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Abstract Neurodegenerative disorders include a
variety of pathological conditions, which share
similar critical metabolic processes such as pro-
tein aggregation and oxidative stress, both of
which are associated with the involvement of
metal ions. In this review Alzheimer’s disease and
Parkinson’s disease are mainly discussed, with the
aim of identifying common trends underlying
these neurological conditions. Chelation therapy
could be a valuable therapeutic approach, since
metals are considered to be a pharmacological
target for the rationale design of new therapeutic
agents directed towards the treatment of
neurodegeneration.
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APP Amyloid precursor protein
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CNS Central nervous system

CQ Clioquinol

DFO  Desferrioxamine

EDTA Ethylenediaminetetraacetic acid

IL Interleukine

IRE Iron-responsive element
PD Parkinson’s disease

PrP Prion protein

PrP¢ Normal isoform of the prion protein
PrP¢  Scrapie isoform of the prion protein
ROS Reactive oxygen species

SN Substantia nigra

SNc Substantia nigra pars compacta
SOD Superoxide dismutase

TNF Tumour necrosis factor

A clear classification of neurodegeneration can be
achieved on the basis of the principal neuro-
pathological changes, characterised by the pres-
ence of abnormal protein components
(Butterfield and Kanski 2001; Shastry 2003),
which accumulate in the brain leading to a
selective loss of neurons in an age-dependent
manner such as Alzheimer’s disease (AD)
(Af-amyloid neuritic plaques and neurofibrillary
tangles), Parkinson’s disease (PD) (a-synuclein,
Lewy bodies), prion disease (amyloid plaque core
surrounded by ‘“petals” of sponge-like tissue,
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spongiosis) (Prusiner 2001), Huntington’s disease
(huntingtin protein aggregates) (Bonilla 2000)
and Pick’s disease (Pick bodies) (Wisniewsky
et al. 1972; Brion et al. 1973). AD, PD and prion
disease are discussed in some detail in this review.

Protein aggregation in neurodegeneration

There is extensive evidence for the association of
protein aggregation and neurodegeneration in
many disorders. Interestingly, metals such as iron
and copper appear to play an important role in
protein aggregation and therefore are likely to
provide a link between the two pathological
processes of protein aggregation and oxidative
damage.

The cause of abnormal protein folding (mis-
folding) and consequent protein accumulation in
the brain is still unclear. Nevertheless, genetic and
environmental factors as well as age are all
involved. Thus, pathogenic mutations in genes
encoding aggregating proteins, such as Apf,
o-synuclein and prion protein, are responsible
for inherited forms of AD, PD and prion disease,
respectively. The mutant proteins, in these
examples, show an increased tendency to form
so-called amyloid-like fibrils (amyloidogenic
activity), the formation of which is pathogenic.

Amyloidogenic proteins can be different in
terms of amino acid sequence and/or native fold,
but their corresponding fibrils are structurally
similar. Electron microscopy, solid-state NMR
and X-ray diffraction techniques indicate the
following common features (Dobson 2003a;
Antzutkin et al. 2002; Torok et al. 2002; Sikorski
et al. 2003):

e Unbranched and twisted structures rich in
p-sheet;

e Fibril diameter between 5 and 13 nm;

¢ Rigid structures;

o So-called ““cross-f” structure, with f strands
perpendicular to the fibril axis and backbone
hydrogen bonds parallel to fibril axis;

e The presence of a fibril core, which is stabi-
lised by hydrogen bond interactions associated
with the polypeptide chain.

It is still a controversial issue whether amyloid
fibril formation occurs via self-assembly of paral-
lel or antiparallel f-sheets or indeed p-helices.
Both parallel and antiparallel f-sheets have been
observed in amyloid fibrils using solid state NMR
(Tycko 2004).

The fibril construction is a cascade process,
which involves the formation of intermediate
structures (e.g. Af1-42, Fig. 1). The proteins first
coalesce to form small soluble oligomers that
aggregate to produce high molecular weight
assemblies, so called “‘protofibrils”. The protofi-
brils eventually exceed solubility limits and are
deposited as fibrils (Rochet and Lansbury 2000;
Dobson 2003b). The current dominant opinion is
that the plaques, which deposit surrounding the
neurons, are intrinsically toxic (Bence et al. 2001;
Bucciantini et al. 2002). However, it is still
unclear how their formation leads to cell death.
Indeed, it is difficult to propose a common
mechanism of toxicity consistent with each
different disease. Studies with A and a-synuclein
have demonstrated that small oligomeric aggre-
gates are more likely to be toxic than the multi
layer fibrils (Lambert et al. 1998; Walsh et al.
1999; Hardy and Selkoe 2002). This concept is

Fig. 1 Amyloidogenesis:
fibril formation. (a) Af
accumulation; (b) AfS
aggregation
(oligomerisation),
through (i) parallel or (ii)
antiparallel alignment; (c)
protofibrils formation; (d)
mature fibril formation

d
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consistent with the fact that fibril formation
represents the final step of a cascade process,
thereby providing a biomarker of neurodegener-
ation. The following sections focus on three
proteins and their relative implications in neuro-
degenerative diseases: Af, o-synuclein, prion
protein.

