15) [31], only exceeding this requirement
during the adolescent growth spurt, with menstruating females and during pregnancy.
Iron requirements increase dramatically during the second and third trimesters of
pregnancy, reaching a requirement of 5—-6 mg/day. Iron requirement during lactation
does not increase. It is estimated that most pregnant women in developing coun-
tries and between 30 and 40% of pregnant women in developed countries are
iron-deficient [32].

Blood donations (500 mL/year) require an additional 0.6—-0.7 mg iron per day, a
significant addition to the normal adult requirement of 1.1 mg/day. In developing
countries intestinal parasitic infections can cause appreciable blood loss which
in turn leads to increased iron requirements. A list of causes of iron deficiency is

presented in Table 3.
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Table 3 Causes of iron

: Inadequate dietary iron intake
deficiency.

Single food diets in infancy
Dieting, fasting, and malnutrition
Diet with high content of inhibitors of iron absorption
Antacid therapy
Increased iron requirements
Rapid growth during adolescence
Menstruation
Pregnancy
Erythropoietin therapy
Trauma
Increased iron loss
Bleeding from gastrointestinal and genitourinary tracts
Intravascular hemolysis
Parasitic infestations
Intense exercise
Blood donation
Decreased absorption of iron
Diseases of the stomach and small intestine
Celiac disease
Infection by Helicobacter pylori
Crohn’s disease
Genetic defects
Mutation of DMT1 gene
Mutation of glutaredoxin-5 gene

2.2 The Influence of Anemia on Human Physiology

After birth, the erythron has the priority for transferrin-bound iron as compared to
other tissues. In general, erythrocyte production is unperturbed until the body iron
stores are depleted. When the stores become limiting, the saturation of transferrin
decreases and patients then show signs of iron-deficient erythropoiesis; protopor-
phyrin and zinc protoporphyrin appear in the erythrocytes and these changes are
followed by the onset of microcytosis.

Iron deficiency is known to be associated with decreased physical activity as
demonstrated by exercise tolerance and work performance [33]. These effects have
been thoroughly investigated in rodent models. As hemoglobin levels decrease,
so do those of myoglobin and the cytochromes. Thus, there is diminished oxygen
transport in the blood and diminished oxygen diffusion in muscle. There is also a
decrease in the mitochondrial iron-sulfur content which is associated with a decrease
of mitochondrial oxidative capacity. These changes have a major influence on
physical activity; the Harvard Stop Test score registers impaired performance even
with mild anemia (Figure 16a) [34], as does the worktime in workers performing a
sub maximal exercise test (Figure 16b) [35].
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Figure 16 (a) Harvard Step Test score among a group of Guatemalan agricultural laborers [34].
(b) Work time in a group of Indonesia agricultural workers performing a submaximal exercise test
as a function of severity of anemia [35].

The adverse influence of anemia on mental behavior is more difficult to
demonstrate, but as 25% of the body oxygen is utilized by the brain, adverse effects
can be anticipated. Iron is required for the myelination of the spinal cord, for the
synthesis of chemical transmitters, particularly dopamine and serotonin and for
mitochondrial function. The influence of anemia on mental development has been
reviewed and details from 18 studies described [36]. Taken together, they support the
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hypothesis that iron deficiency is associated with developmental delay. With longer
term intervention studies, again there is evidence of a causal link between iron
deficiency anemia and poor developmental performance [36].

2.3 Dietary Sources of Iron

There are two major classes of iron in the diet, heme iron and non-heme iron. The
former is derived from hemoglobin, myoglobin, and cytochromes and is found in
animal sources such as red meat and seafood. Non-heme iron is derived mainly
from plant sources such as lentils, beans, rice and cereals (Table 4). The absorption
of heme iron is relatively efficient, ranging from 15 to 35%; whereas the absorption
of non-heme iron is less efficient (2-20%) and can be inhibited by the presence of
other components in the diet. Heme iron, which is strongly chelated by protopor-
phyrin IX, is absorbed by the HCP-1 transporter (Section 1.3.1.2), and is not sub-
ject to competition from other iron-binding compounds which are present in the
lumen of the gut. In contrast, non-heme iron is absorbed in the iron(Il) state by
DMT-1 (Section 1.3.1.2) and so is susceptible to the presence of iron chelating
ligands in the gut lumen.

Compounds such as phytates, polyphenols, and tannins, which are widely
distributed in plant foods, are capable binding to both iron(Il) and iron(IIl), rendering
the iron non-bioavailable [37]. When such compounds bind iron(II), they autoxidize
the metal to iron(III). Phytate is present in legumes, rice, and cereals. Tannic acid is
present in tea and coffee. Their presence can inflict a powerful inhibitory influence

Table 4 Iron content in food.

Fe (mg per serving)

Food Heme Non-Heme % of daily requirement (male)
Liver sausage 8¢ 9.4 - 52
Beef steak 8¢g 32 - 18
Turkey 8¢ 2.3 - 13
Chicken breast 85¢g 1.1 - 6
Halibut 85¢g 0.9 - 5
Iron fortified cereal 236 mL - 18 100
Soybean 236 mL - 8.8 48
Lentils 236 mL - 6.6 36
Spinach 236 mL - 6.4 35
White rice 236 mL - 3.2 18
Raisins 236 mL - 2.7 15
Egg 1 - 1 6
Brown bread 1 slice - 0.9 5

Taken from the US Department of Agriculture database.
236 mL = 1 standard cup
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of non-heme iron absorption. Conversely, the presence of vitamin C (ascorbic acid)
enhances the absorption of non-heme iron, the reduced form of the vitamin reducing
iron(III) to the more bioavailable iron(Il) (equation 5).

HQ 0 0 HO 0 O
Hofg;/[ PR — + Fe?* +H*
OH HO 2 5)
S} ] (@]
o 0o
AscH™ Asc™

A typical iron intake for an adult male is 16—18mg/day, whereas for women it is
lower, typically 12 mg/day. Thus, for most situations there should be sufficient
iron in the diet, although the consumption of energy-restricted diets or those rich in
poorly bioavailable iron can contribute to inadequate iron absorption. Selected food
sources and their iron contents are presented in Table 4.

2.4 Iron Fortification

Iron fortification of commonly used foods is a practical and cost-effective strategy
to improve the iron nutrition of a large population. The concept has been widely
adopted in developed countries over the past 50 years, typically with the iron forti-
fication of breakfast cereals. The efficacy of iron fortification in the developing
countries has not been so successful and improved guidelines and materials are
required. The following iron preparations have been used; ferrous sulfate (promotes
oxidation of fats and so leads to rancidity), ferrous fumarate (likely to be similar to
ferrous sulfate), elemental iron (finely divided metallic iron), ferric pyrophosphate
and ferric EDTA. The bioavailability of the ferric salts and elemental iron is lower
than that of ferrous sulfate.

The World Health Organization (WHO) has issued recommendations for a range
of iron compounds to be used and the level to be adopted in developing countries.
Good efficiency has been reported from South Africa, Morocco, Vietnam, Chile,
Thailand, and Kenya [32]. In principle, adverse effects are possible with respect to
iron overloading diseases and in regions with a high prevalence of malaria, however,
this is less likely to occur with iron fortification when compared with iron supple-
mentation (Section 2.5).

2.5 Oral Iron Supplementation

Another approach to control iron deficiency is iron supplementation, which unlike
fortification delivers a relatively large dose of iron in the absence of food. The majority
of patients with iron deficiency anemia respond to oral iron therapy. A wide range of
iron preparations are available for oral application, the majority being iron(Il) by
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virtue of its greater bioavailability. Thus ferrous sulfate, ferrous fumarate, and ferrous
gluconate are widely marketed, indeed ferrous sulfate was introduced as a therapy
for anemia by Blaud in 1832 [38]. By virtue of its low cost and good bioavailability
ferrous sulfate is still widely used for oral therapy, however, its use is associated
with a range of gastrointestinal side effects that frequently lead to poor compliance.
There are “slow release” formulations available which can reduce side effects, but
typically they also reduce iron absorption when compared to the parent compound.
Another problem with iron(II) salts in oral formulations is that they can inhibit the
absorption of a wide range of other therapeutics, including antibiotics, L-dopa, and
thyroxine [39].

Up to 40% of patients have symptoms associated with the oral administration of
iron(II) salts. These symptoms can be avoided by utilizing iron(III) complexes,
although the bioavailability of simpler iron(IIl) salts is lower than the analogous
iron(II) salts due to the extreme low solubility of iron(III) hydroxide (Section 1.1).
However, if the iron(II) complex is sufficiently stable and water-soluble, then the
bioavailability can reach that achieved by ferrous sulfate. Iron(III) maltol [40] and
iron(IIT) polymaltose [41] are two such compounds reported to possess excellent
bioavailability, although there is controversy as to the effectiveness of such com-
pounds [42]. Presumably the iron complexes are reduced by DCYTB, thereby
generating iron(II) which is the main substrate for DMT1 (Section 1.3.1.2).

