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Abstract

Iron overload is a serious clinical condition which can be largely prevented by the use of iron-specific chelating agents.
Desferrioxamine-B, the most widely used iron chelator in haematology over the past 30 years, has a major disadvantage of being
orally inactive. Consequently, the successful design of an orally active, non-toxic, selective iron chelator has become a much sought
after goal. In order to identify an ideal iron chelator for clinical use, a range of specifications must be considered such as metal
selectivity and affinity, kinetic stability of the complex, bioavailability and toxicity. A wide range of chelator types bind iron(III) and
of these, hexa-, tri-, and bidentate are capable of providing iron(IIT) with the favoured octahedral environment. In this review, the
comparative properties of such ligands are discussed, examples being selected from hydroxamates, aminocarboxylates,
hydroxypyridinones, orthosubstituted phenols and triazoles. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Iron is a critically important metal for a wide variety
of cellular events, indeed no life form is possible without
the presence of this element. Iron holds this central
position by virtue of its facile redox chemistry and its
high affinity for oxygen. It possesses incompletely filled
d-orbitals and can exist in various valencies, the most
common oxidation states in aqueous media being Fe(II)
and Fe(III). The redox potential between these two
states is such that oxidation processes centred on iron
can be coupled to a wide range of metabolic reactions.

Although iron is essential for the proper functioning
of all living cells, it is toxic when present in excess. In the
presence of molecular oxygen, ‘loosely-bound’ iron is
able to redox cycle between the two most stable
oxidation states thereby generating oxygen-derived free
radicals such as the hydroxyl radical [1]. Hydroxyl
radicals are highly reactive and capable of interacting
with most types of biological molecules including
sugars, lipids, proteins and nucleic acids, resulting in
peroxidative tissue damage. Indeed free radicals play a
significant role in lipid peroxidation, protein oxidation
and nucleic acid degradation [2]. The production of such
highly reactive species is undesirable and thus a number
of protective strategies are adopted by cells to prevent
their formation. One of the most important strategies is
the tight control of iron storage, transport and distribu-
tion. In fact iron metabolism in man is highly con-
servative with the majority of iron being recycled within
the body. Since man lacks a physiological mechanism
for eliminating iron, iron homeostasis is achieved by the
regulation of iron absorption. In the normal individual,
iron levels are under extremely tight control and there is
little opportunity for iron-catalysed free radical gener-
ating reactions to occur. However, there are situations
when the iron status can change, either locally as in
ischaemic tissue, or systematically as with genetic
haemochromatosis or transfusion-induced iron over-
load. In such circumstances, the elevated levels of iron
ultimately lead to free radical-mediated tissue/organ
damage and eventual death [3]. Although excess iron
can be removed by venesection when adequate erythro-

poietic reserve exists, e.g. haemochromatosis, iron
chelation is the only effective way to relieve iron
overload in transfusion-dependent patients such as those
suffering from B-thalassaemia. Desferrioxamine-B
(DFO) (1), the most widely used iron chelator in
haematology over the past 30 years, has a major
disadvantage of being orally inactive [4]. Consequently
there is an urgent need for an orally active iron chelating
agent [5].

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 selectiv-
ity and affinity, kinetic stability of the complex,
bioavailability and toxicity.

2. Design features of iron chelators
2.1. Metal selectivity and affinity

In designing iron chelators for clinical application, the
properties for metal selectivity and resultant ligand—
metal complex stability are paramount. The selection
of an appropriate ligand for metal complexation can be
rationalised by classification of metals and ligands
according to the concept of ‘hard’ and ‘soft’ acids and
bases [6]. In theory, chelating agents can be designed for
either the iron(II) or iron(I11) oxidation state. High-spin
iron(IIl) is a spherically symmetrical tripositive cation of
radius 0.65 A, and as such is classified as a hard Lewis
acid by virtue of its high charge density. It forms most
stable bonds with ‘hard’ ligands such as the charged
hydroxamate oxygen atoms of DFO (1). In contrast the
iron(IT) cation, which has a lower charge density, prefers
chelators containing ‘soft’ donor atoms, exemplified by
the nitrogen-containing ligands such as 2,2’-bipyridyl
and 1,10-phenanthroline. Ligands that prefer iron(II)
retain an appreciable affinity for other biologically
important bivalent metals such as copper(Il) and
zinc(Il) ions (Table 1), and thus the design of a non-
toxic iron(II)-selective ligands is extremely difficult and
indeed may not be possible. In contrast iron(III)-
selective ligands, typically oxyanions and notably hy-



Z.D. Liu, R.C. Hider | Coordination Chemistry Reviews 232 (2002) 151-171 153

Table 1
Metal affinity constants for selected ligands

Ligand Log cumulative stability constant
Fe(I1I) AI(IID) Ga(Ill) Cu(II) Zn(1I) Fe(1)

DFO (1) 30.6 25.0 27.6 14.1 11.1 7.2
2,2’-Bipyridyl (2) 16.3 7.7 16.9 13.2 17.2
1,10-Phenanthroline (3) 14.1 9.2 214 17.5 21.0
N, N -Dimethyl-2,3-dihydroxybenzamide (DMB) (6) 40.2 24.9 13.5 17.5
Acetohydroxamic acid (7) 28.3 21.5 7.9 9.6 8.5
Deferiprone (11) 37.2 35.8 32.6 21.7 13.5 12.1
EDTA (12) 25.1 16.5 21.0 18.8 16.5 14.3
DTPA (13) 28.0 18.6 25.5 21.6 18.4 16.5

Data sourced from Martell and Smith (1974—1989) [7].

A) (B)

Fig. 1. Energy-minimised structure of ferrioxamine B (A-C-trans,-
trans conformation). (A) Ball-stick model; (B) Space-filling model.

droxamates and catecholates, are generally more selec-
tive for tribasic metal cations over dibasic cations (Table
1). Most tribasic cations, for instance aluminium(III)
and gallium(III), are not essential for living cells and
thus in practice iron(IIT) provides the best target for
‘iron chelator’ design under biological conditions. An
additional advantage of high-affinity iron(III) chelators
is that, under aerobic conditions, they will chelate
iron(I) cations and rapidly autoxidise them to the
corresponding iron(I11) species [8]. Thus, high-affinity
iron(III)-selective ligands bind both iron(IIl) and iro-
n(IT) under most physiological conditions.

Siderophores, compounds possessing a high affinity
for iron(IIl) and produced by microorganisms for
scavenging iron from the environment, utilise the above
principle [9]. Typically they are hexadentate in design
and utilise catechol or hydroxamate as ligands, for
instance, enterobactin (4), deferriferrichrome (5) and
DFO (1). The stereochemistry of these molecules is such
that the coordination sphere of iron(IIl) is completely
occupied by the oxygen-containing ligands, for example,
with ferrioxamine B (Fig. 1). The selectivity of these
molecules for iron(III) over iron(II) is enormous leading
to extremely low redox potentials; for example, enter-
obactin —750 mV and DFO —468 mV [10].
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2.2. Ligand selection

2.2.1. Catechols

Catechol moieties possess a high affinity for iron(I1I).
This extremely strong interaction 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,
12.1 and 8.4). Thus the binding of cations by catechol
has marked pH sensitivity [11]. The complexes forming
at pH 7.0 each bear a net charge and consequently are
unlikely to permeate membranes by simple diffusion
[12]. Indeed such iron complexes will tend to be trapped
in intracellular compartments. For simple bidentate
catechols, the 2:1 complex is the dominant form in the
pH range 5.5-7.5 (Fig. 2A). With such complexes, the
iron atom is not completely protected from the solvent
and consequently is able to interact with hydrogen
peroxide or oxygen, possibly resulting in the generation
of hydroxyl radicals. An additional problem with
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Fig. 2. Speciation plot of iron(III) in the presence of (A) N, N -dimethyl-2,3-dihydroxybenzamide (6), [Fe* " o = 1 x 10~ ¢ M; [Ligand] =1 x 10>
M; (B) acetohydroxamic acid (7), [Fe3+]ww1 =1x10"° M; [Ligand] =1 x 10~* M; (C) acetohydroxamic acid (7), [Fc3+]mm] =1x10"° M;
[Ligand] = 1 x 10> M; (D) 1,2-dimethyl-3-hydroxypyridin-4-one (11), [Fe* " o = 1 x 10~ M; [Ligand] =1 x 107> M.

catechol-based ligands is their susceptibility towards
oxidation [11].