Ap

The essential feature of the AD brain is the
presence of extracellular plaques constituted of
Af1-42 peptide deposits. The Af isoforms are
39-42 residues peptides, which are formed
proteolytically in the cell from a large trans-
membrane glycoprotein called amyloid precursor
protein (APP). Interestingly, these peptides have
been found also in healthy individuals, suggesting
a physiological role of Af (Vigo-Pelfrey et al.
1993) and recently a role for Af as an endoge-
nous regulator of synaptic excitability has been
proposed (Kamenetz et al. 2003). Af toxicity
seems to be mainly associated with Af1-42
(DAEFRHDSGYEVHHQKLVFFAEDVGSNK
GAIIGLMVGGVVIA). The observation of
plaques as end-stage lesions in AD post-mortem
brain tissue has led to the assumption that the
accumulation of fibrils is responsible for the
progression of the disease. Nevertheless, whether
the oligomeric form or the fibrillated form
(plaques) of Ap is toxic still remains the subject
of debate (Lue et al. 1999; Mc Lean et al. 1999).
In fact, the soluble oligomeric forms seem to play
a fundamental role in the preclinical and early
progression of AD (Klein et al. 2001; Wang et al.
2002). These species are formed soon after the
generation of the peptide within specific intracel-
lular vesicles and are subsequently secreted from
the cell. After their formation in the cell, Ap
monomers form dimers, trimers, and maybe
higher oligomers. The monomeric class is the
predominant water-soluble fraction and it is
typically present in AD brains at six times higher
concentration than that detected in control brains
(Lue etal. 1999; Mc Lean etal. 1999). The
secreted oligomers can interact with neurons
in vivo, affecting their normal function. Correla-
tion between soluble Af levels and the extent of
synaptic loss and cognitive impairment is strong;

even small doses of monomeric or dimeric Af1-
42 can induce a dramatic loss of viability in
neurones (Terry et al. 1991; Dickson et al. 1995;
Roher et al. 1996). It has been demonstrated that
naturally secreted human Ap alters hippocampal
synaptic efficacy at physiological levels (Walsh
et al. 2002). The Ap-protofibrillar metastable
forms are also strongly involved in neurotoxicity,
especially acting through rapid electrophysio-
logical changes (membrane depolarisation and
increase in action potentials), which eventually
cause neuronal death (Hartley et al. 1999). The
neuronal dysfunction is then initiated by the for-
mation of oligomeric and protofibrillar species.

o-Synuclein

o-Synuclein is the main component of the abnor-
mal protein depositions constituting the Lewy
bodies, intracytoplasmic inclusions (5-25 um
diameter) recognised as an hallmark of PD
(Duffy and Tennyson 1965). o-Synuclein is a
relatively unfolded protein, possessing a random
coil secondary structure. The strong electrostatic
repulsion associated with the structure at neutral
pH is responsible of the lack of the protein
folding (Uversky et al. 2001). The non-amyloido-
genic core (NAC), the central hydrophobic/amy-
loidogenic part of the protein, is responsible for
the conformational change from random coil to
f-sheet (protofibril and fibril formation) (Serpell
et al. 2000). Both genetic mutations and exposure
to metals accelerate the rate of a-synuclein fibril
formation. Significantly high levels of Fe*
have been found in Lewy bodies. Disruption of
a-synuclein membrane binding ability is related to
aggregation process (Paik et al. 1999; Miranda
et al. 2000). In physiological conditions, a-synuc-
lein is present in random coil conformation in
cytoplasm and, after translation, becomes associ-
ated with the plasma membrane and the vesicular
membrane, which both represent its functional
sites. At these sites the protein is in o-helix
conformation. The misfolded isoform of the
protein may lose the ability to bind to membranes
after the translation and thus accumulates as free
a-synuclein in the cell. These events are believed
to lead to oligomerisation and aggregation in vivo
(Hedge and Jagannatha Rao 2003).
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It is reported that soluble w«-synuclein com-
plexes are more likely to be mediators of neuro-
toxicity and the accumulation of a-synuclein in
cultured human dopaminergic neurons results in
reactive oxygen species-mediated apoptosis (Xu
et al. 2002). In contrast, a-synuclein is not toxic in
non-dopaminergic human cortical neurons, where
it is reported to exhibit a neuroprotective activity
(Xu et al. 2002). Apparently, soluble a-synuclein
neurotoxicity is dopamine-dependent, which
might offer an explanation for the selective
neuronal loss, observed in PD (Xu et al. 2002).

Prion protein

Prion diseases provide a fascinating example of
the relation between protein folding and neuro-
degenerative disease. The neuroanatomical dis-
tribution of the lesions varies with the specific
type of prion disease. Irregular rods of protein
aggregates and amyloid plaques, which are resis-
tant to proteolytic degradation, accumulate in
plasmalemma, Golgi and intracytoplasmic organ-
elles of neurons. These species, which are formed
of two or four subfilaments helically wound
around each other, are mainly composed of PrP
27-30 (prion protein protease resistant core, with
an apparent molecular mass of 27-30 kDa)
(Cohen et al. 1982; Merz et al. 1981; Prusiner
et al. 1983; Jeffrey et al. 1994; Laine et al. 2001).

