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IRON, BRAIN AGEING AND
NEURODEGENERATIVE DISORDERS
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Abstract | There is increasing evidence that iron is involved in the mechanisms that underlie many
neurodegenerative diseases. Conditions such as neuroferritinopathy and Friedreich ataxia are
associated with mutations in genes that encode proteins that are involved in iron metabolism,
and as the brain ages, iron accumulates in regions that are affected by Alzheimer’s disease and
Parkinson’s disease. High concentrations of reactive iron can increase oxidative-stress induced
neuronal vulnerability, and iron accumulation might increase the toxicity of environmental or
endogenous toxins. By studying the accumulation and cellular distribution of iron during ageing,
we should be able to increase our understanding of these neurodegenerative disorders and
develop new therapeutic strategies.
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Iron is an essential cofactor for many proteins that are
involved in the normal function of neuronal tissue, such
as the non-haem iron enzyme tyrosine hydroxylase,
which is required for dopamine synthesis. However, there
is increasing evidence that iron accumulation in the brain
can cause a vast range of disorders of the CNS. It has also
become apparent that iron progressively accumulates in
the brain with age, and that iron-induced oxidative stress
can cause neurodegeneration.
We can distinguish two classes of iron-related neurodegenerative disorder — those that result from iron
accumulation in specific brain regions, and those that
result from defects in iron metabolism and/or homeostasis. They frequently involve protein modification,
misfolding and aggregation, leading to the formation
of the intracellular inclusion bodies that are the postmortem hallmark of many neurodegenerative diseases.
As life expectancy increases, we expect to see a corresponding increase in the occurrence of iron-related
neurodegenerative diseases, and it is, therefore, timely
to review our current knowledge of the relationship
between iron and neurodegeneration.
Iron metabolism and homeostasis

The importance of adequate amounts of iron for health
and well-being in humans is well established. It is
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involved in oxygen transport, storage and activation,
electron transport and many important metabolic
processes (for a general review, see REF. 1). Iron metabolism in humans is conservative: 1–2 mg of iron is
absorbed per day, and the same amount is excreted.
Global iron homeostasis is regulated at the level of iron
absorption from the gastrointestinal tract. This involves a
series of molecular interactions between proteins that
include the product of the HAEMOCHROMATOSIS gene (HFE),
transferrin (Tf), the transferrin receptor (TfR) and iron
regulatory proteins (IRPs) in the crypts of Lieberkühn,
which determine the amount of iron that is allowed to
cross the enterocyte and enter the bloodstream1. HFE, Tf
and TfR interact with each other, whereas IRPs interact
with the mRNAs of TfR and ferritin. Recent investigations into the role of humoral factors in programming
the enterocyte indicated that the main molecules
involved are the antimicrobial peptide hepcidin2,3, and
haemojuvelin (HFE2) — the recently identified product
of the gene for a juvenile form of haemochromatosis4.
Most cells take up iron from diferric transferrin
(Tf-Fe2) by way of the TfR and the transferrin-to-cell
cycle5 (FIG. 1). After binding and internalization of the
Tf-Fe2–TfR complex, the iron is released from Tf in an
acidic, ENDOSOMAL COMPARTMENT, and is transported
across the endosomal membrane into the cytosol by
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Figure 1 | The Tf cycle. Holotransferrin (HOLO-TF) binds to the transferrin receptor (TfR) at the
cell surface. These complexes localize to clathrin-coated pits, which invaginate to initiate
endocytosis. Specialized endosomes form, which are acidified by a proton pump. When the
required acidic pH is reached, iron is released from transferrin (Tf) and is co-transported, with the
protons, out of the endosomes by the divalent cation transporter DCT1. Apotransferrin (APO-TF)
is returned to the cell membrane bound to TfR, where, at neutral pH, they dissociate to participate
in further rounds of iron delivery. The iron can be targeted to the mitochondria. In non-erythroid
cells, iron is stored in the form of ferritin and haemosiderin.

HAEMOCHROMATOSIS

An iron-overload disorder, in
which an excessive amount of
iron is absorbed from the diet.
The iron accumulates in various
organs, including the liver,
pancreas and heart, which can
lead to severe organ damage.
ENDOSOMAL COMPARTMENT

A system of organelles that carry
materials that have been ingested
by endocytosis, and pass them to
lysosomes for degradation, or
recycle them to the cell surface.
MICROGLIA

Phagocytic immune cells in the
brain that engulf and remove
cells that have undergone
apoptosis.
SUBSTANTIA NIGRA

A part of the midbrain that
contains dopamine-producing
neurons, the axons of which
innervate the striatum and
thereby control body
movements.
LOCUS COERULEUS