2.6 Anemia of Chronic Disease

The anemia of chronic disease is an acquired disorder of iron homeostasis which
may be associated with infection, malignancy, organ failure or trauma (Table 5).
The anemia is typically mild to moderate and the erythrocyte size being close to

Table 5 Incidence of anemia in various disease groups.

Disorder Percentage of cases with anemia
Infection

Tuberculosis 20

HIV 10-35
Trauma

Heart transplant 70

Intensive care 40
Autoimmune

Rheumatoid arthritis 15

Inflammatory bowel disease 10-70
Cancer

Palliative care 40-75
Chronic kidney disease 40
Heart failure 30
Aging (>65 years) 10-20

Data adopted from [43].
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normal. Macrophages, which normally recycle iron (Section 1.3.1.5), retain it and
intestinal iron absorption is reduced under these pathological conditions [43]. An
association with proinflammatory cytokines was suspected for many years and it
has recently been established that this modified cellular behavior is associated with
elevated levels of hepcidin (Section 1.4.1) [44,45]. Expression of hepcidin that is
inappropriately high for the normal body iron status results in interruption of intestinal
iron absorption and macrophage iron recycling. Thus, there is less iron available for
erythropoiesis. IL-6 is the cytokine that induces hepcidin expression [45] and its
levels have been shown to correlate with the severity of anemia in rheumatoid
arthritis, cancer, and aging [43].

Treatment options for patients with anemia of chronic disease depends on the
severity of the anemia and since the anemia is derived from the innate immune
response to infection, there is little clinical support for the use of exogenous iron or
erythroid-stimulating agents, such as erythropoietin. In principle it is possible to
mobilize macrophage iron by chelation and to redistribute it to the transferrin iron pool
[46,47], however, to date no such compounds have been introduced into the clinic.

In contrast to the above general statements, in the specific cases of autoimmune
disorders and end-stage renal disease, iron treatment in conjunction with erythroid-
stimulating agents can be effective [48,49]. With the use of erythropoietin, the
rate of iron mobilization from stores is unable to match the iron requirements of
the expanding red cell mass and consequently iron supplementation is required.
In many patients oral supplements will not provide an optimal supply of iron and
such patients are frequently intolerant to oral iron therapy, in such cases
intravenous iron preparations can be introduced. These preparations consist of a
carbohydrate ligand and either ferric hydroxide or ferric oxide cores. They are
designed to be non-immunogenic and to be efficiently removed from the circulation
by macrophages, which catabolize the complex and render the iron available
for apo transferrin. Iron dextrin was the first such preparation to be used clini-
cally, but it has been associated with a wide range of side effects. However,
there are now much improved formulations available [50,51]. An advantage of
some of these preparations is that doses up to 1 g of iron can be administered in a
single infusion [51].

3 Systemic Iron Overload

Iron overload can be present in one of two general forms. Firstly, in situations where
erythropoiesis is normal but the plasma iron level exceeds the iron binding capacity
of transferrin (e.g., hereditary hemochromatosis); the resulting non-transferrin
bound iron (NTBI) is deposited in parenchymal cells of the liver, heart, and endocrine
tissues [52]. The second type results from increased catabolism of erythrocytes
(e.g., transfusional iron overload). In this situation iron initially accumulates in
reticuloendothelial macrophages, but subsequently spills over into the NTBI pool
and parenchymal cells. Parenchymal iron deposition leads to organ damage.
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3.1 Non-transferrin Bound Iron

When transferrin is fully saturated, any iron entering the blood forms part of the
NTBI pool. NTBI, unlike transferrin, lacks an address system and tends to be
absorbed by highly vascular tissue, such as the heart and endocrine organs. As iron
accumulates in these organs, redox cycling leads to the generation of toxic oxygen
radicals. Transferrin also contributes to defence against infection by depriving
microorganisms of an iron supply [29]. Conversly, the presence of NTBI presents a
weakness, rendering the host more susceptible towards infection.

There are many small molecules in the blood which are capable of binding
iron(II), the principle oxidation state of iron in the serum. These include acetate,
phosphate, and citrate. Of these, citrate has the highest affinity for iron(IIT) [53] and
there are two dominating complexes under the conditions provided by serum,
[Fe(citrate),] (9) and [Fes(citrate);] (10) [53,54]. At an iron concentration of 1 uM,
complex (9) dominates at physiological citrate levels (typically 100 pM), whereas
at a level of 10 pM iron the oligomeric iron citrate (10) begins to dominate [53].
Another important iron binding component of the serum is albumin, which is present
at a relatively high concentration (600 pM) [55,56]. Which of these three forms of
NTBI gains facile entry into parenchymal cells has not been established.

O O\Fe Fe O

3.2 Hereditary Hemochromatosis

The term hereditary hemochromatosis covers a heterogeneous group of iron overload
disorders (Table 6). They are linked to gene mutations associated with hepcidin,
leading to low levels of hepcidin. This in turn leads to the hyperabsorption of dietary
iron, up to 8—10 mg per day. Over a period of time transferrin saturation gradually
increases from the normal value of 30% to 100%, which is associated with the
appearance of non-transferrin bound iron and the associated inappropriate tissue
distribution of iron [57]. In hereditary hemochromatosis, hepatic iron overload
can lead to fibrosis, cirrhosis, and carcinoma of the liver [58] and to non-hepatic
symptoms including cardiomyopathy, diabetes, hypogonadism, and arthritis [59].
In contrast, the CNS does not develop iron overload.
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Table 6 Hereditary iron overload disorders.

Type Gene Onset Clinical expression
HFE hemochromatosis 1 HFE Late Hepatic
Juvenile hemochromatosis 2A HFE2 Early Cardiac and endocrine
Juvenile hemochromatosis 2B HAMP Early Cardiac and endocrine
TfR2 hemochromatosis 3 TFR2 Late Hepatic
Ferroportin disease 4 SLC40AI Late Hepatic

The above symptoms tend to develop late in life, but the disease can be managed
by phlebotomy (each 500 mL of blood contains 250 mg of iron), the earlier the
diagnosis the better. Indeed, early diagnosed patients experience a normal life span.
In addition to phlebotomy patients should avoid iron supplementation and limit
consumption of red meat and alcohol.

3.2.1 HFE Hemochromatosis

HFE hemochromatosis is the most frequent form of hemochromatosis [60] and
there is a particularly high prevalence among North European caucasians (1 in 200).
The discovery of HFE was the first cloning success to contribute to our understanding
of iron metabolism [61]. This important finding was rendered possible by the
observation of Simon et al. that the hemochromatosis phenotype is frequently
associated with a particular human leukocyte antigen haplotype [62]. The HFE
protein is an atypical membrane-bound MHC class 1 molecule which interacts
with f,-microglobulin; its link with iron transport remains to be established. Many
patients bear a mutant HFE, with a C282Y substitution and HFE,sy fails to
incorporate in the plasma membrane [63]. The frequency of HFE 5,y homozygosity
is 1:200, although the clinical penetrance of the disease is lower [58,64]. Additional
HFE mutations are also associated with hemochromatosis [65]. Significantly
ablation of HFE promotes a hemochromatotic phenotype in mice [66].

3.2.2 Juvenile Hemochromatosis

Juvenile hemochromatosis unlike HFE hemochromatosis is a relatively rare disease
mainly located in Southern Europe [67]. These patients rapidly accumulate iron and
are more likely to present with cardiomyopathy and endocrinopathy than with liver
disease (Table 6). This pathology is linked to the mutation of the gene responsible
for hemojuvelin (a bone morphogenetic protein receptor operating upstream of the
hepcidin pathway), which leads to the expression of extremely low levels of hepcidin.
A small subset of these patients possesses a mutation to the HAMP gene, which encodes
for hepcidin. Low hepcidin leads to enhanced iron absorption (Section 1.4.1).

3.2.3 Ferroportin Disease

Ferroportin disease is characterized by moderate to severe iron overload. It is more
frequent than Types 2 and 3 hemochromatosis and is caused by mutations to the
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ferroportin gene. Affected individuals express high hepcidin levels and the disease
displays phenotypic heterogeneity [68].

3.2.4 Treatment by Iron Chelation

Phlebotomy is an extremely efficient method of removing iron. Treatment of
severely iron-loaded hemochromatosis patients typically involves weekly phlebotomys;
which can lead to removal of up to 1g of iron every month. Iron chelation therapy
cannot achieve such high excretion rates but does have the advantage of reducing
NTBI levels (vide infra). Patients suffering from juvenile hemochromatosis may
rapidly develop cardiac complications and such people can benefit from a combination
of phlebotomy and chelation therapy. In principle, orally active iron chelators could
find application in the treatment of hemochromatosis, and deferasirox (vide infra)
has been reported to show good efficacy [69].