While studying the molecular basis of the
disease, it has become clear that protein confor-
mation plays a critical role in the pathogenic
process. The conversion of the cellular, primarily
a-helical prion protein isoform (PrP¢), to a
f-sheet-rich conformation results in the accumu-
lation of a protease resistant disease-associated
oligomeric isoform called scrapie (PrP5°). Inter-
actions between ‘‘normal” and ‘“‘abnormal”
isoforms of the same proteins are well-known
facilitators of aggregation (Pan et al. 1993;
Prusiner 1991). PrP¢ is characterised by a
flexible and unstructured region of 100 residues
at the N-terminal tail, a globular domain of
nearly identical size (120-231) containing two
short antiparallel f-strands and three o-helices.
The protein is present at the pre- and post-
synaptic level, heterogeneously distributed in
healthy adult brain; it is attached to the cell
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surface (synaptic plasma membrane) via a gly-
cosyl phosphatidylinositol anchor (Stahl et al.
1987). Since the first structural information was
obtained, it has become evident that copper has
a key role in the biological function of PrP€. The
protein is reported to bind copper in a specific
manner and apparently this binding induces a
conformation transition, which in turn modulates
protein aggregation (Brown 2001). In particular,
the formation of the disease causing isoform
PrP5¢ involves the refolding of a specific amino
acidic region (90-140) into a f-sheet, and the
metal binding might be crucial in this conforma-
tional switching (Zecca et al. 2002). According
to the model proposed in an interesting general
theory on diseases characterised by protein
deposition, PrP5® provides a template to assist
the conversion of nascent PrP¢ molecules, by
lowering the activation energy barrier for the
conformational change (Cohen 1999; Hijazi et al.
2003). If true, the disease-associated isoform
would also be disease causing, because its
presence would dramatically enhance the con-
version of the normal cellular isoform.

Alzheimer’s disease, Parkinson’s disease
and oxidative stress

One of the principal risk factors in most neuro-
degenerative disorders is age and this may be
directly linked to oxidative stress (lipid peroxida-
tion, protein oxidation, DNA and RNA oxida-
tion), which increases in the brain with age and
plays a central role in the pathogenic mechanisms
of neurodegeneration.

Oxidative stress may be defined as an imbal-
ance between the production of free radicals and
the ability of the cell to defend against them
through a set of antioxidants and detoxifying
enzymes that include superoxide dismutase, cat-
alase and glutathione. When this imbalance
occurs, oxidatively modified molecules (lipids,
proteins, nucleotides) accumulate in the cellular
compartment causing dysfunction (Floyd and
Hensley 2002). In the case of very sensitive cells
such as neurons, the failure of limited defense
systems may eventually lead to cell death. Under
physiological conditions free radicals are
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by-products of cellular oxygen metabolism, with
superoxide (O3), hydroxyl (OH’) and nitric oxide
(NO’) species being prevalent. Hydrogen perox-
ide (H,O,) and peroxynitrite (ONOQO") are not
radicals themselves, but nevertheless contribute
to the cellular redox state and eventually produce
radicals through various chemical reactions.
These species are referred to as reactive oxygen
species (ROS). Mitochondrial oxidative metabo-
lism (the major portion of the total ROS pro-
duced during aerobic metabolism comes from
by-products of the electron transport chain of
mitochondria), nitric oxide synthases, phospho-
lipid metabolism, proteolytic pathways and metal
ions are all potential sources of intracellular free
radicals. The reactions leading to ROS produc-
tion occur at all times within the cell and low
levels activate neuronal survival signalling path-
ways (Crossthwaite et al. 2002). However, under
certain conditions, such as stroke, very high levels
are produced (Floyd 1999; Sherki et al. 2001).
The brain is at particular risk from oxidative
damage because of the following specific charac-
teristics:

e High oxygen consumption (20% of the total
body basal O, consumption);

e High levels of both iron and ascorbate (crucial
in causing membrane lipid peroxidation);

e Relatively low levels of antioxidant protective
agents are present;

e Tendency to accumulate metals.

In principle a target protein, which is able to
interact with free radicals and metal ions, can
generate redox activity and, as a consequence,
oxidative damage. This latter has been found as
a typical hallmark in the majority of neurodegen-
erative disorders, such as AD, PD and
prion disease, and could in principle be either
the primary cause or the consequence of disease
progression.

Oxidative stress and Alzheimer’s disease

Oxidative stress is believed to play a major role in
the dysfunction and degeneration occurring in AD.

One of the hallmarks of AD is the presence of
senile plaques constituted by a highly dense core

formed of a mixture of 39-43 residue polypep-
tides derived from APP that accumulate in the
cortical interstitium and cerebrovasculature in a
characteristic manner. One such peptide, Af1-42
is the minor soluble species but possesses a
fibrillogenic activity that renders it central to the
pathogenesis and particularly toxic to cells in the
early stage of the peptide aggregation process
(Klein et al. 2001; Wang et al. 2002).

There is strong evidence of a relationship
between oxidative stress and cortical Af depos-
its. Interestingly, this correlation seems to
depend on the Af physicochemical properties,
which are consistent with both anti-oxidant and
pro-oxidant activities. This characteristic of Af
is likely to derive mostly from its ability to
bind metals and, as a consequence, to mediate
redox reactions (Butterfield and Kanski 2001).
In fact, Ap1-42 is a metallo-binding peptide
with binding sites for Zn(II), Cu(II) and
Fe(Ill) (Huang et al. 1999). Metal homeostasis
is altered during AD, and as a consequence,
metals are reported to accumulate in the
neuropil with concentrations which are 3-5
fold increased compared to age matched con-
trols (Lovell et al. 1998). Three histidine resi-
dues (His6, His13 and Hisl4) located in the
hydrophilic N-terminal part of the peptide and
a methionine (Met35) residue in the lipophilic
C-terminal region have been identified as the
crucial section involved with metal ion binding.
Particularly, the histidine residues identify the
site, which binds redox active Cu or Fe, while
the methionine residue identifies a second site
suggested to be involved in the reduction of
Cu(IT) and the generation of H,O,. Based on
these findings, an Ap-induced oxidative stress
model has been developed (Atwood et al.
2003). However, it is still unclear whether Af
generation is a cause or an effect of the
oxidative damage observed in the process of
neurodegeneration in the AD brain.