2.2.2. Hydroxamates

The hydroxamate moiety possesses a lower affinity
for iron than catechol. However, it has the advantage of
forming neutral ¢ris-complexes with iron(III) which are
in principle able to permeate membranes by non-
facilitated diffusion [12]. The selectivity of hydroxa-
mates, like catechols, favours tribasic cations over
dibasic cations (Table 1). Due to the relatively low
protonation constant (pK, ~9), hydrogen ion inter-
ference at physiological pH is less pronounced than for
that of catechol ligands, consequently the 3:1 complex
predominates at pH 7.0 when sufficient ligand is present
(Fig. 2B). However, the affinity of a simple bidentate
hydroxamate ligand for iron is insufficient to solubilise
iron(IIT) at pH 7.4 at clinically achievable concentra-
tions (Fig. 2C), thus only tetradentate and hexadentate
hydroxamates are likely to be effective iron(I1l) scaven-
gers under such conditions. Many hydroxamates are
metabolically labile and are only poorly absorbed via
the oral route [13,14]. Numerous approaches have been
explored to address this problem, however, to date no

suitable hydroxamate derivative has been identified
which possesses a comparable activity to that of
subcutaneous DFO [15,16].

2.2.3. Hydroxypyridinones

Hydroxypyridinones (HPOs) combine the character-
istics of both hydroxamate and catechol groups, form-
ing 5-membered chelate rings in which the metal is
coordinated by two vicinal oxygen atoms. The hydro-
xypyridinones are monoprotic acids at pH 7.0 and thus
form neutral tris-iron(IIl) complexes. The affinity of
such compounds for iron(III) reflects the pK, values of
the chelating oxygen atoms, the higher the affinity for
iron(III), the higher the pK, value (Table 2). There are
three classes of metal chelating HPO ligands, namely 1-
hydroxypyridin-2-one (9), 3-hydroxypyridin-2-one (10)
and 3-hydroxypyridin-4-one (11). Of these, the pyridin-
4-ones possess the highest affinity for iron(IIT) (Table 2)
and are selective for tribasic metal cations over dibasic
cations (Table 1). The surprisingly high pK, value of the
carbonyl function of 3-hydroxypyridin-4-one results
from extensive delocalisation of the lone pair associated
with the ring nitrogen atom. 3-Hydroxypyridin-4-ones
form neutral 3:1 complexes with iron(IIl) (Fig. 3) [17],
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Table 2
pK, values and affinity constants of dioxobidentate ligands for
iron(III)
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Fig. 3. Energy-minimised structure of the 3:1 iron(III) complex of 1,2-
dimethyl-3-hydroxypyridin-4-one (11). (A) Ball-stick model; (B)
Space-filling model.

which are stable over a wide range of pH values (Fig.
2D). Although catechol derivatives possess higher f3
values than that of 3-hydroxypyridin-4-one for iron(IIl),
the corresponding pFe’™ values are lower (Table 2).
This difference is due to the relatively higher affinity of
catechol for protons. Indeed of all dioxygen ligand
classes investigated, 3-hydroxypyridin-4-ones possess
the greatest affinity for iron(III) over the physiological
pH range, as indicated by their respective pFe** values
(Table 2).

2.2.4. Aminocarboxylates

Aminocarboxylate ligands are excellent iron(III) che-
lating agents. Several polycarboxylate ligands such as
ethylenediaminetetraacetic acid (EDTA) (12) and
diethylenetriaminepentaacetic acid (DTPA) (13), have

been widely investigated for their iron chelating abilities.
However, the selectivity of these molecules for iron(III)
is relatively poor (Table 1). This lack of selectivity leads
to zinc depletion in patients receiving aminocarboxylate-
based ligands such as DTPA [18]. Indeed cereals, for
instance wheat, synthesise such molecules in order to
scavenge both iron and zinc from the soil [19,20]. The
secretion of these so-called phytosiderophores (14) is
activated when plants are grown in soils containing low
levels of either zinc or iron.
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2.2.5. Hydroxycarboxylates

Hydroxycarboxylate ligands are strong chelating
agents, which are more selective for iron(III) than the
corresponding aminocarboxylates, due to all the coor-
dinating atoms being oxygen. The interaction between
iron(IlT) and citrate (15) has been well characterised
[21], but by virtue of its tridentate nature, a large
number of complexes have been identified [22] including
iron/citrate polymers [23,24]. In contrast hexadentate
hydroxycarboxylate ligands, for instance, staphloferrin
(16) [25] and rhizoferrin (17) [26] have simple iron(III)
complex chemistries dominated by the formation of 1:1
complexes.

2.3. Thermodynamic stability of iron(IIl) complexes

The coordination requirements of high spin iron(I11)
are best satisfied by six donor atoms ligating in an
octahedral fashion to the metal centre. A factor of great
importance in the stability of metal complex is the
number of chelate rings formed in resultant ligand—
metal complex. The number of chelating rings can be
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Bidentate ligand

3:1 complex

Tridentate ligand

2:1 complex

Hexadentate ligand

1:1 complex

Fig. 4. Schematic representation of chelate ring formation in metal-ligand complexes.

Fe(H,0); + 3L, L Fe(Lg), + 6H,0

Fe(H,0); + 2L =—=——> Fe(L,), + 6H,0

Fe(H,0), + L, =—=—= Fel, + 6H,0

Ly, bidentate; L., tridentate; L,;, hexadentate ligand

Scheme 1. The complex formation of iron(III) with bidentate,
tridentate; and hexadentate ligands (charges omitted for clarity).

increased by increasing the number of donor atoms
attached to the ligand (Fig. 4). In order to maximise the
thermodynamic stability of the iron(III) complex it is
necessary, therefore, to incorporate all six donors into a
single molecular structure thereby creating a hexaden-
tate ligand. This increase in thermodynamic chelate
stability is largely associated with entropic changes that
occur on going from free ligand and solvated free metal
to ligand—metal complex (Scheme 1). Significantly the
majority of natural siderophores are hexadentate li-
gands. The overall stability constant trends for bidentate
and hexadentate ligands are typified by the bidentate
ligand DMB (6) and the hexadentate congener ME-
CAM (18), a differential of 3 log units in stability is
observed (Table 3). Similarly, comparison of the biden-
tate ligand acetohydroxamic acid (7) with the linear
hexadentate ligand, DFO (1) a positive increment of 2.3
log units is observed (Table 3).

Table 3
A comparison of the pFe®* values and iron(I1l) stability constants for
bidentate and hexadentate ligands

Ligand pFe’* ®  Log stability
constant

N,N-Dimethyl-2,3-dihydroxybenzamide 15 40.2

(DMB) (6)

MECAM (18) 28 43

Acetohydroxamic acid (7) 13 28.3

DFO (1) 26 30.6

3 pFe’t = —log[Fe*"] when [F&’t]ow=10"% M and
[ligand]loml = 10_5 M at pH 7.4.

Although MECAM binds iron(III) three orders of
magnitude more tightly than its bidentate analogue
DMB, other hexadentate catechols for instance enter-
obactin bind iron(IIl) even more tightly (Table 4).
Indeed 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. An extreme example would be the
situation where no conformational change between free
ligand and iron(III) complex occurs. Thus enterobactin
4), (Et)MECAM (19) [27] and (21) [28] can be
considered to possess a degree of preorganisation in
contrast to MECAM (18) and TRENCAM (20), which
do not [29].