3.3 Transfusional Siderosis

The management of anemias associated with ineffective erythropoiesis (for instance
thalassemia, sickle cell disease, hemolytic anemia, and myelodysplastic syndromes)
requires frequent blood transfusion. Blood contains plenty of iron (0.5 mg mL™")
and this accumulates in the tissues as man does not actively excrete iron (Section 1.4).
In addition, ineffective erythropoiesis inhibits hepcidin expression which leads
to the stimulation of dietary iron absorption. Overall this pathology leads to trans-
fusional siderosis, the formation of non-transferrin bound iron and the inappropriate
iron loading of liver, cardiac, and endocrine tissue [70].

3.3.1 The Hemoglobinopathies

Thalassemia and sickle cell anemia are the most common worldwide monogenic
diseases. They occur at their highest frequency in countries of the developing world
and it has been estimated that there are 250 million carriers. 300,000 children are
born each year with major hemoglobin disorders [71]. The high incidence of these
disorders reflects their association with malaria resistance which has developed over
thousands of years [72]. More than 3,000 million people live in malarious areas and
currently the disease is responsible for at least two million deaths each year. Any pro-
tective mechanism against this dominating infection that develops within the native
population will be gradually amplified and this has been the situation with thalas-
semia and sickle cell anemia where a range of mutations have gradually accumulated
within the population. The correspondence between the distribution of malaria in the
Old World before major control programs were established and the distribution of
thalassemia is striking (Figure 17) [73]. The cellular mechanisms related to this type
of protection are complex but increasingly well understood [73,74].
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Figure 17 (a) Distribution of malaria in the Old World before major control programs were
established. (b) Distribution of o- and f-thalassemia [73].
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Figure 18 Changes of human hemoglobin with development. There is a switch from hemoglobin-F
to adult hemoglobin-A together with a small amount of hemoglobin-A2 in the immediate post
natal period [75]. Hemoglobins; F = a,y,; A = a,f5; A, = a,0,. Reproduced with permission from
[75]; copyright 2001, Blackwell Science Ltd.

Table 7 Annual births with Thalassemia dominated symptoms

major hemoglobin disorders. Hb Bart’s hydrops (a°/a°) 5,000
Hb H disease (a°/a*) 10,000
B-Thalassemia major (°) 23,000
Hb E/p-Thalassemia 19,000
Total 57,000
Sickle cell anemia dominated symptoms
SS disease 217,000
S/B-Thalassemia 11,000
HbC/S 55,000
Total 283,000

Reproduced with permission from [76]; copyright
2006, World Health Organization.

Hemoglobin production in man is complicated. The type of hemoglobin produced
in fetal life is altered after birth (Figure 18) as a result of the sequential suppression
and activation of individual genes [75]. Clearly, there are a number of possible
hemoglobin disorders that can result from this genetic framework and a breakdown of
these disorders as monitored by the annual number of births is given in Table 7 [76].
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The thalassemias are characterized by a reduced rate of synthesis of one or more
globulin chain(s); a°- and pB°-thalassemias are associated with no production of
a- or f-chains, respectively, a*- and p*-thalassemias are associated with a reduced
production of a- or PB-chains. These conditions all lead to an imbalanced globin
chain production, which is associated with ineffective erythropoiesis and shortened
red blood cell survival. Because thalassemias occur in populations in which hemo-
globin variants are also common, some children inherit thalassemia from one parent
and a hemoglobin variant from the other. These interactions produce disorders of
varying severity. Thus, sickle cell/p-thalassemia may be as severe as sickle cell ane-
mia and hemoglobin E/p-thalassemia can produce similar pathology to that of thal-
assemia major. Hemoglobin E is inefficiently synthesized and hence produces a
mild form of p-thalassemia [75].

3.3.1.1 Thalassemia

Although the a-thalassemias are more common than the p-thalassemias, severe
forms lead to intrauterine death and so do not pose a major burden on health
care. It is the p-thalassemias and their combination with hemoglobin E that
produce severe anemia. These diseases are particularly common throughout
the Indian subcontinent and South East Asia. Over 180 different mutations have
been identified amongst the  globin chains of p-thalassemia patients. The bulk
consists of single base changes which lead to different degrees of reduction in
the synthesis of a-chains, thereby leading to the clinical diversity -thalassemia.
The reduction of a-chain production leads to an excess of a-chains, which are
unstable and tend to precipitate, preventing the normal maturation and survival
of erythrocytes [77].

p-Thalassemia major (B°) is associated with the total absence of B-subunits
and consequently is fatal in the absence of regular blood transfusion, which in
turn is associated with systemic iron overload. With untreated patients, death
generally occurs in the second decade of life as a result of infection or heart dis-
ease [78]. Iron chelation therapy prevents the development of iron overload and
as a result, the life style of thalassemia patients has dramatically improved over
the past 50 years. Desferrioxamine (DFO, 7) a natural siderophore was intro-
duced in the clinic by SephtonSmith in 1962 [79]. It scavenges and binds iron(III)
extremely tightly, leading to the formation of a stable non-toxic iron complex
(Figure 19) [80] which is excreted via the bile. Unfortunately DFO is not orally
active and has to be administered parenterally over prolonged time periods, as it
is rapidly cleared by the kidney [81]. Never-the-less it has been a remarkably
successful pharmaceutical and has extended the lives of thousands of
B-thalassemia major patients.

There is a wide pathological diversity of pf-thalassemia patients due to the large
number of different mutations, for instance the inheritance of a severe mutation
from one parent and a mild mutation from the second parent or the inheritance of
[-thalassemia from one parent and an abnormal Hb from the other [82]. As a group,
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Figure 19 Ferroxamine,
the iron complex of
desferrioxamine [80].

these patients are described as suffering from -thalassemia intermedia. Management
depends on the severity of the disease and may involve transfusion and chelation or
in some cases, chelation therapy alone (vide infra) [82].

3.3.1.2 Sickle Cell Disease

Expression of sickle cell disease, like -thalassemia is highly variable, ranging from
mild phenotypes (mostly SC and SP* genotypes) to severe disease (mostly SS and
SpP° genotypes). Transfusion therapy is a key component of patient management and
is an effective treatment for chest syndrome, heart failure, and stroke. Monthly
transfusions decrease the risk of recurrent stroke. Straight transfusion is used when
the Hb level is less than 8 g dL-! and exchange transfusion is recommended with
normal Hb levels [83]. The target percentage of HbS in patients receiving regular
transfusions is 30% [84]. Both straight and exchange transfusion lead to iron
overload and although the endocrinopathology is less marked in sickle cell anemia
patients when compared with B-thalassemia patients [85], iron overload should be
treated by chelation (vide infra).

3.3.2 Myelodysplastic Syndrome

Myelodysplastic syndrome (MDS) is a diverse group of hematological disorders
that lead to ineffective production of myeloid blood cells with a risk of transformation
to leukemia. This bone marrow stem cell disorder is associated with ineffective
erythropoiesis and leads to anemia. Diagnosis of MDS is made typically between 60
and 75 years, diagnoses are rare in children. Many MDS patients become dependent
on blood transfusion and develop transfusional iron overload [86] which is
associated with cardiac problems [87]. Although this iron overload can be treated with
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desferrioxamine, the demanding continuous parenteral treatment leads to difficulties
with compliance, particularly with this typically elderly group of patients [86].
Treatment with orally active iron chelators has good potential (vide infra).

3.4 Hereditary Disorders of Mitochondrial Iron Overload

Several iron loading disorders are characterized by mitochondrial accumulation in
specific tissues, without systemic iron overload. They result from mutations in pro-
teins involved in either heme or iron-sulfur cluster biosynthesis. These two meta-
bolic pathways occur in the mitochondria and under normal conditions consume the
majority of cellular iron.

3.4.1 Sideroblastic Anemia

Sideroblastic anemias are a group of disorders that are associated with the forma-
tion of a large number of ringed sideroblasts in the marrow. Sideroblasts are eryth-
roblasts (nucleated red blood cells) which contain precipitates of non-heme iron
aggregates deposited within the cristae of mitochondria [68]. X-linked sideroblastic
anemia (XLSA) is the most common form of sideroblastic anemia which results
from defects in 5-aminolevulinate synthase, a key enzyme in heme biosynthesis.
Management of this disease frequently requires blood transfusion which leads to
iron overload [68].

3.4.2 Friedreich’s Ataxia

Friedreich’s ataxia is an autosomal recessive neurodegenerative disorder linked to
the functional inactivation of frataxin (FXN) [88,89]; a mitochondrial protein which
has a critical role in the assembly of iron-sulfur clusters [90]. An expanded GAA
triplet repeat is found in both alleles of the FXN gene. This triplet repeat leads to
decreased RNA transcription and lower levels of frataxin. The degree to which
transcription is suppressed is proportional to the length of the GAA repeat; with
frataxin levels, 5% of normal, being associated with long GAA repeats and the
association of higher frataxin levels (30% of normal) with shorter repeats [91].
Thus, patients with shorter GAA repeats generally have a less severe phenotype.
Frataxin deficiency is associated with decreased ATP synthesis and elevated
mitochondrial iron levels. The tissues most severely influenced are cardiac [92],
gastrointestinal and brain [93]. Treatment with orally active iron chelators can
be beneficial (vide infra).
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3.4.3 Glutaredoxin-5 Deficiency

Glutaredoxin-5 (Grx 5) is a protein cofactor essential for the iron-sulfur cluster
assembly pathway [94]. Its absence is causatively linked to microcytic anemia with
a sideroblastic-like phenotype [95]. The disease requires regular blood transfusion
which leads to systemic iron overload. The pathogenic mechanism involves inhibi-
tion of heme synthesis in erythroid precursor cells via accumulation of apo-IRP1
that represses 5-aminolevulinate synthase (ALAS) mRNA translation [96].