Interestingly, metal ion accumulation and oxi-
dative stress are also associated with changes of
both soluble Af and deposited Af concentra-
tions. Nevertheless, when Apf reaches a concen-
tration sufficient to produce oxidative stress, it
induces its own production, so generating a
vicious cycle (Bush 2002). Therefore, if Ap
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synthesis is modulated by stress conditions, Af
production can be considered a response to an
increased oxidative stress in the brain, apart from
being itself a potential source of additional
oxidation processes. Oxidative modifications have
been observed in the cell (neuronal cytoplasm)
and in the extracellular lesions (amyloid plaques)
of AD brains. In particular, reversible and rapidly
degraded products have been detected in the cell,
while stable glycation, carbonyl and lipid perox-
idation products have been found in the lesions.
This oxidative process is the result of an increased
production of membrane permeable H,O,, at
both intracellular level (mitochondria) and at
extracellular level (activated microglia and
Af-amyloid deposits) (Bush et al. 1999).

H,0, is a reactive species, in the presence of
redox-active metal ions producing hydroxyl rad-
icals (OH') via Fenton chemistry (Eq. 1). Since
these radicals are only able to diffuse short
nanometre distances, the changes observed at
nucleic acid and protein sites may identify the
sites of both OH generation and metal ion
interaction. Redox active iron(II) is critical in
the Fenton reaction (Eq. 1):

Fe’* + H,0, — Fe’* + OH + OH~ (1)

Iron is localised in the endoplasmic reticulum,
but also in granulis formed of lipofuscin, or age
pigment, as well as in their associated vacuoles
(Brunk et al. 1992). Lipofuscin is an auto fluores-
cent pigment that accumulates progressively with
age within secondary lysosomes. As a result it has
often been used as a marker and index of ageing.
It is formed during a process of production of
partially reduced oxygen species by mitochondria
(via Fenton reaction between iron and H,O,) and
following degradation via autophagocytosis with-
in secondary lysosomes. In AD, lipofuscin may
play a role in the modulation of the release of iron
from damaged mitochondria, which becomes an
important generator of H,O,, thus an important
site of oxidative damage (Brunk and Terman
2002).

The accumulation of metals in AD brains as
well as the presence of a metal binding site on Af}
represent promising pharmacological targets.
Therefore, compounds with chelation properties,
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but also with the ability to block the site, so
preventing the adverse generation of H,O, catal-
ysed by the site and the metal-induced protein
aggregation, could be useful in the treatment of
AD.

Oxidative stress and Parkinson’s disease:
the role of iron

Post-mortem studies in PD brains indicate that
a wide range of molecules undergo oxidative
damage, including lipids, proteins and DNA
(Dexter et al. 1989; Sanchez-Ramos et al. 1994;
Alam et al. 1997). In fact, significant neuro-
chemical, physical, histochemical and biochem-
ical evidence confirm the hypothesis that
oxidative stress generates the cascade of events,
which are responsible of the preferential degen-
eration of melanised dopaminergic neurons in
the substantia nigra pars compacta (SNc) in
PD (Maguire-Zeiss et al. 2005). The following
phenomena have all been observed in Parkin-
sonian brains:

(a) Decline in the mitochondrial activity (which
might result from generation of ROS);

(b) Generation of H,O, following the deamina-
tion of dopamine by monoaminooxidase and
by autoxidation (dopamine oxidative metab-
olism);

(c) Increased activity of superoxide dismutase
(which catalyses the conversion of superox-
ide anions to H,05);

(d) Reduced concentration of glutathione
(responsible of H,O, clearance);

(e) Elevated level of iron in microglia, astro-
cytes, oligodendrocytes and dopaminergic
neurons of SNc¢ (Mizuno etal. 1989;
Riederer et al. 1989; Saggu etal. 1989;
Halliwell 1992; Sofic et al. 1992; Gotz et al.
1994; Olanow and Youdim 1996; Ye et al.
1996; Lan and Jiang 1997; Jelliger 1999).

Furthermore, the examination of brain mate-
rial and the use of a variety of analytical
techniques have demonstrated changes in the
normal iron and antioxidant concentrations in
SNc of PD patients (Sofic et al. 1988; Dexter
et al. 1989; Hirsh et al. 1991; Olanow 1992;



Biometals (2007) 20:639-654

645

Sanchez-Ramos et al. 1994; Alam et al. 1997).
Interestingly, a study, in which antibodies against
ferritin were used, indicated no increase in
neuronal ferritin, suggesting that the elevated
iron is unbound and therefore potentially reactive
(Connor et al. 1995). Such iron would be able to
initiate ROS-dependent oxidative stress in nigro-
striatal dopamine neurons.