OH
HO.
o
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Under biological conditions, a comparison standard
which is generally more useful than the stability
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Table 4
Iron(I1I) stability constants for a range of hexadentate catechol ligands

Ligand Structure conformation Log stability
constant

Enterobactin (4) Chiral monocyclic ring 49

(21) Rigid tricyclic tripod 49

(Et) MECAM Planar ring with preorganised 47

19) side chains

TRENCAM (20) N-tripod 44
MECAM (18) Planar ring 43

constant is the pFe® ™ value [30]. pFe® ™ can be defined
as the negative logarithm of the concentration of the free
iron(III) in solution. Typically pFe** values are calcu-
lated 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 f;, takes into account
the effects of ligand protonation and denticity as well as
differences in metal-ligand stoichiometries. The com-
parison of the pFe’' values for hexadentate and
bidentate ligands (Table 3) reveals that hexadentate
ligands are far superior to their bidentate counterparts
under typical in vivo conditions. Indeed when the
influence of pH is monitored, the overall shift in
pFe®™ values is even clearer (Fig. 5A). The pFe’™"
versus pH plot provides a useful method of comparing
the ability of chelators to bind iron(III) at different pH
values. Thus for bidentate ligands 1-hydroxypyridin-2-
one is relatively effective at acid pH values, whereas
catechols dominate in the alkaline pH range (Fig. 5B).
For a ligand to dominate iron(III) chelation in aqueous
media it must produce a pFe’" curve above that of

40—

(A) .

351

30

254

ndE+

20

hydroxide anion. The larger the difference, the stronger
the chelator and the larger the pFe’™ value.

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 [ligand]® whilst the hexadentate
ligand—metal complex dissociation is only dependent on
[ligand]' (Scheme 2). Hence the dilution sensitivity to
complex dissociation for ligands follows the order
hexadentate < tridentate < bidentate. It is for this rea-
son that the majority of natural siderophores are
hexadentate compounds and can therefore scavenge
iron(I1I) efficiently at low metal concentrations [9].

3. Critical features for clinical application
3.1. Lipophilicity and molecular weight

In order for a chelating agent to exert its pharmaco-
logical effect, a drug must be able to reach the target
sites at sufficient concentration. Hence the key property
for an orally active iron chelator is its ability to be
efficiently absorbed from the gastrointestinal tract and
to cross biological membranes thereby gaining access to
the desired target sites such as the liver. There are three
major factors which influence the ability of a compound
to freely permeate a lipid membrane, namely, lipophi-
licity, ionisation state and molecular size.

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 greater than

20

2 2 3 4 5 6 7 8 9 1o
H mH
Fig. 5. Influence of pH on pFe’* values of (A) DFO, MECAM and their bidentate analogues, .. ... ... ... N,N-dimethyl-2,3-dihydroxybenzamide
6);----- acetohydroxamic acid (7); — DFO (1); -.-.-.-. MECAM (18); and (B) a range of bidentate ligands. [Fe* * Jior1 = 10 ~¢ M; [Ligand] o =
1073 M. — OH; -..-..- N,N-dimethyl-2,3-dihydroxybenzamide (6); - - - - - acetohydroxamic acid (7); ... ... ...... 2-methyl-3-hydroxypyran-4-one (8);

— M — 1-hydroxypyridin-2-one (9); -.-.-.- 1-methyl-3-hydroxypyridin-2-one (10); — O — 1,2-dimethyl-3-hydroxypyridin-4-one (11).
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K' [Fe"lILgl®
Fe(le)s - Fell + 3 Ly = [Fe(LB):]

K" [Fe" L,
Fe(Ly), 1 Fe" + 2 Ly "y= [Fe(LT)Z]

K"y I " (Fe"IIL,
Fel, = Fe" + L, K" = [FeL,]

Ly, bidentate; L,, tridentate; L,,, hexadentate ligand

Scheme 2. Dissociation of bidentate, tridentate and hexadentate
ligand—iron(I1T) complexes.

0.2) [31]. However, highly lipid-soluble chelators can
also penetrate most cells and critical barriers such as the
blood-brain and placental barriers, thereby enhancing
possible toxic side effects. Membrane permeability can
also be affected by the ionic state of the compound.
Uncharged molecules penetrate cell membranes more
rapidly than charged molecules [32]. It is for this reason
that aminocarboxylate-containing ligands are unlikely
to possess high oral activity.

Molecular size is another critical factor which influ-
ences the rate of drug absorption [33,34]. Non-facilitated
diffusion is generally considered to be dominant for
drugs with molecular weights <200. The transcellular
route involves diffusion into the enterocyte and thus
utilises some 95% of the surface of the small intestine. In
contrast, the paracellular route only utilises a small
fraction of the total surface area and the corresponding
flux via this route is much smaller. The ‘cut-off’
molecular weight for the paracellular route in the human
small intestine is ca. 400 [35] and this route is unlikely to
be quantitatively important for molecules with molecu-
lar weights > 200 [34]. There is no clear ‘cut off” value
for the transcellular route, but as judged by PEG
permeability, penetration falls off rapidly with molecu-
lar weights > 500 [36,37]. Thus in order to achieve
greater than 70% absorption, subsequent to oral appli-
cation, the chelator molecular weight probably needs to
be less than 300 [36]. This molecular-weight limit
provides a considerable restriction on the choice of

Table 5

Comparative properties of bidentate, tridentate and hexadentate ligands

chelator and may effectively exclude hexadentate ligands
from consideration, most siderophores, for instance
DFO, have molecular weights in the range 500-900.
Although EDTA has a molecular weight of only 292, it
is too small to fully encompass the chelated iron, thereby
facilitating the potential toxicity of the metal [31].

In contrast bidentate and tridentate ligands, by virtue
of their much lower molecular weights, are predicted to
possess higher absorption efficiencies. The fraction of
the absorbed dose for a range of bidentate 3-hydro-
xypridin-4-ones has typically been found to fall between
50 and 70%, as assessed in the rabbit [38].

3.2. Iron chelator toxicity

The toxicity associated with iron chelators originates
from a number of factors; including inhibition of iron-
containing metalloenzymes; lack of metal selectivity,
which may lead to the deficiency of other physiologically
important metals such as zinc(II); redox cycling of iron-
complexes between iron(Il) and iron(III), thereby gen-
erating free radicals and the kinetic lability of the iron-
complex leading to iron redistribution. Comparative
toxicities of iron(I1I) chelators are summarised in Table
5.

3.2.1. Metal selectivity

An ideal iron chelator should be highly selective for
iron(II) in order to minimise chelation of other
biologically essential metal ions which could lead to
deficiency with prolonged usage. Unfortunately, many
ligands that possess a high affinity for iron(IIT) may also
have appreciable affinities for other metals such as
zinc(II), this being especially so with carboxylate- and
nitrogen-containing ligands. However, this is less of a
problem with the oxygen-containing bidentate catechol,
hydroxamate and hydroxypyridinone ligand families
which possess a strong preference for tribasic over
dibasic cations (Table 1).

Although in principle, competition with copper(Il)
could be a problem, under most biological conditions it

Bidentate ligands Tridentate ligands

Hexadentate ligands

Possible for all coordinating atoms to be ‘hard’
oxygen centres which renders ligands highly
selective for iron(I11)

Affinity for iron is concentration dependent
Kinetically labile—iron redistribution is possible

Form partially coordinated 2:1 complexes
Can form uncharged iron(IIl) complexes

Do not form polymeric complexes

Penetration of BBB is dependent on lipophilicity

Very difficult for all coordinating atoms to be
‘hard’ oxygen centres which may lead to poor
metal selectivity

Affinity for iron is concentration dependent
Kinetically labile—iron redistribution is pos-
sible

Form partially coordinated 1:1 complexes

All iron(IIT) complexes are charged

Form polymeric complexes which are likely to
be trapped within cells

Penetration of BBB is dependent on lipophili-
city

Possible for all coordinating atoms to be ‘hard’
oxygen centres which renders ligands highly
selective for iron(III)

Affinity for iron is concentration independent
Kinetically inert—iron redistribution is unlikely

Only form fully coordinated 1:1 complexes
Can form uncharged iron(I1I) complexes

Do not form polymeric complexes

Generally low penetration of the BBB
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is not so, as copper is extremely tightly bound to
proteins and the unbound fraction is reported to be
less than 1072° M [39]. Copper is exchanged between
proteins via specialised high affinity chaperone mole-
cules [40].