3.5 Animal Models of Iron Overload

Over the past two decades genetic analysis of patients with inherited iron homeostasis
disorders and the analysis of mutant mice, rats, zebra fish, and fruit flies has greatly
facilitated the present understanding of iron metabolism [97]. These animal models
are excellent systems for investigating iron homeostasis and for the identification of
new therapeutic agents. Although iron metabolism in zebra fish and the fruit fly is
not understood in detail, iron metabolism in rodents is similar to that in man. Models
have been developed which simulate iron deficiency anemia, sideroblastic anemia,
various forms of defective iron transport, hemochromatosis, and Friedreich’s ataxia
(Table 8) [21,98-100,104-120].

The first mutant to provide a useful insight into iron transport was the hypotrans-
ferrinaemic mouse (hpx) [98,101], although the mk mouse was discovered in 1970
[102] and the Belgrade rat in 1969 [103]. One of the benefits from this work will be
the accurate diagnosis of human iron deficiency and iron overload disorders; for
instance, the clinical approach to hemochromatosis has been strongly influenced by
diagnostic testing [68].

3.6 Genetic Screening for Thalassemia

The improved understanding of the pathophysiology of the thalassemias has led to
improved symptomatic treatment by blood transfusion and chelation therapy.
However, this therapy is expensive and complicated due to the increasing problem
of obtaining blood that is free from HIV and hepatitis.

Because thalassemia and sickle cell heterozygotes are relatively easy to identify,
these diseases are suitable for investigation by prenatal diagnosis and termination of
pregnancies of homozygote babies. In the 1970°s with the advent of fetal blood
sampling, it became possible to undertake such diagnosis by monitoring hemoglobin
chain synthesis [121] and later by DNA analysis [122,123]. Screening was soon
established in several countries, for instance Sardinia and Cyprus, with remarkable
success (Figure 20) [124]. There has now been success in reducing the number of
babies born with thalassemia major in Greece, Italy and United Kingdom [121].
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Figure 20 Number of births of new cases of p-thalassemia in Sardina since a screening and prenatal
diagnosis program was developed in the mid-1970s [124]. Reproduced with permission from [124];
copyright 1998, Elsevier.

4 Iron-Selective Chelators with Therapeutic Potential

4.1 Design Features

Desferrioxamine-B (DFO) (7), the most widely used iron chelator in hematology
over the past 40 years, has a major disadvantage of being orally inactive [125]. In
order to identify an ideal iron chelator for clinical use, careful design consideration
is essential; a range of specifications must be considered such as metal selectivity
and affinity, kinetic stability of the complex, bioavailability, and toxicity. This field
has recently been reviewed [126,127].

4.1.1 Metal Selectivity

Chelating agents can be designed for either the iron(II) or iron(IIT) oxidation state.
High-spin iron(III) is a tripositive cation of radius 0.65 A, and forms most stable
bonds with charged oxygen atoms, such as those found in DFO (7). In contrast, the
iron(IT) cation, which has a lower charge density, prefers chelators containing nitrogen
such as 1,10-phenanthroline. Ligands that prefer iron(II) retain an appreciable affin-
ity for other biologically important bivalent metals such as copper(Il) and zinc(II)
ions. In contrast, iron(Ill)-selective ligands, typically oxyanions and notably
hydroxamates and catecholates, are generally more selective for tribasic metal
cations over dibasic cations and as most tribasic cations, for instance aluminium(III)
and gallium(III), are not essential for life, iron(III) provides the best target for
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‘iron chelator’ design under biological conditions. An additional advantage of
high-affinity iron(IlI) chelators is that, under aerobic conditions, they will chelate
iron(II) and rapidly autoxidize it to the corresponding iron(III) species [128].

4.1.2 Ligand Selection

Catechol moieties possess a high affinity for iron(IIl). This extremely strong inter-
action with tripositive metal cations results from the high electron density of both
oxygen atoms. However, this high charge density is also associated with the high
affinity for protons (pK, values of 12.1 and 8.4). Thus the binding of cations by
catechol has marked pH sensitivity. The hydroxamate moiety possesses a lower
affinity for iron than catechol, but the selectivity of hydroxamates, like catechols,
favors tribasic cations over dibasic cations. Due to the lower value of the proton-
ation constant (pK, ~9 ), competition with hydrogen ions at physiological pH is less
pronounced than for that of catechol ligands.

Hydroxypyridinones (Figure 21) combine the characteristics of both hydroxa-
mate and catechol groups, forming 5-membered chelate rings in which the metal
is coordinated by two vicinal oxygen atoms. The hydroxypyridinones are mono-
protic acids at pH 7.0 and thus, like hydroxamates, form neutral #ris-iron(II)
complexes. 3-Hydroxypyridin-4-ones are highly selective for tribasic metal cat-
ions over dibasic cations as indicated by the low reduction potential of iron com-
plexes (=620 mV versus NHE). 8-Hydroxyquinoline binds iron(II) more tightly
than 3-hydroxypyridin-4-ones as indicated by its higher redox potential of the
iron complex (—150 mV versus NHE). Never-the-less it is capable of scavenging
iron under biological conditions, forming a 3:1 complex with iron(III) at pH 7.0.

Although aminocarboxylates and hydroxycarboxylates bind iron(IIl) they are
less selective, frequently possessing appreciable affinities for calcium(Il) and
magnesium(Il), in addition to zinc(Il) and copper(Il).

4.1.3 Hexadentate, Tridentate, and Bidentate Iron(IIT) Complexes

The coordination requirements of high spin iron(IIl) are best satisfied by six donor
atoms ligating in an octahedral fashion to the metal center, the affinity for the ligand
generally decreasing in the sequence; hexadentate > tridentate > bidentate
(Figure 22). The overall stability constant trends for bidentate and hexadentate
ligands are typified by the bidentate ligand N,N-dimethyl-2,3-dihydroxybenzamide
(DMB) and the hexadentate congener MECAM (Figure 21) where a differential of
6 log units in stability is observed (40.2 versus 46).

Although MECAM binds iron(III) more tightly than its bidentate analogue
DMB, other hexadentate catechols, for instance, enterobactin (Figure 21), bind
iron(IIT) even more tightly. The smaller the conformational space of the free ligand,
the higher the stability of the complex; as the difference between the flexibility of the
ligand and its corresponding iron complex decreases, so does the entropy difference.



268

Bidentate Ligands

OH
| X
7 oH
0% “NMe,

N,N-Dimethyl-2,3-
dihydroxybenzamide (DMB)

= | X
2 N/
OH

8-Hydroxyquinoline

Tridentate ligands

\OH

/

N /N "‘\CHS
SJ\COOH

Desferrithiocin

Hexadentate ligands

OH
NH OH
OH
OH
H
N
O HN O
HO.
HO
MECAM

Figure 21 Iron(III) chelating agents.

Hider and Kong

Yo
N
H™ “OH

7NN

Acetohydroxamic acid

3-Hydroxy-1,2-dimethylpyridin

-4(1H)-one (Deferiprone)

Q

N—N
\
NS
Cr
HO
OH

Desferasirox (ICL670)

OH
OH
o)
HN
o)
o)
g o)
o) NH
HO
N o)
H o 0
HO

Enterobactin



8 Iron: Effect of Deficiency and Overload 269

¢

/
o

Bidentate ligand Tridentate ligand Hexadentate ligand
3:1 complex 2:1 complex 1:1 complex

Figure 22 Schematic representation of chelate ring formation in metal-ligand complexes.

Table 9 pFe** values of Iron(IIT) chelator pFe!l
selected iron(I1I) chelators. -
Bidentate
Dimethyl-2,3-dihydroxybenzamide DMB 15
Acetohydroxamic acid 13
3-Hydroxypyridinone (Deferiprone) 20.5
8-Hydroxyquinoline 20.6
Tridentate
Desferrithiocin 20.4
Desferasirox 22.5
Hexadentate
Desferrioxamine-B (7) 26.6
MECAM 28
Enterobactin 31.5

pFe' = —log[Fe**], when [Fe**],,u = 10° M, [Ligand] .
=10° M at pH 7.4.
The structures of the chelators are given in Figure 21.

Thus enterobactin (log stability constant = 48) can be considered to possess a degree
of preorganisation in contrast to MECAM which does not [129].