Neuroimmune interactions of iron chelators

Neuroimmune interactions also form an impor-
tant point for consideration, as iron has conflict-
ing roles in homeostasis and in
neurodegeneration. Iron is essential to maintain
homeostatic function during brain development,
neurometabolism, myelination, and neurotrans-
mitter function (Beard et al. 2003; Lozoff et al.
2006), but increasing concentrations of iron are
associated with neuroinflammation, neurodegen-
eration and cell death (Gaeta and Hider 2005).
Inflammatory processes play a key role in the
pathogenesis of a number of neurodegenerative
disorders such as PD and AD (Allan and Roth-
well 2003). In the CNS, excessive iron accumula-
tion is detrimental to neurones, astrocytes and
microglia but not to oligodendrocytes. It has been
suggested that the high iron concentration ob-
served within the oligodendrocytes is due to an
elevated expression of enzymes involved with
myelin production (Levine and Chakrabarty
2004). The study of pro-inflammatory cytokines
and pathological iron has been the subject of
exhaustive investigation, but the mechanisms by
which iron might affect neuronal survival through
this mechanism remain elusive. Exposure of
different brain cell types, including oligodendro-
cytes, to iron has been reported to produce a
number of pro-inflammatory mediators, including
interleukin-1p8 (IL-1p) and nitric oxide (Mandel
et al. 2005 for review; Zhang et al. 2005). One of
the suggested mechanisms for iron-induced
inflammation in models of PD is by a direct
activation of the transcription factor NFkf with a
subsequent release of pro-inflammatory cytokines
such as TNF-o, IL-1f and IL-6 (Grunblatt et al.
2000; Youdim et al. 1999). In addition, it has been
demonstrated that iron chelation abrogates

endotoxin-induced inflammation by suppressing
IL-1p transcription (O’Brien-Ladner et al. 2000)
and that IL-1f up-regulates iron efflux through
modulation of ceruloplasmin and ferroportin-1
synthesis as part of a local defence pathway set up
by the organism (di Patti et al. 2004).

Furthermore, there is evidence for the pres-
ence of an iron-responsive element (IRE) in the
5’-untranslated region (5-UTR) of the Alzhei-
mer’s amyloid precursor protein (APP) which is
located immediately upstream of an interleukin-1
responsive acute box domain (Rogers et al. 2002).
Iron-regulatory protein (IRP) binding to the APP
5-UTR is reduced after treatment of cells with
DFO and is increased after interleukin-1 (IL-1)
stimulation (Rogers and Lahiri 2004). Rogers
et al. (1999) showed that IL-1 stimulates a 12-fold
increase in the rate of astrocytic APP protein
synthesis through the APP 5’-UTR sequences and
that iron levels regulate APP mRNA translation
in astrocytes, which are responsible for providing
both mechanical and metabolic support for neu-
rons (Allan et al. 2005).

Thus, with any pharmacological manipulation
of intracellular iron levels, it is likely that APP
and IL-1 synthesis will be influenced.

Therapeutic strategies

Oxidative stress, protein aggregation and redox
active metal ions can all considered to be prom-
ising pharmacological targets. The apparently
critical involvement of metals, particularly iron
and copper, in both oxidative stress and protein
aggregation processes therefore renders chelation
therapy a sensible strategy. The important
features of a suitable chelating agent would be
the ability firstly to scavenge the free redox active
metal present in excess in the brain to form a non-
toxic metal complex, which is then excreted, and
secondly to cap the metal at its labile binding
site. (Ap-amyloid, a-synuclein, prion protein),
preventing any mediated toxic action (Fenton
activity and/or aggregation). In this second case,
the newly formed stable metal complex would
favour the state in which the metal is not redox
active and therefore not toxic. The latter mech-
anism implies additional interactions between the
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drug and the target protein, which have to be
considered in the design.

Design features of clinically useful metal
chelators

One of the dominant properties of any therapeu-
tic chelator is metal selectivity, typically a high
selectivity being required, for instance in
the treatment of iron overload associated with
p-thalassaemia. In this latter situation ligands
with a high selectivity for iron over copper and
zinc are essential, as chelation therapy is main-
tained for life. Unfortunately, with the proposed
treatment of neurodegenerative diseases by
chelation therapy, the identity of the putative
toxic metal is not always firmly established. With
AD, for instance, iron, copper and zinc have all
been associated with the progression of the
disease. In contrast, with PD, iron is clearly the
major target.

Although there are clear guidelines for the
design of iron-selective chelating agents (Liu and
Hider 2002a), this is not the situation with copper
and zinc. Furthermore, with the necessity of ready
permeation of the blood brain barrier (BBB), the
size of useful chelators should probably be limited
to less than 300 Daltons, thereby excluding
hexadentate ligands and seriously limiting the
potential for the design of selective copper(II)
and zinc(II) chelators (vide infra). Most agents
that bind copper(II) tightly will also bind iron(II),
zinc(II), nickel(II), cobalt(IT) and manganese(II),
thereby causing a potential toxic insult to all cell
types (Liu and Hider 2002b). This limitation is a

Fig. 2 General structure
of iron(III) chelators.
Hexadentate:
desferrioxamine

(DFO, 1), ethylenedi
aminetetraacetic acid
(EDTA, 4); bidentate:
2,2’-bipyridyl (2),
deferiprone (3), 8-
hydroxyquinoline (5)
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major issue for the design of chelators with
potential for treating neurodegeneration.