3.2.2. Complex structure

In order to prevent free radical production, iron
should be coordinated in such a manner as to avoid
direct access of oxygen and hydrogen peroxide. Most
hexadentate ligands such as DFO are kinetically inert
and reduce hydroxyl radical production to a minimum
by entirely masking the surface of the iron (Fig. 1).
However, not all hexadentate ligands are of sufficient
dimensions to entirely mask the surface of the bound
iron, in which case the resulting complex may enhance
the ability of iron to generate free radicals. This
phenomenon is particularly marked at neutral or alka-
line pH values when the solubility of non-complexed
iron(III) is severely limited. The classic example of this
type of behaviour is demonstrated by EDTA, where a
seventh co-ordination site is occupied by a water
molecule (Fig. 6). This water molecule is kinetically
labile and is capable of rapidly exchanging with oxygen,
hydrogen peroxide and many other ligands present in
biological media. As a result iron(III) EDTA is toxic,
readily generating hydroxyl radicals under in vivo
conditions [41].

In contrast to the kinetically stable ferrioxamine
complex (Fig. 1), bidentate and tridentate ligands are
kinetically more labile and the iron(III) complexes tend
to dissociate at low ligand concentrations. Partial
dissociation of bi- and tridentate ligand iron complexes
renders the iron(III) cation surface accessible to other
ligands. However, the concentration dependence of 3-
hydroxypyridin-4-one iron complex speciation is mini-
mal at pH 7.4 when the ligand concentration is above 1
uM, due to the relatively high affinity of the ligand for
iron(IIl). Thus, bidentate 3-hydroxypyridin-4-ones be-

A) B)

Fig. 6. Energy-minimised structure of the iron(Ill) complex of EDTA
(12), the seventh co-ordination site is occupied by a water molecule,
(A) Ball-stick model; (B) Space-filling model.

have more like hexadentate ligands as the 3:1 complex is
the dominant species at pH 7.4 (Fig. 2D), and the iron
atom is completely coordinated (Fig. 3). This is in
marked contrast to iron(IIl) complexes of many cate-
chol species [12]. Even at low hydroxypyridinone con-
centrations there is minimal hydroxyl radical production
[41,42].

3.2.3. Redox activity

Chelators that bind both iron(II) and iron(IIl) are
capable of redox cycling, a property that has been
utilised by a wide range of enzymes [43] and industrial
catalysts [44]. However, this is an undesirable property
for iron scavenging molecules, as redox cycling can also
lead to the production of reactive oxygen radicals
(Scheme 3). Significantly the high selectivity of side-
rophores for iron(I1I) over iron(II) renders redox cycling
under biological conditions unlikely. Chelators with
nitrogen ligands tend to possess lower redox potentials
and the coordinated iron can be reduced enzymatically
under biological conditions. Such complexes may redox
cycle under aerobic conditions, generating oxygen
radicals.

3.2.4. Enzyme inhibition

In general, iron chelators do not directly inhibit haem-
containing enzymes due to the inaccessibility of por-
phyrin-bound iron to chelating agents. In contrast many
non-haem iron-containing enzymes such as the lipox-
ygenase and aromatic hydroxylase families and ribonu-
cleotide reductase are susceptible to chelator-induced
inhibition [45,46]. Lipoxygenases are generally inhibited
by hydrophobic chelators, therefore, the introduction of
hydrophilic characteristics into a chelator tend to
minimise such inhibitory potential [47]. Although this
relationship holds with hydroxypyridinones, where the
size of the alkyl substitution is increased in the 1-
position of the pyridinone ring, in an essentially linear
manner (Fig. 7A), it is less evident for compounds with
large substituents in the 2-position [48]. In fact, the
variation in the inhibitory properties of the HPO

1 R N
> NADH/H"  —NAD

Fe'lL Fe'L

Scheme 3. Redox cycling of an iron complex.
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Fig. 7. Relationship between the chemical nature of the ligand and the inhibition of 5-lipoxygenase; (A) HPOs with different R, substituents and (B)

HPOs with different R, substituents.

chelators possessing different R, substituents is more
dependent on the size of the substituent than the
lipophilicity of the chelator (Fig. 7B). The introduction
of a hydrophilic substituent at the 2-position of hy-
droxypyridinones markedly reduces the inhibitory prop-
erties, presumably due to steric interference of the
chelation process at the enzyme active site [48]. In
contrast lipophilicity is reported to be the dominant
factor in controlling the ability of HPO chelators to
inhibit mammalian tyrosine hydroxylase [49], hydro-
philic chelators (log Pyater/octanol < — 1.0) tending to be
relatively weak inhibitors of this enzyme. Clearly
by careful modification of physicochemical properties,
iron chelators can be designed which exert
minimal inhibitory influence on many metalloenzymes
[47-50].

3.2.5. Hydrophilicity

Although bidentate and tridentate ligands possess an
advantage over hexadentate ligands with respect to oral
bioavailability, their enhanced ability to permeate
membranes renders them potentially more toxic. Thus
the penetration of the blood—brain barrier (BBB) is one
of the likely side-effects associated with bidentate and
tridentate ligands. The ability of a compound to
penetrate the BBB is critically dependent on the parti-
tion coefficient as well as the molecular weight [51]. BBB
permeability is predicted to be low for most hexadentate
compounds, by virtue of their higher molecular weight.
With low molecular weight molecules (M.W. < 300),
penetration is largely dependent on the lipophilicity and
molecules with log Pyater/octanol Value less than —1.3
tend to penetrate inefficiently [52]. Thus, chelators with

0.0+

LogPS = 2.95 - 0.199 (% polar surface Area)
o\ @ CP29 r=-0.97; p< 0.001

-0.5 4

-1.04

1.5

LogPS

-2.04

-2.54

-3.04

% polar surface area

Fig. 8. Relationship between the percentage polar surface area of the
HPO chelators and their blood—brain barrier permeability (log PS).

partition coefficients lower than this critical value are
predicted to show poor entry into the central nervous
system. Indeed brain penetration of 3-hydroxypyridin-4-
ones is strongly dependent on their lipophilicity [53], a
clear correction being observed between BBB perme-
ability and the percentage polar surface area of the
molecule (Fig. 8). Thus 1,w-hydroxyalkyl hydroxypyr-
idinones penetrate the BBB much more slowly than the
simple 1-alkyl derivatives [53]. These results suggest that
the biological distribution pattern of the HPOs can be
significantly altered by simple modification of chemical
structure without compromising their pharmacological
function (selective iron chelation).
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4. Iron chelators currently under investigation
4.1. Hexadentate chelators

4.1.1. Desferrioxamine

Naturally occurring siderophores provide excellent
models for the development of therapeutic useful iron
chelators. Indeed, desferrioxamine (DFO) (1), a growth-
promoting agent secreted by the microorganism (Strep-
tomyces pilosus), is presently the therapeutic agent of
choice for the clinical treatment of chronic iron over-
load. DFO is a tris-hydroxamic acid derivative and
chelates ferric iron in an 1:1 molar ratio. It possesses an
extremely high affinity for iron(III) and a much lower
affinity for other metal ions present in biological fluids,
such as zinc, calcium and magnesium. Although DFO is
a large and a highly hydrophilic molecule (log D74 =
—2), it gains entry into the liver via a facilitated
transport system. It can, therefore, interact with both
hepatocellular and extracellular iron, promoting urinary
and biliary iron excretion [54]. Ferrioxamine, the DFO—
iron complex (Fig. 1), is kinetically inert and possesses a
relatively low lipophilicity and thus is unlikely to enter
cells. This property reduces the potential of iron
redistribution. However, DFO is far from being an
ideal therapeutic agent due to its oral inactivity and
rapid renal clearance (plasma half-life of 5—10 min [55]).
In order to achieve sufficient iron excretion, it has to be
administered subcutaneously or intravenously for §—12
h a day, 5-7 days a week [56]. Consequently, patient
compliance with this cumbersome regimen is often poor.
Moreover, although DFO has been demonstrated to be
a safe drug when administered in the presence of an
elevated body iron burden, intensive therapy in young
patients with lower body iron stores may result in
serious neurotoxicity, abnormalities of cartilage forma-
tion and other serious adverse effects [57—60].