A nucleus of the brainstem that
is the main supplier of
noradrenaline to the brain.
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the divalent cation transporter DCT1 (REF. 6). It then
either passes into the mitochondria, to supply iron for
haem and iron–sulphur cluster biosynthesis, or is
stored in the cytosolic iron-storage protein ferritin. The
iron-free transferrin (apotransferrin) is transported,
bound to TfR, back to the plasma membrane, where it
is released into the circulation to undergo further
rounds of iron mobilization and delivery. Some cells,
such as liver cells, have a second TfR, TfR2 (REF. 7).
The storage protein ferritin is a 24-subunit protein
shell enclosing a hollow interior, in which large amounts
of iron are stored in a soluble, non-toxic but bioavailable
form, essentially as the mineral phase ferrihydrite1.
Mammalian ferritins contain variable amounts of two
types of polypeptide chain, heavy (H) and light (L).
The ferritin subunits have different functions and are
encoded by different chromosomes1. H chains have a
ferroxidase centre, which can catalyse the rapid oxidation of Fe2+ to Fe3+, whereas L chains are thought to
function in the nucleation of the mineral core within
the protein shell. L-rich ferritins are associated with iron
storage, whereas H-chain ferritins are associated with
responses to stress.
In most cells, changes in iron status (iron overload or
depletion) lead to compensating changes in the
IRP/iron regulatory element (IRE) system of translational control of iron homeostasis (FIG. 2). When iron
is in excess, IRPs are in their inactive form and do not
bind to the IREs on the mRNAs of ferritin and TfR.
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Consequently, the storage protein is synthesized and the
TfR mRNA is degraded by nucleases. However, when
iron concentrations are limiting, the IRPs bind to the
IREs on the mRNAs. Under these conditions, synthesis
of the TfR is assured by binding of the IRPs to the IREs in
the 3′-untranslated region (UTR), thereby protecting the
mRNA from degradation, and IRPs bind to the corresponding IRE in the 5′-UTR in ferritin mRNA to prevent
initiation of protein synthesis. Transcriptional control is
also involved in regulating the expression of ferritin and
TfR, as well as other proteins of iron metabolism, such as
cytochrome b reductase 1 (DCYTB) (ferric reductase of
the apical surface of enterocytes), DCT1 (which is
involved in transport of Fe(II) across the apical membrane of enterocytes and of iron out of the endosomal
compartment after its release from Tf), and the ironregulated transporter IREG1 (which is present at the
basolateral membrane of enterocytes and is also implicated in the release of iron from macrophages)1,8,9.
The brain has several characteristics that make it
unique among organs with regard to iron metabolism.
First, it resides behind a vascular barrier, which limits its
access to plasma iron. There is a transport mechanism in
the blood–brain barrier (BBB) that moves iron across
the endothelial cells and into the brain10. However, little
is known about the mechanism of iron release into the
brain or the regulation of the transport mechanism.
Insights into this transport mechanism could be crucial
for understanding how an excess of iron can accumulate
in the brain in many neurodegenerative diseases. Second,
the concentration of iron in various regions of the brain
varies greatly. Regions of the brain that are associated
with motor functions (extrapyramidal regions) tend to
have more iron than non-motor-related regions11, which
might explain why movement disorders are commonly
associated with iron imbalance. It is known that at birth
these regions have little iron, however, with ageing they
accumulate significant amounts, probably through
axonal transport. The amount of iron that is present
exceeds the amount that is required by the various irondependent processes (calculated to be about 5–10% of
brain iron). So, the rest of the iron must have some
other function.
In the brain, the most common cell type to stain for
iron under normal conditions is the oligodendrocyte12.
However, neurons and MICROGLIA, as well as oligodendrocytes, express ferritin, indicating that all of these cell
types have the capacity to store iron. Interestingly, the
relative abundance of H- and L-ferritin depends on
the cell type13 — neurons express mostly H-ferritin,
microglia express mostly L-ferritin and oligodendrocytes express similar amounts of both subunits. Overall,
the levels of H- and L-ferritin in neurons are much
lower than in oligodendrocytes14,15. Very little ferritin
expression is seen in astrocytes, indicating that these
cells provide little iron storage.
Large amounts of iron are sequestered in neuromelanin granules in the dopaminergic neurons of the
SUBSTANTIA NIGRA and the noradrenergic neurons of
the LOCUS COERULEUS16. Neuromelanin is synthesized
by the oxidation of excess cytosolic catechols that are
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Figure 2 | Translational regulation of the transferrin receptor and ferritin production.
Production of the transferrin receptor (TfR) and ferritin is regulated at the level of mRNA by iron
regulatory proteins (IRPs), which bind to iron response elements (IREs) on the 3′- and 5′- untranslated
regions of their respective mRNAs1. a | In iron deficiency, the IRPs bind to the IREs, protecting the TfR
mRNA from nuclease digestion and preventing the synthesis of ferritin. b | When iron is abundant,
the modified IRP no longer binds to the IREs — in IRP1 the IRE binding site is blocked by a 4Fe–4S
cluster (green rectangle), whereas in IRP2 the protein is targeted for destruction in the proteasome —
allowing TfR mRNA to be destroyed and allowing the expression of ferritin.