In principle therefore, there are two major
classes of ligands required:

e Iron selective chelators for the treatment of
PD;

e Iron/copper/zinc chelators for the investiga-
tion and eventual treatment of AD; inevitably,
this latter group of chelators are likely to be
more toxic, at a given dose, than iron-selective
chelators.

Iron-selective ligands

Chelating agents can be designed for efficient
binding of either the iron(II) or the iron(III)
oxidation state. Chelators that prefer iron(II)
use nitrogen and sulphur atoms as ligands, for
instance 2,2’-bipyridyl (2, Fig. 2). Although
these compounds are selective for iron(I) over
iron(III), they retain an appreciable affinity for
other biologically important bivalent metals
such as copper(II) and zinc(II) (Table 1). Thus,
the design of a low molecular weight non-toxic
iron(II)-selective ligand is extremely difficult
and indeed may not be possible. In contrast,
iron(I1l)-selective chelators favour oxygen
atoms as ligands, notably hydroxypyridinones
(3). Most tribasic cations, for instance alumin-
ium(IIT) and gallium(III), are not essential for
living cells and thus iron(IIl) is a practical
target for “clinical chelator” design. An addi-
tional advantage of high-affinity iron(III) che-
lators is that, under aerobic conditions, they will
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Table 1 Metal affinity constants for selected ligands (Martell and Smith 1974-1989)
Ligand Log cumulative stability constant

Fe(III) AI(IIT) Ga(IIT) Cu(II) Zn(ID) Fe(II) pFe**
DFO (1) 30.6 25.0 27.6 14.1 11.1 72 26
2,2’-Bipyridyl (2) 16.3 - 7.7 16.9 132 172 -
3-Hydroxypyridin-4-one, (deferiprone) (3) 372 35.8 32.6 21.7 13.5 121 19
EDTA (4) 25.1 16.5 21.0 18.8 16.5 143 23.4
8-Hydroxyquinoline (5) 37.7 - 40.5 22.9 15.8 - 20.6

Hexadentate: DFO (1), EDTA (4); bidentate: 2,2"-bipyridyl (2), deferiprone (3), 8-hydroxyquinoline (5)
2 pFe* = —log[Fe*"] when [Fe**]ou = 10°° M and [ligand]ioia = 10~ M at pH 7.4

chelate iron(II) and facilitate autoxidation to
iron(IIT) (Harris and Aisen 1973). Therefore,
high-affinity iron(III)-selective ligands bind
both iron(III) and iron(II) under most physio-
logical conditions.

General requirements of iron(IIl) complexes
with therapeutic potential

Ligands can be structurally classified according to
the number of donor atoms that each molecule
possesses. When a ligand contains two, three, six
or more donor atoms, it is termed bidentate,
tridentate, hexadentate or generally multidentate
respectively (Fig. 3). Under biological conditions
the pM' value is a more useful parameter than the
conventional stability constant to assess the
ligand affinity for the metal (Raymond et al.
1984; Liu and Hider 2002a); for clinically useful
iron scavengers a pFe®" value >20 (Table 1) is
considered to be essential. Molecular size is also a
critical factor, as it influences the penetration of
both the wall of the gastrointestinal tract
(Holander et al. 1988) and the BBB (Oldendorf
1974). In order to achieve greater than 70% oral
absorption, the chelator molecular weight should
be < 500 (Maxton et al. 1986). This molecular-
weight limit provides a considerable restriction on
the choice of chelator and may effectively exclude
hexadentate ligands from consideration. Biden-
tate and tridentate ligands, by virtue of their
much lower molecular weights, are predicted to
possess higher absorption efficiencies. The frac-

! pM is defined as the negative logarithm of the metal ion
concentration under the following conditions: [Metal
ion] o = 10° M, [Ligand]ioi = 10° M at pH 7.4.

ReItld BIST o
:'QFE\#’\FJ:J
| ------;j

Bidentate ligand H exadentate ligand
3:1 complex 1:1 camplex

Fig. 3 Schematic representation of chelate ring formation
in metal-ligand complexes

tion of the absorbed dose for a range of bidentate
hydroxypyridin-4-ones (e.g. 3, Fig.2) has, for
instance, been found to fall between 50% and
70%, as assessed in the rabbit (Yokel et al. 1995).
This type of molecule has also been demonstrated
to penetrate the BBB (Habgood et al. 1999).
Hydroxypyridin-4-ones are monoprotic acids at
pH 7.0 and thus form the neutral tris-iron(III)
complexes.

The toxicity associated with iron chelators
originates from a number of factors, such as
inhibition of iron-containing metalloenzymes,
lack of metal selectivity, redox cycling of iron-
complexes between iron(II) and iron(III) and the
kinetic liability of the iron complex leading to
iron redistribution.

In general, iron chelators do not directly inhibit
haem iron-containing enzymes due to the inac-
cessibility of porphyrin-bound iron to chelating
agents. In contrast, many non-haem iron-contain-
ing enzymes such as lipoxygenase, the aromatic
hydroxylase families and ribonucleotide reduc-
tase are susceptible to chelator-induced inhibition
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(Hider 1995). Generally, hydrophobic chelators
inhibit lipoxygenases, therefore the introduction
of hydrophilic characteristics into a chelator
tend to minimise such inhibitory potential
(Abeysinghe et al. 1996), particularly if their
introduction also induces steric interference of
the chelation process at the enzyme active site
(Liu et al. 2002). By careful modification of
physicochemical properties, iron chelators can
therefore be designed which exert minimal inhib-
itory influence on many metalloenzymes (Cooper
et al. 1996; Liu et al. 2001).