4.1.2. Aminocarboxylates

DTPA (13) is an aminocarboxylate hexadentate
ligand and has been used in patients who develop toxic
side-effects with DFO [61]. Due to its net charge at
neutral pH, DTPA is largely confined to extracellular
compartments in vivo and is excreted in the urine within
24 h of administration [18,62]. DTPA is not orally active
and due to its relative lack of selectivity for iron(III),
leads to zinc depletion [18]. Consequently, zinc supple-
mentation is required to prevent the toxic sequelae of
such depletion.

In order to enhance the selectivity of the aminocar-
boxylate ligands for iron(III), several analogues which
contain both carboxyl and phenolic ligands have been
designed [63,64]. A particularly useful compound is
N,N’-bis(2-hydroxybenzyl)-ethylenediamine-N ,N’-dia-
cetic acid (HBED) (22) which is significantly more
effective than DFO when given intramuscularly to iron

C,H50 o}

2:0 2—0

N\F _N Hydrolysis N\ _N

A1 e Fe\

0 | 0 0 | o
(0] (0]

me-HBED (23) : Fe(lll) complex HBED (22) : Fe(lll) complex

Scheme 4. The ester hydrolysis of the iron(III) complex of the mono
ethyl ester derivative of HBED, me-HBED (23), leading to the
formation of HBED (22).

overloaded rats [65,66]. It binds ferric iron strongly with
an overall stability constant (log K;) of 40 and a pFe’ "
value of 31, rendering this molecule a potent ligand for
chelation of ferric iron in vivo. Unfortunately, HBED is
not efficiently absorbed via the oral route in either
primate [66,67] or man [68] because of the zwitterionic
nature of the molecule. Considerable effort has been put
into the design of HBED ester prodrugs [69,70]. How-
ever, most of the compounds are of little use due to the
slow rate of hydrolysis of the esters, particularly in
primate [67]. A compound of particular interest was
found to be the mono ethyl ester, me-HBED (23), which
possesses good oral availability [71]. The reasons for the
efficacy of this compound is probably manyfold includ-
ing, a disruption of intramolecular H-bonding thereby
improving water solubility; an enhancement of partition
constant, particularly in media of low dielectric con-
stant; the ability of the mono ester to bind iron(III) and
the activation of ester hydrolysis of the resulting
iron(I11) complex (Scheme 4) [72]. Unfortunately, by
virtue of the presence of the two nitrogen ligands,
HBED retains a relatively high affinity for zinc
(log K; =18.4) and, therefore, would be predicted to
induce undesirable side-effects due to the co-ordination
of endogenous zinc. Indeed HBED is capable of
removing zinc from the zinc finger protein MTF-1
[73]. Recently it has been decided not to proceed with
this molecule due to associated toxicity [74].

COOR;

NN cooR,
HO

(22)R,=R,=H
(B) R, =C,Hy R, =H

4.1.3. Catechols

Hexadentate tricatechols are iron(IIl) chelators per
excellence, enterobactin (4) typifying the group. How-
ever, such molecules possess a relatively high molecular
weight and therefore their oral bioavailability is poor,
particularly at clinically useful doses. A further compli-
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cation with such molecules is that they adopt a high net
negative charge when coordinated to iron(III), which
tends to minimise their rate of efflux by non-facilitated
diffusion. A number of synthetic analogues have been
prepared which retain the high affinity for iron(III)
typical of enterobactin and yet are more stable under
biological conditions, for instance, the tripodal molecule
(20) and MECAM (18) [29]. Unfortunately many of
these hexadentate catechols bind to the enterobactin
receptor expressed by pathogenic organisms and hence
will supply iron to such bacteria, an undesirable feature
for clinical use.

4.1.4. Hydroxypyridinones

Hexadentate siderophore analogues can be con-
structed by derivatising prototype bidentate hydroxy-
pyridinones and attaching them to suitable molecular
frameworks. Although enterobactin (4) has an extremely
high stability constant for iron(III), the effectiveness of
this molecule and its analogues under acid conditions is
limited by their weak acid nature and the required loss
of six protons on binding iron(III). In contrast hydro-
xypyridinones are stronger acids than catechols, and
since they are monoprotic, hexadentate ligands formed
from three such units only loose three protons on
formation of a six-coordinated complex. Thus hexaden-
tate HPOs compete well with hexadentate catechols at
neutral pH values. Another potential advantage of these
molecules is that they may not be recognised by
siderophore receptors and are therefore less likely to
donate iron to pathogenic organisms.

(24) (25)

(27)

X
Ho@ﬁgzbvzr

Several hexadentate ligands based on 1-hydroxypyr-
idin-2-one and the 3-hydroxypyridin-2-one moiety have
been investigated, for example (24) [75], (25) [76], (26)
[77], (27) [78], (28) and (29) [79]. Although the pFe*™
values of the hexadentate ligands were significantly
higher (ca. 7 and 8 log units) than those of the
corresponding bidentate ligands, a clear decrease in
the formation constants of up to 2 log units was
observed with the hexadentate ligands when compared
with the bidentate analogues, indicating the lack of
ligand predisposition for metal binding [75-79]. In order
to provide the correct geometry for metal binding, it is
important to attach the molecular scaffold to the ortho
position to the chelating oxygens [80]. Furthermore, the
introduction of an amide group adjacent to the co-
ordinating phenolates further contributes to the stability
of the resulting iron-complex via a hydrogen-bond effect
[80]. Recently, a novel synthetic route has been devel-
oped for constructing hexadentate ligands from the 3-
hydroxypyridin-4-one unit (Scheme 5). This method
leads to hexadentate 3-hydroxypyridin-4-ones (30) and
(31) which possess the appropriate geometry for iron
chelation [81]. Preliminary physicochemical character-
isation indicates that such hexadentate ligands are
extremely potent iron chelators, particularly over the
pH range of 2-9, with an associated pM value of 30.5
for (30) at pH 7.4.

Hexadentate pyridinone molecules are likely to be less
toxic than their bidentate analogues because of a more
restricted biodistribution. However, by virtue of their
higher molecular weight, such molecules, like sidero-
phores, possess relatively low oral bioavailability. The

(26)

»e
N” =0

OH

(o}

(28) R=H
(29) R =CH,
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Scheme 5. Synthesis of novel hexadentate 3-hydroxypyridin-4-one ligands.
fraction of the oral dose absorbed for the hexadentate 30
(29) for instance was found to be only 3.5% in mice [77]. —OH o
——PIH (32) e
- ——— DFT (34) R
4.2. Tridentate chelators 1 ICL670A (35) )
Unlike hexadentate and bidentate molecules, it is not £ 204
possible to synthesise simple tridentate ligands which LE
only possess oxygen anion coordination sites [82], the o 5.
central ligand typically being nitrogen (Fig. 4). This has
the adverse effect of rendering the iron(III) complex
more ecasily reduced and therefore more susceptible 101
towards redox cycling. Furthermore, the presence of .
two nitrogens in the coordination sphere reduces the 5 — .

selectivity of iron(IIl) over zinc(II) [12]. An additional
problem with tridentate ligands is that, without excep-
tion, they form charged iron(I1T) complexes, an undesir-
able feature for efficient iron extraction from
intracellular sites.