CHOROID PLEXUS

A site of production of
cerebrospinal fluid in the adult
brain. It is formed by the
invagination of ependymal cells
into the ventricles, which
become richly vascularized.
PUTAMEN/CAUDATE NUCLEUS

Two of the components of the
striatum, a subpallidal structure
that also includes the nucleus
accumbens and the olfactory
tubercle.
GLOBUS PALLIDUS

The medial part of the lentiform
nucleus, which is one of the
components of the basal ganglia.

not accumulated in synaptic vesicles by vesicular
monoamine transporter-2 (REF. 17). Neuromelanin binds
iron avidly, forming stable octahedral complexes that
contain high-spin oxy-hydroxide iron (III) clusters (for
a review, see REF. 18). Neuromelanin is a complex molecule, the structure of which is arranged as a multilayer
system, where each layer is a polymer that is composed
of melanic groups bound to aliphatic and peptide
chains. This melanic group contains benzothiazine and
dihydroxyindole units (ratio 1:3). The dihydroxyindole
units are responsible for the strong chelating ability for
iron compared to other metals16,19.
The iron transport protein Tf was originally thought
to be synthesized only by oligodendrocytes in the brain20,
although evidence of Tf mRNA has recently been found
in neurons in the human substantia nigra21. CHOROID
PLEXUS epithelial cells and other cells outside the brain
that make Tf also secrete it, but it does not seem to be
secreted by oligodendrocytes22. Three proteins that can
transport iron have been shown to bind in the brain.
TfRs appear predominantly on neurons, and Tf binding
is seen exclusively in grey matter. Lactoferrin reportedly
binds to neuromelanin cells, and, recently, ferritin
binding has been shown in white matter tracts21,23.
In summary, the brain is unique among organs
because of its non-uniformity of iron distribution, both
regionally and cellularly, and because of the apparent
selectivity in cellular responsibilities for iron storage and
mobilization, and presumably usage and methods of
uptake.
Iron accumulation, invasion and reactivity

It is generally accepted that iron accumulates in the
brain as a function of age. However, this process is quite
specific and involves the accumulation of iron-containing
molecules in certain cells, particularly in brain regions
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that are preferentially targeted in neurodegenerative
diseases such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD).
Concentrations of non-haem iron (mostly ferritin)
increase in the PUTAMEN, motor cortex, prefrontal cortex,
sensory cortex and thalamus during the first 30–35
years of life, and variable changes are observed in older
individuals24. Recent studies have shown that levels of
H-ferritin in older individuals (67–88 years of age) were
higher than in younger controls (27–66 years) in the
frontal cortex, CAUDATE NUCLEUS, putamen, substantia
nigra and GLOBUS PALLIDUS. In the case of L-ferritin, this
increase is observed only in the substantia nigra and
globus pallidus25,26.
In the parieto-occipital lobe of the cortex, the
expression of haem oxygenase-1 and ferritin increases
with age, whereas in the hippocampus, only haem
oxygenase-1 expression increases. Haem oxygenase-1
is found in both glia and neurons, whereas ferritin is
only found in glia. The increase in haem oxygenase-1
might contribute to an increased susceptibility to
oxidative stress in older people27.
Several lines of evidence indicate that in the brains of
older individuals iron homeostasis is accomplished
more efficiently in the locus coeruleus than in the substantia nigra. A linear increase in iron concentration
occurs with age in the substantia nigra, whereas in the
locus coeruleus the iron concentration is lower, and
remains constant throughout life. In the substantia
nigra, H- and L-ferritin concentrations increase with
age, whereas in the locus coeruleus both remain lower
and invariant15,26. In individuals over 80 years of age,
many extraneuronal iron deposits are present in the
substantia nigra, especially in oligodendrocytes, but few
iron deposits are observed in the locus coeruleus. Iron
deposits are found in neurons of the substantia nigra
that do not contain neuromelanin, but no iron deposits
are seen in neuromelanin-containing neurons in either
the substantia nigra or the locus coeruleus (FIG. 3). The
concentration of the neuromelanin–iron complex in
neurons of the substantia nigra and locus coeruleus
increases linearly during life, but the slope of the accumulation curve in the substantia nigra is steeper than in
the locus coeruleus15.
When older individuals (60–90 years of age), are
compared with younger subjects (28–49 years), more
iron staining is observed in the microglia and astrocytes
of the cortex, cerebellum, hippocampus, basal ganglia
and amygdala, and ferritin immunoreactivity is also
stronger in these cells. Oligodendrocytes contain the
largest amount of iron, ferritin and Tf, but this content
remains constant during ageing28. Iron accumulation in
microglia might stimulate the activation of these cells
in the neuroinflammatory processes that contribute to
AD and PD.
All of the above data were from post-mortem tissue,
but iron concentrations can also be assessed by noninvasive methods, such as MRI, which has revealed
an age-related increase in the non-haem iron concentration in the nucleus caudatus, putamen and globus
pallidus29–31.
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Figure 3 | Iron deposits in the ageing brain. Iron histochemistry with modified Perls’ staining of
human substantia nigra (a) and locus coeruleus (b) from a normal male subject aged 88.
Neuromelanin in dopaminergic neurons of the substantia nigra and noradrenaline neurons of the
locus coeruleus are seen as brown granules, and iron deposits are stained blue. Neuromelanincontaining neurons in both the substantia nigra (large arrows in a) and locus coeruleus (large arrows
in b) do not stain blue for iron. In the substantia nigra, there are many iron-positive cells, most of
which are oligodendrocytes with cytoplasmic iron deposits (small arrows), and in the locus
coeruleus, there are very few oligodendrocytes with light iron staining. Iron deposits are also present
in the cytoplasm of non-pigmented neurons of the substantia nigra, as shown at higher
magnification in the inset in panel a (arrow). Iron deposits can be observed in the whole substantia
nigra parenchyma, with the exception of pigmented neurons, but are completely absent in locus
coeruleus parenchyma. Reproduced, with permission, from REF. 15 © (2004) National Academy of
Sciences USA.