Under biological conditions, a comparison standard which is generally more
useful than the stability constant is the pFe** value [130]. pFe is defined as the
negative logarithm of the concentration of the free iron(IIl) in solution. Typically
pFe** values are calculated for total [ligand] = 10 M, total [iron] = 10° M at pH
7.4. The comparison of ligands under these conditions is useful, as the pFe** value,
unlike the stability constants log K or log f3;, takes into account the effects of ligand
protonation and denticity as well as differences in metal-ligand stoichiometries.
Comparison of the pFe* values for hexadentate and bidentate ligands reveals that
hexadentate ligands are far superior to their bidentate counterparts under typical in
vivo conditions. The values for DMB, MECAM, and enterobactin being 15, 28, and
31.5, respectively (Table 9) [130].
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The formation of a complex will also be dependent on both free metal and free
ligand concentration and as such will be sensitive to concentration changes. The
degree of dissociation for a tris-bidentate ligand-metal complex is dependent on the
cube of [ligand] whilst the hexadentate ligand-metal complex dissociation is only
dependent on [ligand]. Hence the dilution sensitivity to complex dissociation for
ligands follows the order hexadentate < tridentate < bidentate. It is for this reason
that the majority of natural siderophores are hexadentate compounds and can there-
fore scavenge iron(Ill) efficiently at low metal concentrations [131]. In general,
pFe** values follow the trend hexadentate > tridentate >bidentate as exemplified by
the examples in Table 9.

4.1.4 Critical Features for Clinical Application: Molecular Size
and Hydrophobicity

In order to achieve efficient oral absorption, the chelator should possess appreciable
lipid solubility which may facilitate the molecule to penetrate the gastrointestinal
tract (partition coefficient between n-octanol and water greater than 0.2) [132].
Molecular size is also a critical factor which influences the rate of drug absorption
[133]. Indeed, it has been proposed by Lipinski et al. that the molecular weight
should not exceed 500 in order to achieve efficient oral absorption [134]. This
molecular-weight limit provides a considerable restriction on the choice of chelator
and may effectively exclude hexadentate ligands from consideration; most sidero-
phores, for instance DFO (7) and enterobactin (Figure 21) have molecular weights
in the range 500-900. In contrast, bidentate and tridentate ligands, by virtue of their
much lower molecular weights, tend to possess higher absorption efficiencies.

4.1.5 Toxicity of Chelators and Their Iron Complexes

The toxicity associated with iron chelators originates from a number of factors;
including inhibition of metalloenzymes, lack of metal selectivity, redox cycling of
iron complexes between iron(Il) and iron(IIl), thereby generating free radicals, and
the kinetic lability of the iron complex leading to iron redistribution.

Enzyme inhibition: In general, iron chelators do not directly inhibit heme-containing
enzymes due to the inaccessibility of porphyrin-bound iron to chelating agents.
In contrast, many non-heme iron-containing enzymes such as the lipoxygenase and
aromatic hydroxylase families and ribonucleotide reductase are susceptible to chelator-
induced inhibition [135]. Lipoxygenases are generally inhibited by hydrophobic
chelators, therefore, the introduction of hydrophilic characteristics into a chelator
tend to minimize such inhibitory potential [136]. Stereochemistry can also limit
chelator access to the metal binding center and the introduction of a rigid side chain
close to the chelating center of the molecule can reduce inhibitory properties [137].
Thus, careful control of the bulk and shape of iron chelators leads to minimal inhibitory
influence of many metalloenzymes.
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Metal selectivity: An ideal iron chelator should be highly selective for iron(IIl) in
order to minimize chelation of other biologically essential metal ions which could
lead to deficiency with prolonged usage. Many ligands that possess a high affinity
for iron(IIl) also have appreciable affinities for other metals such as zinc(Il), this
being especially so with carboxylate- and nitrogen-containing ligands. However,
this factor is less of a problem with the bidentate catechol, hydroxamate, and
hydroxypyridinone ligand groups, which possess a strong preference for tribasic
over dibasic cations. In principle, competition with copper(Il) could be expected to
be a problem, however under most biological conditions this is not so, as copper is
extremely tightly bound to chaperone molecules [138].

Iron-complex structure and redox activity: In order to prevent free radical produc-
tion, iron should be coordinated in such a manner as to avoid direct access of oxy-
gen and hydrogen peroxide, and to possess a redox potential which cannot be
reduced under biological conditions. Most hexadentate ligands with oxygen con-
taining ligands such as DFO are kinetically inert and reduce hydroxyl radical pro-
duction to a minimum by failing to redox cycle.

Chelators that are capable of binding both iron(II) and iron(IlI) at neutral pH
values have potential to redox cycle. This is an undesirable property for iron scaveng-
ing molecules, as redox cycling can also lead to the production of reactive oxygen
radicals (Figure 23). Significantly, the high selectivity of siderophores for iron(III)
over iron(Il) renders redox cycling under biological conditions unlikely. Thus the
iron complexes of enterobactin and desferrioxamine are extremely low, namely —750
and —468 mV (versus NHE) [130]. In similar fashion, iron-deferiprone has a low
redox potential (=620 mV versus NHE) [139]. Iron complexes with redox potentials
above —200 mV (versus NHE) are likely to redox cycle under aerobic conditions.

Kinetic lability of iron complexes: Hexadentate ligand iron complexes tend to be
inert, the rate of dissociation of the complex being vanishingly small at neutral pH
values. This renders such molecules ideal scavengers of iron. In contrast, bidentate
and tridentate ligands are less kinetically stable and are able to dissociate at appre-
ciable rates, thereby possibly facilitating iron redistribution. Such a property is
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Figure 23 Redox cycling -
of an iron complex. O, O,
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undesirable for most therapeutic applications, where efficient iron excretion is
required. In order to avoid appreciable redistribution of iron in mammalian body
tissues, chelators possessing a high iron(Ill) affinity are required; generally a pFe
value >20 appears to be sufficient to minimize the redistribution of iron.

4.2  Orally Active Iron Chelators in Current Use

Iron chelation therapy prevents the development of iron overload and as a conse-
quence the life style of thalassemia major patients has been dramatically improved
with the application of DFO (7) (Section 3.3.1.1). However, DFO is not an ideal
therapeutic chelator due to its oral inactivity and rapid renal clearance (plasma half-
life of 5—-10 min) [140]. In order to achieve sufficient iron excretion, it has to be
administered subcutaneously or intravenously for 8—12 h/day, 5-7 days/week [141].

Patient compliance with this regimen is frequently poor. Furthermore, NTBI
(Section 3.1) is present in such patients whenever the plasma DFO level is low,
rapidly reappearing on the cessation of DFO perfusion (Figure 24) [142]. As DFO
is typically infused for 5 nights, this only provides protection for 40h per week; that
is approximately 25% of the time. As transferrin is saturated in most of these
patients, NTBI is present for 75% of the time and therefore has the possibility of
gradually loading the heart and endocrine tissue with iron, even in well chelated
patients. A large proportion of patients treated with DFO suffer from adverse car-
diovascular events [143].

4.2.1 Tridentate Chelators

Unlike hexadentate and bidentate molecules, it is difficult to design tridentate
ligands which only possess oxygen anion coordination sites [144], the central ligand
typically being nitrogen (Figure 22).

?‘ -
64 DFO (uM)
g 54
=
o 4+
i
Figure 24 The effect of 2 31
DFO infusion at 50 mg/ 2,
kg/24h (intravenous) on E
NTBI is shown in a single < 14 NTBI (uM)
patient with thalassemia 0 S
major both on starting e
the DFO infusion and on -1 — r r 1 17 71T 1T 1 1

stopping the infusion 6 0 6 12 18 24 30 36 42 48 54
at 48 hours [142]. Time (hours)
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Desferrithiocins: Desferrithiocin (DFT) (11) is a siderophore isolated from
Streptomyces antibioticus. It forms a 2:1 complex with iron(III) at neutral pH using
a phenolate oxygen, a carboxylate oxygen, and a nitrogen atom as ligands [145].
It possesses a high affinity for ferric iron (pFe** = 20.4). Long term studies of DFT in
normal rodents and dogs at low doses have shown toxic side effects, such as reduced
body weight and neurotoxicity [146]. However, a range of synthetic analogues
of DFT have been prepared in an attempt to design molecules lacking renal and
neurotoxicity [147] and two such molecules have been identified, namely deferitrin
(12) and FBS0701 (13). Deferitrin (12), was found to be highly effective when given
orally to rats and primates. Histopathological analysis indicated some nephrotoxicity
but much less than that arising from DFT [148]. Phase I clinical trials demonstrated
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good oral absorption, however the compound was not progressed beyond Phase II
clinical trials due to nephrotoxicity. FBS0701 (13) also binds iron(III) with high
affinity and in contrast to deferitrin, demonstrated no observable toxicity at a pre-
dicted dose level range in preclinical studies [149]. The compound has entered clini-
cal trials sponsored by Ferrokin Biosciences [150], where it has been shown to be
well tolerated and to possess favorable pharmacokinetics [151]. FBS0701 is cur-
rently in Phase II clinical trials.