4.2.1. PIH analogues

Pyridoxal isonicotinoyl hydrazone (PIH) (32), to-
gether with a wide range of analogues have been
subjected to extensive evaluation as iron(III) chelators
[83—85]. Many have been demonstrated to be orally
active in rodents. The efficiency of in vivo iron removal

L
o1 2 3 4 5 6 7 8 9 10 11 12

Fig. 9. Influence of pH on pFe’™ values of pyridoxal isonicotinoyl
hydrazone (32), desferrithiocin (34) and the triazole ICL670A (35);
[Fe  Jiow = 10~° M; [Ligand}o = 107" M.

increases with lipophilicity of both the ligand and the
iron complex [86], but as more lipophilic chelators are
likely to be associated with enhanced toxicity, log
Pyater/octanol Values close to unity are preferred [86].
Many of the PIH analogues are uncharged at neutral pH
values and therefore gain ready access to cells, indeed
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(A) (B)

Fig. 10. Energy-minimised structure of the 2:1 iron(III) complex of
pyridoxal isonicotinoyl hydrazone (32); (A) Ball-stick model; (B)
Space-filling model.

salicylaldehyde isonicotinoyl hydrazone (SIH) (33) gains
entry to a range of cell types more rapidly than most
other chelators, including the smaller hydroxypyridi-
nones [87]. The binding of iron(III) by PIH and related
ligands is complicated because of the existence of a
number of dissociable protons both in the free and
coordinated states. Never-the-less the 2:1 complex is the
favoured species over the range pH 4—8 and the affinity
for iron(IIT) compares well with other tridentate ligands
(Fig. 9).

PIH was selected for human balance studies because
the two components of the condensed molecule, iso-
niazid and pyridoxal have been used safely to treat
tuberculosis [88]. No significant toxicity was observed at
a dose of 30 mg kg~ ' per 24 for 6 days, but iron
excretion at this dose was insufficient to produce
negative iron balance [88]. This dose is much lower
than those used in animals (typically > 100 mg kg ')
and ideally the study should be repeated at a higher dose
[89].

The two nitrogen atoms in the coordinating sphere of
the complex (Fig. 10) [90] endow PIH analogues with
the ability to bind iron(IT) with appreciable affinity [91].
Such complexes are likely to readily redox cycle.

4.2.2. Desferrithiocins

Desferrithiocin (DFT) (34) is a siderophore isolated
from Streptomyces antibioticus. It forms a 2:1 complex
with iron(IIT) at neutral pH using a phenolate oxygen, a
carboxylate oxygen and a nitrogen atom as ligands [92].
It possesses a high affinity for ferric iron (log £, = 29.6),
however, by virtue of the presence of the nitrogen and
carboxylate ligands, it also binds zinc tightly (log f, =
15.3) [93]. 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 [94]. A
range of synthetic analogues of DFT have been pre-
pared [95], however, to date no suitable candidates have
been identified for the replacement of DFO, mainly
because of the adverse toxicity of the iron complexes of
this class of molecule [96].

CH,
o HOLK, o o
N NH NS N NH’N\JQ
N OH NF
(32) (33)
M

4.2.3. Triazoles

Recently, triazoles have been investigated as ligands
by Novartis [97]. These molecules chelate iron(IIT) with
two phenolate oxygens and one triazolyl nitrogen. The
lead compound ICL670A (35) possesses a pFe ™ value
of 22.5 and is extremely hydrophobic, with a log
Pyater/octanol Value of 3.8 and a log D;4 value of 1.0
[98]. As a result it can penetrate membranes easily and
possesses good oral availability. Indeed, when orally
administered to hypertransfused rats, ICL670A pro-
motes the excretion of chelatable iron from hepatocel-
lular iron stores four to five times more effectively than
DFO [99]. By virtue of a high proportion of the
molecule binding to albumin, it is largely retained in
the extracellular space and therefore is remarkably non-
toxic, despite its strong lipophilic character. It has been
demonstrated to be a highly effective iron scavenging
molecule in a range of species, including the marmoset.
The vast majority of ICL670A-induced iron excretion is
via the bile and faeces, only a relatively small fraction is
excreted via the urine. ICL670A has successfully com-
pleted phase I trials and is currently in phase II trials.

ICL670A (35) forms a 2:1 iron complex (36) which
possesses a net charge of 3~ and a molecular weight over
800 [100]. Should such a complex form intracellularly, it
is likely that, as with tricatechols, the iron will remain
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Scheme 6. Two possible conformations of the triazole derivatives: (A)
the tridentate conformation and (B) the bis-bidentate conformation.
The bis-bidentate structure has a strong tendency to form polymeric
complexes.
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trapped within the cell. Furthermore, the triazoles can
exist in two conformations: one a tridentate structure
and the alternate a bis-bidentate structure with a strong
tendency to form polymeric complexes (Scheme 6) [101].
The latter conformation favours zinc(I) since 50% of
the coordinating ligands are nitrogen.
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4.3. Bidentate chelators

On the basis of selectivity and affinity, particularly
considering the pFe’ ™ value, 3-hydroxypyridin-4-one is
the optimal bidentate ligand for the chelation of
iron(III) over the pH range of 6.0-9.0 (Fig. 5B).

4.3.1. Dialkylhydroxypyridinones

The 1,2-dimethyl derivative (deferiprone, L1, CP20)
(11) is the only orally active iron chelator currently
available for clinical use (marketed by Apotex Inc.
Toronto, Canada as Ferriprox™™). Unfortunately, the
dose required to keep a previously well chelated patient
in negative iron balance with FerriproxTM is relatively
high, in the region of 75-100 mg kg~ ' day ~' [102] and
side effects have been observed in some patients receiv-
ing deferiprone [103,104]. One of the major reasons for
the limited efficacy of deferiprone in clinical use is that it
undergoes extensive metabolism in the liver. The 3-
hydroxyl functionality, which is crucial for scavenging
iron, is a prime target for glucuronidation. Urinary
recovery studies conducted on deferiprone in both rats
and man have shown that, respectively, >44% and
> 85% of the administered dose is recovered in the urine
as the non-chelating 3-O-glucuronide conjugate [105].
The use of deferiprone for the treatment of iron over-
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Scheme 7. Metabolism of CP94 (37) via phase I and II metabolic
pathways. The 2,1’-hydroxylated metabolite CP365 (38) is the major
metabolite in the rat, whereas phase II glucuronidation is the major
metabolic route of CP94 in man.

load remains a hotly debated subject at the present time
[104,106—111], however, until a superior orally active
chelator becomes available, deferiprone remains in the
unique position of being the only orally active chelator
available for clinical use.

The 1,2-diethyl analogue CP94 (37) has also been
widely investigated [112—115]. This chelator is more
efficient at iron removal than deferiprone in several
mammalian species, e.g. rat [112] and cebus monkey
[115]. The presumed reason for the greater efficacy of
CP9%4 in the rat is its unusual metabolic pathway which
leads to the formation of the 2-(1’-hydroxyethyl) meta-
bolite CP365 (38) (Scheme 7) [105,116]. This metabolite
does not undergo further metabolism to form a glucur-
onide conjugate and hence retains the ability to chelate
iron. Promising results obtained in rat models, led to the
limited clinical evaluation of CP94 in thalassaemic
patients [114]. Unfortunately, the metabolism of CP94
in man does not parallel that of the rat. The main
urinary metabolite of CP94 in man is the 3-O-glucur-
onide conjugate ( > 85%) [113]. Extensive conversion to
this metabolite was found to severely limit clinical
efficacy.