In summary, a chelator suitable for the treat-
ment of PD should possess a molecular weight in
the region 200-400, should bind iron(III) much
more tightly than iron(II), should not redox cycle
or interfere with metalloenzyme activity. Hy-
droxypyridin-4-ones are suitable candidates, by
virtue of their high selectivity for iron and their
generally favourable physical-chemical proper-
ties. Deferiprone (3, Fig. 2), a hydroxypyridinone,
has been used clinically for over 10 years in the
treatment of transfusion-induced iron overload. It
forms a stable 3:1 ligand iron complex, which is
water soluble and readily excreted by the kidneys
(Olivieri et al. 1990). Furthermore, deferiprone
readily crosses the BBB (Habgood et al. 1999).

Iron/copper/zinc binding ligands

Chelators with a broad selectivity for transition
metals generally use nitrogen atoms as ligands,
for instance 2,2’-bipyridyl (2, Fig. 2) However, the
metal complexes of these ligands are positively
charged, tend to bind to membranes and, by
virtue of their net charge, do not penetrate
membranes readily. Thus, they are inefficient at
excreting intracellularly localised transition met-
als. In contrast, 8-hydroxyquinoline (5, Fig. 2)
contains both oxygen and nitrogen atoms and
hence possesses intermediate properties between
those of the di-nitrogen ligands and the di-oxygen
ligands (Table 1) (Hider and Hall 1991; Liu and
Hider 2002b). More importantly, because 8-hy-
droxyquinoline is monobasic, it forms neutral 3:1
complexes with iron(IIT) and neutral 2:1 com-
plexes with both copper(II) and zinc(II). Thus, in
principle, it can remove these metals from cells.
Although hydroxyquinoline derivatives are used
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in many parts of the world for the treatment of
diarrhoea (Claesen and Clements 1989), their use
has been criticised (Chetley and Gilbert 1986)
due to associated toxicity (Palm 1932; Rose and
Gawel 1984).

At the present time, there is no obvious
solution to the design of a non-toxic ligand with
high affinities for iron, copper and zinc and the
ability to mobilise such metals from intracellular
sites.

Chelators investigated for their potential in
the treatment of neurodegenerative diseases

Hexadentate chelators

Two hexadentate ligands have been investigated
for the treatment of neurodegenerative disease,
desferrioxamine (DFO) (1, Fig. 2) and a synthetic
amino-carboxylate ligand, DP-109 (6, Fig. 4).

A 2-year, single blind study was undertaken to
investigate whether the progression of AD
dementia could be slowed by DFO (Crapper
Mclachlan et al. 1991). With this purpose, 48
patients were assigned to three different groups:
DFO treated (125 mg DFO given intramuscularly
twice daily, 5 days per week, for 24 months), oral
placebo (lecithin) and no treatment. Activities of
daily living were monitored and recorded over 24-
month period at regular intervals. No differences
were observed in the rate of deterioration of
patients receiving either placebo or no treatment.
In contrast, it was reported that DFO treatment
led to a significant reduction in the rate of decline
of daily living activities, leading to the conclusion
that sustained administration of DFO might slow
the clinical progression of dementia associated
with AD. Although interesting, these findings are
surprising because, by virtue of this molecule’s
hydrophilic nature and size, it does not penetrate
the BBB and hence, access to the brain could only
be achieved in the presence of a damaged BBB.
In contrast, DP-109 has been designed as a pro-
drug, and optimal metal chelation will only occur
subsequent to the cleavage of the two long chain
ester functions (Lee et al. 2004). Indeed, this
molecule has been demonstrated to possess a
strong inhibition activity on plaque formation and
deposition in female hAfSPP-transgenic Tg 2576
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Fig. 4 Chelators
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mice (Hsiao et al. 1996; Lee et al. 2004). Never-
theless, under in vivo conditions a large trans
BBB flux is unlikely to be achieved due to the
relatively high molecular weight of DP-109
(>1,000) and the surface activity of this strongly
amphiphilic molecule.

Bidentate chelators

Several ranges of bidentate ligands have been
investigated for their potential to cross the BBB
and to treat neurodegeneration. The hydrophobic
phenanthroline analogue, bathocuproine (7,
Fig. 4), has been demonstrated to facilitate the
solubilisation of Af from AD brain samples
(Cherney et al. 2000). However, all metal com-
plexes of this ligand are positively charged and
are, therefore, unlikely to penetrate the BBB. In
contrast, a number of 3-hydroxypyridin-4-ones
(e.g. 3, Fig.2) have been demonstrated to
penetrate the BBB (Habgood et al. 1999). This
ability is due to the formation of neutral com-
plexes with both iron(III) and copper(Il) and,
therefore, they have the potential of facilitating
metal efflux from the brain. A related molecule,
feralex (8, Fig. 4), a closely related ligand to
3-hydroxypyridin-4-ones, has been reported to dis-
aggregate in vitro hyperphosphorylated t-protein,
which is responsible for the formation of neuro-
fibrillary tangle in AD (Shin et al. 2003).