Triazoles: Triazoles have been investigated as potential ligands by Novartis [152].
These molecules chelate iron(Ill) with two phenolate oxygens and one triazolyl
nitrogen. The lead compound deferasirox (14) possesses a pFe** value of 22.5
and is extremely hydrophobic, with a 10g Pycianoywaer Value of 3.8. As a result, it can
penetrate membranes easily and possesses good oral availability. Indeed, when
orally administered to hypertransfused rats, deferasirox promotes the excretion of
chelatable iron from hepatocellular iron stores four to five times more effectively
than DFO [153].
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By virtue of a high proportion of both the free ligand and the 2:1 iron complex
binding to albumin (greater than 98%), the ligand possesses low toxicity despite its
strong lipophilic character. The extreme hydrophobicity of this chelator necessitates
formulation in dispersion tablets, containing the disintegrants, SDS, povidone, and
crospovidone. Thus, deferasirox is typically given once daily each morning as a
dispersed solution in water, half an hour before breakfast. Deferasirox has been
demonstrated to be efficient at removing liver iron from regularly transfused patients
[154] but is apparently less effective at removing cardiac iron [155]. Deferasirox
(14) forms a 2:1 iron complex which possesses a net charge of 3— and a molecular
weight over 800. Should such a complex form intracellularly, it is possible that the
iron will remain trapped within the cell. The redox potential of the 2:1 iron complex
is =600 mV (versus NHE) confirming that deferasirox is highly selective for iron(III)
and that it will not redox cycle under biological conditions. As with all therapeutic
iron chelators there are side effects associated with deferasirox [156], kidney toxic-
ity being particularly prevalent [157].

4.2.2 Bidentate Chelators

On the basis of selectivity and affinity, particularly considering pFe** values,
3-hydroxypyridin-4-one (Figure 21) is the optimal bidentate ligand for the chelation
of iron(IIT) over the pH range of 6.0-10.0 and to date is the only bidentate class to
have been subjected to extensive clinical study.

Dialkylhydroxypyridinones: The 1,2-dimethyl derivative (deferiprone, L1, CP20)
(15) is marketed by Apotex Inc. Toronto, Canada, as Ferriprox™. Deferiprone was
first reported as a potential orally active iron chelator in 1984 [158] and demon-
strated to be active in man in 1987 [159]. It was licensed for use in India in 1994 and
in Europe in 1999, receiving full marketing authorization in 2002. The FDA pro-
vided approval for its use in 2011. There are numerous reports indicating the com-
parative effectiveness of desferrioxamine and deferiprone [160]. A particularly
important property of deferiprone is its ability to penetrate cells, coordinate iron,
forming a neutral complex, which is also capable of permeating membranes. Thus,
iron can be readily removed from iron-loaded cells including those of cardiac tissue
(Figure 25) [161]. This ability extends to the clinical situation [162,163], where it
has been demonstrated that deferiprone therapy is associated with significantly
greater cardiac protection than DFO in patients with thalassemia major [143,164].
Unfortunately, the dose required to keep a previously well chelated patient in
negative iron balance with deferiprone is relatively high, in the region of 75-100 mg
kg! day!. One of the major reasons for the limited efficacy of deferiprone in clini-
cal use is that it undergoes extensive metabolism in the liver. The use of deferiprone
has a range of associated side effects [165], the most important being a low inci-
dence of reversible agranulocytosis [166].
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Figure 25 Schematic representation of the penetration of deferiprone [LH], through the plasma
membrane. The bidentate ligand scavenges loosely bound intracellular iron, forming the 3:1 complex,
which also carries zero net charge. Efflux as the iron complex leads to iron excretion.
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High iron affinity hydroxypyridinones: In order to further improve chelation
efficacy, considerable effort has been applied to the design of novel hydroxypyridi-
nones with enhanced pFe** values [167]. Novartis synthesized a range of bidentate
hydroxypyridinone ligands, which possess an aromatic substituent at the 2-position.
The lead compound (16) was found to be orally active and highly effective at remov-
ing iron from both the iron-loaded rat [168] and marmoset [169]. In similar fashion,
Hider and coworkers have demonstrated that the introduction of either a
I’-hydroxyalkyl group (17) [170] or an amido function (18) [171] at the 2-position
of 3-hydroxypyridin-4-ones enhances the affinity for iron(Ill) over the pH range
5-8. These changes result in an increase in the corresponding pFe** values due to
the reduced competition with hydrogen ions; thus the 2-amidopyridin-4-one (18)
has a pFe value of 21.7 as compared with that of the analogous deferiprone (15)
which possesses a pFe value of 20.5. In practical terms this means that at pH 7.4
(18) binds iron over ten times more tightly than deferiprone.

These novel high pFe** HPOs show great promise in their ability to remove iron
under in vivo conditions. Detailed dose-response studies suggest that chelators with
high pFe** values scavenge iron more effectively at lower doses when compared
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with simple dialkyl substituted hydroxypyridinones and so in principle can be used
at the lower dose of 20 mg kg!. A number of related compounds are currently
undergoing preclinical evaluation.

Combined therapy with desferrioxamine and hydroxypyridinones: By virtue of its
small size and ability to penetrate cells, deferiprone has the capability of efficiently
scavenging excess iron. However due to its bidentate nature, the ability of deferi-
prone for iron(IIl) at neutral pH values is highly concentration-dependent and at rela-
tively low concentrations (<5 pM) the iron deferiprone complex will donate iron to
competing ligands [172]. If deferiprone is used together with a high affinity hexaden-
tate chelator such as desferrioxamine, the deferiprone iron complex will readily
donate iron to the kinetically more stable desferrioxamine [173]. Indeed, deferiprone
enhances plasma NTBI removal in the presence of desferrioxamine [174]. Early
clinical studies indicated that such combination therapy is effective at increasing iron
excretion [175]. These observations led to more extensive clinical investigations
using deferiprone and desferrioxamine in sequential fashion and resulted with
beneficial effects in survival, iron removal and cardiac disease [176,177].

4.2.3 Use of Iron Chelators to Treat Diseases Other than Thalassemia
4.2.3.1 Sickle Cell Anemia

Transfusion has been introduced for the treatment of sickle cell anemia, due to its
beneficial effect in the treatment of crises and in the reduction of the incidence of
stroke [178] (Section 3.3.1.2). Again an effective orally active iron chelator permits
regular transfusion of such patients without the worry of inducing an associated iron
overloaded state. There have been a number of trials comparing the efficacy of dif-
ferent chelators and the outcome of these studies reviewed [179]. At the present
time there is no clear preference for a particular chelator. In a multicenterd study of
iron overload [180], three patient groups have been compared (transfused thalas-
semia patients, transfused sickle cell patients and non-transfused sickle cell
patients). There were more endocrine problems in the transfusion-dependent thalas-
semia patients (56.3%) than in both transfused sickle cell patients (13.1%) and non-
transfused sickle cell patients (7.8%) and it has been suggested that this difference
may relate to the different NTBI levels and hence speciation (Section 3.1).

Generally, NTBI levels in thalassemia patients are higher than those of sickle cell
patients [181]. This finding could also explain the low incidence of cardiac disease
in transfused sickle cell patients [180]. There was a relatively poor compliance
observed with deferasirox in the sickle cell anemia group [182].

4.2.3.2 Myelodysplastic Syndromes

Many patients with myelodysplastic syndromes (MDS) become dependent on blood
transfusions (Section 3.3.2) and so treatment by an orally active iron chelator is
appropriate. The use of deferiprone is not ideal in view of the risk of agranulocytosis
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which may be higher in this patient group [183]. In contrast, deferasirox has found
useful application in removing excess iron from transfused MDS patients [184,185].
As cardiac problems are the most frequent serious complications associated with
iron overload in MDS patients [86], procedures designed to maintain NTBI levels at
a low level should be adopted. Daily administration of deferasirox is thus likely to
provide a useful option.

4.2.3.3 Friedreich’s Ataxia

Friedreich’s ataxia involves the accumulation of iron in mitochondria; cardiac,
gastrointestinal and brain tissues being most severely affected (Section 3.4.2).
In principle, an iron chelator which can readily cross membranes, gain access to
the mitochondrial matrix, scavenge inappropriately deposited iron and efflux from
the mitochondrion as a stable iron complex, should find application in the treatment
of this disease. Deferiprone is one such compound (Figure 25) as demonstrated by
Cabantchik and coworkers [46,186]. Treatment of Friedreich’s ataxia patients with
deferiprone for 6 months led to a decrease in iron levels that had specifically
accumulated in dentate nuclei of the brain and also improved gait and control of the
gastrointestinal tract [93]. This preliminary clinical study has now been extended to
a multicenter investigation.