4.3.2. Hydroxypyridinone prodrugs
The critical dependence of chelator efficacy on meta-
bolic behaviour has led to a concept of ligand design
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which minimises conjugation reactions with glucuronic
acid. Despite the limited efficacy of CP94 in man, the
superior extracellular and intracellular iron mobilisation
ability in the rat provided important information for
chelator design. The lack of glucuronidation of the 2-(1’-
hydroxyethyl) metabolite of CP94 led to the investiga-
tion of the possibility of developing structurally related
compounds. Indeed, 1-hydroxyalkyl derivatives of
HPOs such as CP41 (39) and CP102 (40), which are
not extensively conjugated with glucuronic acid, have
been identified [117,118]. Although the use of 1-hydro-
xyalkyl derivatives of HPO may offer a significant
improvement over previously evaluated HPOs [119—
121], a possible disadvantage of these compounds,
especially the more hydrophilic analogues, is the re-
duced liver extraction.

One of the potential problems associated with orally
active bidentate HPOs is that by virtue of their relatively
low molecular weight and favourable distribution coef-
ficients, they rapidly penetrate most cells and critical
barriers such as the blood—brain barrier and the
placental barrier. Ideally, the distribution of iron
chelators developed for the treatment of general iron
overload, such as B-thalassaemia major, is best limited
to the extracellular space and the liver. The anticipated
partition coefficient (log P) values for an ideal iron
chelator are outlined in Table 6. Clearly, there is no
single compound fulfilling these requirements since the
optimal partition coefficient for absorption from the
gastrointestinal tract is quite different from that neces-
sary to limit access to the brain and placenta. In
principle this problem can be overcome by the use of
prodrugs, whereby a hydrophobic prodrug is absorbed
from the gastrointestinal tract and then -efficiently
extracted by the liver during the ‘first pass’. Once in

Table 6

Anticipated optimal partition coefficients of an ideal iron chelator
log P

Good absorption from the gastrointestinal tract > —1

Efficient liver extraction >0

Poor entry into peripheral cells (thymus, muscle, heart, bone < —3
marrow)

Poor ability to penetrate the blood-brain and maternal/ <=3
placental barriers

the hepatocyte, the ester link is cleaved to a much more
hydrophilic chelator (Fig. 11). This chelator can sca-
venge iron in the hepatocyte, but also efflux into the
systemic circulation, thereby scavenging the extracellu-
lar iron pool. The hydrophilic nature of the iron-
chelating metabolite restricts its ability to cross critical
membrane barriers and thereby minimises toxicity
problems.

A wide range of ester prodrugs of I-hydroxyalkyl
HPOs has been investigated [122—124]. In vitro esterase
studies indicate that the pivaloyl esters and the aromatic
ester analogues partially fulfil the requirements for
relatively efficient liver extraction [122—126]. Prelimin-
ary pharmacokinetic and absorption studies in the rat
have demonstrated that the prodrugs are rapidly ab-
sorbed from the gastrointestinal tract in the intact form
and subsequently undergo extensive first pass metabo-
lism [125,126]. In many cases the ester prodrug leads to
superior iron excretion via the bile than the correspond-
ing alcohol (Table 7), indicating selective delivery to the
liver.

4.3.3. ‘High pFé& "’ hydroxypyridinones
An undesirable feature associated with bidentate
hydroxypyridinone chelators is the kinetic lability of

GASTROINTESTINAL LIVER SYSTEMIC
TRACT CIRCULATION
(0] (e} 0
OH ) OH ; OH
| | hepatic | | Hydrolysis | | ] NTBI Iron L URINE
portal vein > 3 complex
T Ry ’T Ry l}l R,
(?Hz)n (CIJHz)n ((|3Hz)n
(0] O OH
OAR O%\R Hydrophilic
chelator
Hydrophobic Hydrophobic D,.=0.05-05
prodrug prodrug 4
D,,=1-100 D,,=1-100 v

\

BILE

Fig. 11. Schematic representation of the use of ester prodrugs of 1-hydroxyalkyl HPOs to enhance both the absorption from the gastrointestinal tract
and liver extraction from the hepatic portal vein. In the hepatocyte, the prodrug is rapidly converted to a hydrophilic chelator which will scavenge
iron in the hepatocyte. This hydrophilic chelator can efflux into the systemic circulation, thereby scavenging the extracellular iron pool. Due to its
hydrophilic nature, the molecule will not be expected to readily penetrate critical membrane barriers such as the blood—brain barrier.
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Table 7
Physicochemical properties and iron mobilisation efficacies of selected

3-hydroxypyridin-4-ones
o

o
Rs N R,
Ry

Ligand Ri R Re logP  pFe* Ef(‘:‘,z;“y
CP20(11)  CH; CH; H 077 194 9.5
CP94 (37)  CH,CH; CH,CH H 025 197 55.8
CP102(39) CH,CH;OH CH;CH; H -066 ND 12.9
CP41(40)  (CHy);0H CH; H -08 ND 26.0
CP117(41) CH,CH,00C(CH;); CH,CH; H 116 ND 19.1
CP165(42) (CHy);00C(CHs);  CHs H 094 ND 355
CP283 (43) (CHp);00CCeHs — CHs H 125 ND 325
CP361 (47) CH; CH(OH)CH; CH; -060 215 445
CP365(38) CH,CH; CHOH)CH; H 058 214 506
CP502(48) CH, CONHCH;  CH; -136 217 548
CP5I11(49) H CONHCH; CH; 108 228 462

11 Tron mobilisation efficacy of chelators (450umol/kg) was measured using the 9Fe-ferritin

loaded rat model.

the iron(IIT) complexes. Ideally, the dominant species
under most physiological conditions should be the fully
coordinated 3:1 species. Clearly, chelators with high
pFe*™ values are predicted not only to scavenge iron
more effectively at low ligand concentrations, but also
to dissociate less readily and therefore form lower
concentrations of the partially coordinated complexes.
In order to further improve chelation efficacy and
minimise drug-induced toxicity, considerable effort has
been applied to the design of novel hydroxypyridinones
with enhanced pFe® * values [127,128]. Novartis synthe-
sised a range of bidentate hydroxypyridinone ligands,
which possess an aromatic substituent at the 2-position.
The aromatic group is reported to stabilise the resulting
iron complex and hence increase the pFe® ™ values [127].
The lead compound (44) was found to be orally active
[129] and highly effective at removing iron from both the
iron-loaded rat and marmoset [127]. Recently, we have
demonstrated that the introduction of either a 1'-
hydroxyalkyl group (45) [130] or an amido function
(46) [131] at the 2-position of 3-hydroxypyridin-4-ones
enhances the affinity for iron(III) in the pH range 5-8.
This effect results from stabilising the ionised species,
due to the combined effect of intramolecular hydrogen-
bonding between the 2-substitutent with the adjacent 3-
hydroxyl function and electron withdrawal from the
pyridinone ring. Although such an effect reduces the
overall iron(I1l) stability constant, it also reduces the
pK, values of the chelating function. These combined
changes result in an increase in the corresponding
pFe’ ' values [128,130,131]. Interestingly, the Novartis

Mole fraction

Fig. 12. Comparison of the speciation plots of iron(I1I) in the presence
of deferiprone (11) and CP502 (48); L = deferiprone; L’ = CP502;
[Fe* Lot =1 X 107® M and [Ligand] =1 x 107> M.

lead compound (44) also possesses an 1’-hydroxyl group
at the 2-position and this is almost certainly responsible

for the observed enhanced pFe*™ value.
(0] o B o B
o, f‘o.,||_|
5 N,
R N Rs N R
Ry R R4 02
OH (45) (46)

(44)

The enhancement of pFe®™ values has a dramatic
effect on the speciation plot of the iron(IIl), the N-
methyl amido derivative CP502 (47) dissociating less
readily, leading to lower concentrations of the L,Fe™
complex when compared with deferiprone (Fig. 12).
These novel high pFe’ ™ HPOs show great promise in
their ability to remove iron under in vivo conditions
[128,130,131] (Table 7). Detailed dose—response studies
suggest that chelators with high pFe®* values scavenge
iron more effectively at lower doses when compared
with simple dialkyl substituted hydroxypyridinones. A
small number of related compounds have been selected
for pre-clinical investigation by Apotex.