To date, a range of 8-hydroxyquinoline ana-
logues have demonstrated the greatest potential
for the treatment of neurodegeneration and one
compound, clioquinol (CQ) (9, Fig.4), has
entered clinical trial. Clioquinol is a small, lipo-
philic bio-available metal chelator, which leads to
beneficial effects in both AD and PD animal
models (Cherney et al. 2001; Kaur et al. 2003).
Following oral treatment with CQ (30 mg kg™
day™), Ap accumulation was markedly inhibited
(49% decrease), as shown in a blinded study of
APP2576 transgenic mice treated for 9 weeks.
There was no evidence of neurotoxicity or
increased non-amyloid pathology. General health
and body weight parameters were significantly
stable in the treated animals, with a conspicuous
improvement after only 16 days of treatment
(Cherney et al. 2001).

In the PD studies, mice previously treated with
the neurotoxin MPTP were administered orally
with CQ (30 mg kg™! day™) for 8 weeks to assess
the ability of the compound to protect against
MPTP-induced toxicity. Total substantia nigra
(SN) iron levels were found to be reduced
approximately 30% in the CQ-fed versus control
animals, accordingly with the reported non-toxic
range. Following CQ pre-treatment, oxidative
stress markers and glutathione depletion were
found significantly attenuated in SN (Kaur et al.
2003).  Unfortunately, many halogenated
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Fig. 5 Deferiprone protects against amyloid f-induced
cell death (necrosis + apoptosis). On the left, Af induced
neuronal cell death assessed by propidium iodide (PI)
(red) and Hoescht 33342 (blue). Necrotic cells stain red
and viable cells blue. PI: membrane impermeable DNA
intercalator that stains necrotic cells. Hoescht 33342: cell
permeable  adenosine-thymidine-specific ~ fluorescence
stain, useful for staining DNA, chromosomes or nuclei.
On the right, Af treated neuronal cultures. Annexin V-
CY3 (AnnCy3) (red) versus 6-carboxyfluorescein diace-
tate (6-CFDA) (green) labelling. Apoptotic cells stain

hydroxyquinolines possess neurotoxic side effects
(Tsubaki et al. 1971; Oakley 1973). These side
effects may be avoided by the use of non-
halogenated analogues, for instance the brain
permeable VK-28 (Warshawsky et al. 2000) (10,
Fig. 4). A study centred on rats, with 6-OHDA-
induced striatal dopaminergic lesions with (Ben-
Shacar et al. 2004), has shown that, when injected
either intraventricularly (1 pg in 5 ml) or intra-
peritoneally (1 or 5 mg kg™ day' for 10 and
7 days respectively), VK-28 is able to provide
neuroprotection against 6-OHDA at very low
doses. This has been confirmed by the prevention
of the reduction in striatal dopamine levels and by
the decrease of dopamine turn-over, which are
normally observed after 6-OHDA lesioning.
Moreover, this study has shown that the mecha-
nism of action of VK-28 is more likely to be
related to iron chelation properties than to any
direct interference with 6-OHDA, since intrani-
gral or intraventricular 6-OHDA initiates an
increase in total iron in the substantia nigra and
striatum at the sites of neurodegeneration, in
monkeys, rats and mice (Ben-Shachar et al.
2004).
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yellow, necrotic cells red and viable cells green. Annexin
V-Cy3 binds to phosphatidylserine that is present in the
outer leaflet of the plasma membrane of cells entering
apoptosis. The binding is observed as red fluorescence. 6-
CFDA is used to measure viability. When 6-CFDA (non-
fluorescent) enters the cell, it is hydrolysed by esterases
producing the fluorescent 6-carboxyfluorescein (6-CF)
(green fluorescence). Viable cells: 6-CF (green), dead
cells: AnnCy3 (red), apoptotic cells (staining both AnnCy3
and 6-CF) (yellow)

Pharmacological studies undertaken recently
on Deferiprone (3, Fig. 2) have shown an inter-
esting profile, which suggests a neuroprotective
effect in vitro against ferric nitrilotriacetate
(FeNTA) and Apf1-40. FeNTA and Af1-40
induced significant death of primary cortical
neurons as determined by morphometric analysis
of cell viability, using Hoescht 33324 and propi-
dium iodide or 6-CFA and annexin V (Fig. 5).
Deferiprone, when given up to 6 h after the
insult, protected neurons in a concentration-
dependent manner (Molina-Holgado et al. 2006).
It is clear that deferiprone is able to protect
neurones and their processes against a range of
insults relevant to AD, when given after the
insult. Compounds based upon this mechanism of
action may have therapeutic potential in AD.

Conclusion

In summary, protein aggregation and oxidative
stress have been demonstrated to be the major
factors involved in the neurodegenerative process
in AD, PD and prion disease. Metal ions play a
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crucial role, acting as mediators of neurotoxicity
either by favouring plaque formation or redox
cycling. Thus, they provide a suitable pharmaco-
logical target for the treatment of neurodegener-
ative diseases. In particular, bidentate chelators
such as hydroxypyridinones and hydroxyquino-
lines would appear to possess the greatest
potential for this goal. The development of an
effective non-toxic therapeutic agent for such
complex and comprehensive brain disorders
represents an extremely challenging task. Much
needs to be understood in terms of ethiopatho-
genesis for AD, PD and prion disease. How-
ever, chelation therapy may be considered as a
valuable strategy both for the treatment and
for the investigation of neurodegeneration.
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