S Neuropathology and Iron

Neurodegeneration is a complicated multifaceted process which leads to many chronic
disease states. A broad classification can be achieved on the basis of neuropatho-
logical changes:

(i) Disorders characterized by the accumulation of abnormal proteins leading to a
selective loss of neurons; examples include Alzheimer’s disease (Ap amyloid
plaques), Parkinson’s disease (Lewy bodies), Huntington disease (Huntingtin
aggregates), and Pick’s disease (Pick bodies).

(i) Disorders resulting from dysfunction of motor neurons; examples include
multiple sclerosis, amyotrophic lateral sclerosis, Friedreich’s ataxia, and
progressive supranuclear palsy.

Significantly, all these disease states have been associated with elevated levels of
iron in the brain resulting from a loss of control of iron homeostasis in particular
areas of the brain [187]. The control of neuronal cytosolic iron(II) levels is achieved
by an interplay of fluxes centered on membrane transporters, mitochondria, lyso-
somes, and ferritin (Figure 8) together with neuromelanin which acts as an addi-
tional storage site for iron and other transition metals [188]. The concentration of
iron in the cerebrospinal fluid, and hence the interstitial fluid, ranges between 0.2
and 1.1 pM, whereas transferrin levels are low, typically 0.25 pM [189]. Thus, CSF
iron levels will frequently exceed the binding capacity of transferrin and in view of
the relatively high levels of citrate, form complexes 9 and 10.
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The levels of this non-transferrin bound iron will influence cytosolic levels of iron(II).
Abnormal iron accumulation induces the oxidation of reduced glutathione in human
neuronal cells [190] and this in turn, by virtue of the involvement of glutathione in
iron sulfur cluster synthesis [8,191], can lead to a reduction in the respiratory
Complex I activity (Complex I contains 8 Fe-S clusters). Reduction of Complex I
activity can result in vicious cycles of increased oxidative stress, increased iron
accumulation, and decreased GSH content [189]. Significantly, defects in mitochondrial
electron transport have been reported for Alzheimer’s disease, Parkinson’s disease,
Huntington disease, and Friedreich’s ataxia [192].

5.1 Alzheimer’s Disease

Alzheimer’s disease is the most common form of dementia, there being over 24 million
sufferers at the present time and by 2040 it has been estimated that there will be
80 million worldwide. Central to the disease is the formation of amyloid plaques
which predominately consist of Af amyloid peptide, a 42 membered peptide resulting
from the breakdown of a membrane-bound protein (APP) (Figure 26) [193].

There is continual production of AP, in normal individuals, but in Alzheimer’s
disease patients, proteosome processing becomes less efficient and the peptide
accumulates both in the membrane and as soluble oligomers. The latter aggregate to
form amyloid plaques (Figure 26). The oligomers and the membrane bound Af,,
molecules possess an iron binding site [194,195] which endows the peptide with
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Figure 26 Amyloidogenic processing of amyloid precursor protein (APP). APP is cleaved to
produce membrane bound AP42 peptide, which is in equilibrium with water soluble oligomers of
Ap42 peptide. The oligomers aggregate to form amyloid plaques.
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pro-oxidant activity [196,197]. It has recently been proposed that APP possesses
ferroxidase activity, which is inhibited in Alzheimer’s disease, thereby facilitating
neuronal iron accumulation [198,199]. Brain iron accumulation has been demon-
strated in Alzheimer’s disease patients by both MRI [200] and ICP-MS [201]. This
sequence of events could lead to mitochondrial toxicity as outlined in Section 5.1.
Clearly there is potential for iron chelation therapy, both in prophylactic and therapeutic
treatments of Alzheimer’s disease (Section 5.5).

5.2 Parkinson’s Disease

Parkinson’s disease, like Alzheimer’s disease, tends to be more common in the
elderly, about 4% of those over 80 years experience symptoms. Although stiffness
and tremor are common symptoms, there are many features of the disease [202], for
instance the nigrostriatal and caudate nucleus dopaminergic neurons are adversely
effected leading to cell death and neuronal loss. Genetic factors, environmental
factors and aging can all influence the onset of the disease [203]. Lewy bodies
appear and there is multiple evidence of both damage induced by free radicals
[204,205] and for an increased nigral iron content [206,207]. In particular, there are
reduced glutathione levels in the nigral brain region and the mitochondrial Complex
I is inhibited [205].

As with Alzheimer’s disease there is clear potential for iron chelation therapy
(Section 5.5).

5.3 Pantothenate Kinase-2 Deficiency

Pantothenate kinase-2 (PANK 2) deficiency is a relatively uncommon autosomal
recessive trait which is characterized by progressive Parkinson-like rigidity, together
with mental and emotional retardation (previously termed Hallervorden-Spatz syn-
drome) [208]. Onset is in late childhood, death typically occurring within 10 years.

The globus pallidus and substantia nigra possess elevated levels of iron, mostly
located in microglia and macrophages giving rise to the ‘the eye of the tiger’ MRI
brain image [209,210]. PANK 2 is the first enzyme involved in the biosynthesis of
coenzyme A and is located in the mitochondria. Patients with PANK 2 deficiency
suffer from a coenzyme A deficiency and a related elevation of cysteine [211] which
has been suggested to increase iron levels by chelation [212].

5.4 Macular Degeneration

Age-related macular degeneration (AMD) is the leading cause of irreversible blind-
ness in the developed nations, in people aged 65 and older [213]. Oxidative stress
and free radical damage have been implicated in the pathogenesis of AMD [214]
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and iron is a likely oxidant, as AMD-affected maculars possess a higher iron content
than healthy age-matched maculars, as demonstrated by Perl’s stain [215]. Whereas
iron accumulation is observed in AMD retinas, it is unclear whether iron is directly
involved in AMD pathogenesis or is simply a byproduct of AMD pathology.
However, there are several lines of evidence that link iron with AMD pathogenesis;
for instance, the levels of bone morphogenetic protein 6 (BMP 6), a major regulator
of systemic iron (Section 1.4.1), is increased in advanced AMD eyes [216] and
hepcidin-knockout mice experience age-dependent increases in retinal iron fol-
lowed by retinal degeneration [217]. It is significant that retinal iron accumulation
resulting from Friedreich’s ataxia and PANK 2 disease is associated with retinal
degeneration [218].

5.5 Potential of Iron Chelators for the Treatment
of Neurodegeneration

A critical prerequisite for a chelator capable of treating various forms of neurode-
generation is to be orally active and to readily permeate the blood brain barrier or in
the case of the eye, the blood-retinal barrier. Thus, the chelator should have a molec-
ular weight <500, be sufficiently hydrophobic to partition in membranes and yet be
sufficiently hydrophilic to achieve water solubility at pharmacological levels [219].
Of the three chelators currently used in the clinic, only deferiprone possesses these
properties (Figure 25), which accounts for why it has been so extensively investi-
gated for the treatment of neurodegenerative diseases [93,220-223]. A range of
8-hydroxyquinoline derivatives, including clioquinol (19) [224], VK-28 (20) [225],
and an iron-binding peptide (21) [226], have also been investigated.
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Deferiprone (15), VK-28 (20), and clioquinol (19) have each demonstrated
neuroprotective action in various models of Alzheimer’s disease [227-229] and
clioquinol has been investigated in a related clinical trial [230]. A similar situation
exists with Parkinson’s disease, where a number of successful studies have been
achieved in various animal models with both 8-hydroxyquinolines [225,231]
and deferiprone [220]. Deferiprone is currently under clinical investigation for
efficacy and safety in Parkinson’s disease [232,233]. Deferiprone has also been
demonstrated to have a beneficial effect in the clinical treatment of age-dependent
retinal degeneration [221,234] and PANK 4 disease [222,223].
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Various strategies have been investigated in an attempt to enhance the transfer of
chelators across the BBB. In principle pendant glucose molecules can be attached to
molecules in order to enhance their ability to permeate the BBB. Due to the critical
requirement of the brain for glucose, the BBB is endowed with a high density of GLUT
1 hexose transporter protein. With this strategy in mind, glucose conjugates (22) and
(23) have been synthesized [235,236], but to date have not been demonstrated to cross
the BBB [237]. Another approach involves the attachment of chelators to nanoparticles
[238]. Chelator hybrid molecules are also under current investigation in a range of
neurodegenerative models, for instance, radical scavengers (24) [239] and monoamine
oxidase inhibitors (25) [240]. This field has recently been reviewed [241].
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6 The Role of Iron Chelation in Cancer Therapy

The importance of iron in tumor cell growth has been discussed over the past 50
years [242], high levels of dietary iron having been linked to increased tumor devel-
opment [243,244]. More recently an iron regulatory gene signature has been linked
to the incidence of breast cancer [245], and both gastrointestinal and liver cancer
have been specifically associated with dietary iron [246]. Cell proliferation is depen-
dent on a plentiful supply of iron and iron chelators can interfere with the cell cycle,
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causing G4/S arrest by removing iron from ribonucleotide reductase [247] and
deoxyhypusine hydroxylase [248]. Many chelating agents have been investigated
for their potential to selectively inhibit tumor cell growth, in particular desferriox-
amine [249], spermidine catecholamides [250], and PIH analogues [247]. At the
present time it has not been possible to achieve an acceptable selective toxicity
against tumor cells in the clinic.
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Pyridoxal isonicotinoyl hydrazine (PIH) derivatives (26) show potential in this
regard and Richardson and his coworkers have thoroughly investigated this group
of chelators. The p-napthol derivative (27) has been reported to be a particularly
effective antiproliferative agent [251], as have the closely related thiosemicarba-
zones (28) [252]. The precise role of iron in the cell-cycle control remains unclear,
but the posttranscriptional regulation of a cyclin-dependent kinase inhibitor may also
feature in this network of iron-dependent reactions [253].