5. Therapeutic applications of iron(IIl)-selective
chelators

5.1. General iron overload

The most frequent treatment of inherited haematolo-
gical diseases such as B-thalassaemia major is to increase
the haemoglobin levels by blood transfusion [132].
Unfortunately, regular blood transfusion leads to ele-
vated body iron levels due to the inability of man to
excrete iron. Each unit of blood (400 ml) contains ca.
250 mg of iron and thus if received more than twice per
annum, the patient will begin to accumulate excess iron.
With thalassaemia major, transfusions are usually
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provided at monthly intervals and therefore without
chelation therapy a patient will accumulate over 2.5 g of
iron per annum. A normal adult human only has a total
of 4-5 g of body iron. Excess iron, which rapidly
accumulates, is mainly located within the liver and the
spleen. With untreated patients, death generally occurs
in the second decade of life as a result of infection or
heart disease [3]. Iron chelation therapy prevents the
development of iron overload and as a consequence the
life style of thalassaemia major patients has been
dramatically improved. Over 50000 cases with thalas-
saemia major occur worldwide annually, particularly in
the Mediterranean and Far East Regions. Bone marrow
transplantation can be considered for young patients
but this is expensive and of limited availability. Conse-
quently effective orally active iron chelators are much
sought after [133]. More recently transfusion has been
increasingly introduced for the treatment of sickle cell
anaemia, due to its beneficial effect in the treatment of
crises and in the reduction of the incidence of strokes
[134,135]. Again an effective orally active iron chelator
would permit regular transfusion of such patients with-
out the worry of inducing an associated iron overloaded
state. Thalassaemia and sickle cell genes are widely
dispersed in tropical and subtropical regions of the
world since such genes endow protection against malaria
infection.

Iron overload can also result from the hyperabsorp-
tion of iron from the diet. Adult man typically absorbs 1
mg of iron each day and this intake is tightly controlled.
There are several inherited diseases which are associated
with enhanced iron absorption, for example genetic
haemochromatosis, which is common in Northern
Europe and North America. Symptoms resulting from
iron overload, e.g. heart failure, liver cirrhosis or
diabetes typically present in the fourth or fifth decade
of such patients when total body iron stores have
reached levels of 20—40 g [136]. Iron absorption may
also be increased secondary to anaemia such as that
found in patients with thalassaemia intermedia. With
these patients, the degree of anaemia is not sufficiently
severe to necessitate regular blood transfusions. How-
ever, due to increased absorption of iron via gut, they
develop the symptoms of iron overload typically in the
fourth or fifth decade of life [137]. Thalassaemia
intermedia is extremely common in South East Asia,
where in some regions over 50% of the population carry
the gene.

5.2. Removal of non-transferrin bound iron

Under normal conditions, serum transferrin is 20—
35% saturated with iron and this is the only major
form of non-heme iron in plasma. However, under
conditions of iron overload, transferrin becomes satu-
rated and an appreciable proportion of iron released by

the reticuloendothelial system is therefore unable to
bind to transferrin and so remains in the form of non-
transferrin bound iron (NTBI). The speciation of this
iron pool is unknown at the present time, but some
fractions are toxic, generating hydroxyl radicals. More
importantly NTBI is taken up by cells independently of
the transferrin receptor. Thus highly vascular tissues, for
instance endocrine tissue and heart muscle, also become
iron loaded. The resulting hydroxyl radical generation in
iron loaded cells leads to severe damage and eventually
cell death.

Transferrin also contributes to defence against infec-
tion by depriving microorganisms of iron [138]. Thus the
presence of NTBI presents a weakness, rendering the
host more susceptible towards infection. For this reason
it is probably sensible to remove all traces of NTBI,
especially in patients with a suppressed immune system.
Patients receiving chemotherapy for the treatment of
cancer experience an elevation of NTBI. This is due to
the toxic side effects on bone marrow, which reduces the
demand of marrow cells for iron. Consequently trans-
ferrin becomes saturated and iron entering the extra-
cellular space from the gastrointestinal tract and the
reticuloendothelial system forms NTBI, rendering the
host more susceptible towards infection. Removal of
NTBI by chelation could become a useful therapy in
such cases.

5.3. Localised iron overload

Although considerable evidence has been produced
suggesting that oxygen-derived free radicals play a
major role in producing tissue damage associated with
both reperfusion of ischaemic tissue and local inflam-
mation, a clear role for an iron scavenger in the reversal
of such phenomena has not been proven. Desferriox-
amine and hydroxypyridinones have been implicated in
the treatment of both pathologies but only at relatively
high chelator concentrations and not in the clinical
situation. There is considerable potential for the use of
iron-selective chelators, should the role of ‘loosely-
bound’ iron be unambiguously associated with hydroxyl
radical production under clinically relevant circum-
stances [139].

It is well established that there are elevated levels of
iron in the substantia nigra of Parkinsonian brains [140].
This iron could be partially or totally responsible for the
enhancement of lipid peroxidation which also occurs in
this brain region in patients suffering from Parkinson’s
disease. Iron-specific chelators could, in principle, mini-
mise such damage, thereby slowing down the progres-
sion of the disease. Hydroxypyridinones capable of
crossing the blood—brain barrier have potential for
such therapy.
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5.4. Selective inhibition of iron-containing enzymes

The inhibition of ferrochelatase increases the level of
its substrate protoporphyrin IX. On irradiation this
tetrapyrrole generates hydroxyl radicals, thereby render-
ing photodynamic therapy of skin and bladder cancers a
real possibility [141]. The rapidly metabolised, hydro-
phobic hydroxypyridinone, CP94, gains ready access to
ferrochelatase and gives rise to a synergistic effect with
S-aminolevulinic acid on the selective necrosis of surface
tumours. This work has recently been extended to the
treatment of pancreatic and colon cancers [142].

The inhibition of ribonucleotide reductase renders it
possible to synchronise cell cycling which has relevance
in combination chemotherapy where optimal synergism
is obtained when the cell cycle is synchronised through-
out the tumour. Both desferrioxamine and hydroxypyr-
idinones are known to facilitate cell synchronisation and
may therefore have relevance to the chemotherapy of
some tumour classes [143].

5.5. Antimalarial iron chelators

The antimalarial activity of desferrioxamine has been
demonstrated under both in vitro and in vivo conditions
[144]. Primary lesions are associated with the nucleus
which is consistent with ribonucleotide reductase serving
as the target. Orally active hydroxypyridinones have
also been demonstrated to possess antimalarial activity
under in vitro conditions [145]. The introduction of an
iron chelator to control this parasite infection is a novel
approach to chemotherapy and may find benefit against
many drug-resistant strains now present in Africa and
South East Asia. The design of chelators with an affinity
for one of the parasite-induced transport proteins
present in the erythrocyte membrane could offer a
degree of target selectivity [146].

6. Conclusions

Over the past 30 years many attempts have been
directed at the design of non-toxic orally active iron
chelators, but only one clinically useful compound has
emerged to date, deferiprone. Since 1995 a number of
significant advances have been made and the authors are
confident that other more efficacious orally active
chelators will soon join deferiprone. Several lead com-
pounds have been identified and are under active
development for the treatment of transfusional iron
overload. The successful introduction of such com-
pounds will impact considerably on the therapeutic
outcome and quality of life for the thalassemic popula-
tion. There is potential for iron chelation in a wide range
of clinical situations. Once a chelator has been clinically
proven in thalassemic patients, such compounds will

almost certainly find application for the treatment of
other disease states, for instance sickle cell anaemia.
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