7 Iron and Infection

Iron is essential for the growth of almost all microorganisms and thus bacteria
and fungi have evolved strategies to scavenge iron from the soil, fresh and marine
water, and living organisms. One of the most common strategies is siderophore
production. Siderophores are low molecular weight compounds (500-1500 dal-
tons) which possess a high affinity and selectivity for iron. There are over 500
different siderophores 270 of which have been structurally characterized [131];
desferrioxamine (7), desferrithiocin (11), and enterobactin (Figure 21) are typi-
cal examples.

Pathogenic bacteria and fungi have developed the means of survival in animal
tissue. They may invade the gastrointestinal tract (Escherichia, Shigella, and
Salmonella), the lung (Pseudomonas, Bordatella, Streptococcus, and
Corynebacterium), skin (Staphylococcus) or the urinary tract (Escherichia and
Pseudomonas). Such bacteria may colonize wounds (Vibrio and Staphylococcus)
and be responsible for septicaemia (Yersinia and Bacillus). Some bacteria survive
for long periods of time in intracellular organelles, for instance Mycobacterium.
Because of this continual risk of bacterial and fungal invasion, animals have
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developed a number of lines of defence based on immunological strategies, the
complement system, the production of iron-siderophore binding proteins and the
general “withdrawal” of iron [254].

There are two major types of iron-binding proteins present in most animals that
provide protection against microbial invasion — extracellular protection is achieved
by the transferrin family of proteins and intracellular protection is achieved by
ferritin (Section 1.2.4). Under normal conditions transferrin is about 25-40% saturated,
which means that any freely available iron in the serum will be immediately
scavenged — thus preventing microbial growth. Most siderophores are unable to
remove iron from transferrin, although some, for instance aerobactin, can compete
[255,256]. Mammals also produce lactoferrin, which is similar to serum transferrin
but possesses an even higher affinity for iron [257]. Lactoferrin is present in secre-
tory fluids, such as sweat, tears and milk, thereby minimizing bacterial infection.
Ferritin is present in the cytoplasm of cells and limits the intracellular iron level to
approximately 1 pM. Siderophores are unable to mobilize iron from ferritin. In
addition to these two classes of iron binding proteins, hepcidin is involved in con-
trolling the release of iron from absorptive enterocytes, iron-storing hepatocytes,
and macrophages (Section 1.4.1). Infection leads to inflammation and the release of
interleukin-6 (IL-6) which stimulates hepcidin expression. In humans, IL-6 produc-
tion results in low serum iron, making it difficult for invading pathogens to infect.

In addition to these “iron withdrawal” tactics, mammals produce an iron-
siderophore binding protein, siderochelin [258]. Siderocalin is a potent bacteriostatic
agent against E. coli. As a result of infection, it is secreted by both macrophages and
hepatocytes, enterobactin being scavenged from the extracellular space. Indeed, mice
are highly susceptible to E. coli infections when the siderocalin gene is “knocked-
out” [259]. Siderocalin binds a wide range of tris-catecholate siderophores.

7.1 Tuberculosis

Tuberculosis (TB) caused by the pathogen Mycobacterium tuberculosis infects one-
third of the world population. Despite the development of new drugs, the incidence
of TB continues to increase. Increased iron status enhances tuberculosis infection
[260]. Siderophore molecules used by Mycobacterium for iron acquisition are
potential therapeutic targets, as are synthetic iron chelators which are capable of
outcompeting siderophores for iron.

7.2 Malaria

Many metabolic components of the erythrocytic malaria parasite are dependent
on iron, including ribonucleotide reductase, and mitochondrial function. Several
studies have indicated that the erythrocyte labile iron pool is the iron source for
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malaria parasites (Section 1.3) [246]; a finding somewhat confirmed by the
observation that iron chelators suppress the growth of P. falciparum in human
erythrocytes. A wide range of chelators have been demonstrated to inhibit the
growth of erythrocytic malaria parasites under in vitro conditions [261,262],
however with the exception of desferrioxamine, extension to animal studies has
proved to be less impressive [262].

There have been a number of clinical investigations centered on the use of
desferrioxamine, where it has displayed an appreciable antimalarial activity but
failed to effect a cure [246].

8 Overview and Future Developments

The development of iron biochemistry has been dramatic over the past 50 years.
A large range of iron-dependent enzymes have been characterized, the chemistry of
electron transfer proteins, containing iron-sulfur clusters, is beginning to be under-
stood and oxygen-binding iron centers are very well characterized. The highly con-
trolled transport of iron throughout multicellular organisms and the mechanism of
intracellular distribution is now understood, although there is one tissue where iron
distribution is far from clear: the brain. Transferrin levels are much lower in CNS
than in blood and there are a number of brain proteins which appear to be influenced
by iron levels and yet currently have no known function, for instance amyloid
precursor protein and a-synuclein. Clearly, this is an area that deserves intensive
investigation, particularly as the progression of many forms of neurodegeneration
appears to be enhanced by elevated iron levels.

Over the same period iron chelators have emerged as an important therapeutic
class. For many years the orally inactive desferrioxamine was the only iron chelator
available for clinical use, but during the past twenty years two other chelators have
been introduced, deferiprone and deferasirox. Both are orally active and this has
rendered the treatment of iron overload to be more “patient friendly” thereby
enabling clinicians to investigate the use of iron chelation for diseases other than
systemic iron overload, for instance Parkinson’s disease and macular degeneration.

There are more iron chelators under development and it is likely that in years to
come there will be a selection of iron chelators available for clinical use that will
cover ranges of both iron affinity and membrane penetrative ability. Studies are in
progress to design lysosomotrophic and mitochondrotrophic chelators.

Improved therapeutic control of a wide range of anemias has been accomplished
over the past 50 years and in particular the development of a range of relatively
nontoxic parential iron preparations has proved to be highly beneficial. Surprisingly,
the most common oral supplement for the treatment of iron deficiency anemia is
ferrous sulfate, which was first introduced to medicine in 1832. There is a very clear
requirement for the introduction of a replacement oral therapy due to the various
toxic side effects of ferrous sulfate. Hopefully one or more such replacements will
be developed in the near future.
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Abbreviations

ALAS 5-amino levulinate synthase

AMD age-related macular degeneration

APP amyloid precursor protein (Fig. 26)

AscH~ ascorbic acid

ATP adenosine 5'-triphosphate

BBB blood brain barrier

BMP bone morphogenetic protein

CD91 lipoprotein receptor

CNS central nervous system

CSF cerebrospinal fluid

DCYTB duodenal cytochrome b

DF desferrithiocin

DFO desferrioxamine

DMT1 divalent metal-iron transporter 1

EDTA ethylenediamine-N,N,N’,N’-tetraacetic acid

FBXL5 F-box and leucine-rich repeat protein 5

FDA Food and Drug Administration

FPN1 ferroportin

FXN frataxin

GDF15 growth differentiation factor 15

GLUT 1 glucose transporter 1

Grx 5 glutaredoxin-5

HAMP hepcidin synthesis gene

Hb hemoglobin (Fig. 16)

HCP1 heme carrier protein 1

HEIDI 2,2'-(2-hydroxyethylazanediyl)diacetic acid

HFE hemochromatosis protein

HIV human immunodeficiency virus

HPO hydroxypyridinone

ICP-MS inductively coupled plasma mass spectrometry

IL-6 interleukin 6

IRE iron responsive elements

IRP iron responsive proteins

JAK/STAT janus kinase/signal transducer and activator of transcription

MDS myelodysplastic syndrome

MECAM N,N’-(5-((2,3-dihydroxycyclohexa-1,3-dienecarboxamido)methyl)-
1,3-phenylene)bis(methylene)bis(2,3-dihydroxybenzamide)

MHC major histocompatibility complex

MRI magnetic resonance imaging

MTP metal transporter protein

NHE normal hydrogen electrode

NTBI

non-transferrin bound iron
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PANK 2 pantothenate kinase-2

PIH pyridoxal isonicotinoyl hydrazine
SDS sodium dodecyl sulfate

SMAD 4 tumor suppressor gene

SS
TB

sickle cell disease
tuberculosis

TfR1 transferrin receptor 1
TfR2 transferrin receptor 2
WHO World Health organization

XL

SA X-linked sideroblastic anemia
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