The increased iron concentrations in certain brain
regions could result from the altered vascularization that
is observed during ageing and in neurodegenerative
diseases32–34. The role of vascular factors in AD and the
common features shared by AD and vascular dementia
have recently been discussed35. The increase in iron concentrations in neurons, astrocytes and microglia, which
normally have low iron contents up to middle age, is typically present in regions such as the cortex, hippocampus
and substantia nigra, which are particularly susceptible to
the neuropathological changes that characterize AD and
PD36. This iron ‘invasion’ and ‘perennial occupation’
might directly damage these cells or perturb the cellular
environment, making it more susceptible to toxins and
activation processes of a pathogenic type (for example,
inflammation, factor release, morphological change or
apoptosis). Moreover, during brain ageing, iron is
partially converted from its stable and soluble form
(ferritin) into haemosiderin and other oxyhydroxide
derivatives that contain iron at higher reactivity (for a
review, see REF. 1). So the prelude of the pathogenic role of
iron in brain ageing can be summarized in this triad: iron
accumulation, invasion and increased reactivity.
Iron and neurological disease

LEWY BODIES

Intraneuronal inclusion bodies
that form one of the
pathological hallmarks of
Parkinson’s disease. They consist
of a dense granular core that is
surrounded by a halo of
radiating filaments. Their main
protein components include
α-synuclein and ubiquitin.
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Parkinson’s disease. Several authors have reported an
increase in total iron concentration in the substantia
nigra in the most severe cases of PD, but no changes in
milder cases37–39 (for a review, see REF. 40). Other studies
have reported no increase in total iron concentration in
the substantia nigra of patients with PD, probably
because of methodology issues and the different disease
stages of the patients41,42. An increase in iron content in
the lateral globus pallidus in comparison to the medial
globus pallidus was found, and this might be indicative
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of retrograde degeneration of dopaminergic neurons in
PD43,44. There is also a significant inverse relationship
between dopamine concentration and iron concentrations in the putamen, but not in the substantia nigra, of
patients with PD, supporting the concept of a retrograde
degenerative process45.
Iron (III) deposits were found in microglia, oligodendrocytes, astrocytes located close to neurons, pigmented
neurons and in the rim of LEWY BODIES in the substantia
nigra pars compacta of patients with PD. A similar picture of iron accumulation in glia and neurons was found
in the putamen and pallidum of the same patients.
Numbers of ferritin-loaded microglia are increased in the
substantia nigra of individuals with PD, and reactive
microglia are often associated with degenerating and neuromelanin-loaded dopaminergic cells36 (FIG. 4). In control
patients with presymptomatic PD, which is indicated
neuropathologically by neuronal loss and the presence of
Lewy bodies, there was no evidence of total iron increase46.
However, even in this case, iron mismanagement might
have occurred through intracellular (for example, from
cytosol to mitochondria) and intercellular (for example,
from oligodendrocytes to neurons) translocation.
Various methods16,47 have provided compelling evidence for the accumulation of iron in pigmented neurons
— in particular, in the form of a neuromelanin–iron
complex (for a review, see REF. 40). Synthetic dopamine–
melanin and neuromelanin both bind iron to a high
degree and in a saturation-dependent manner 48,49.
Neuronal cytoplasmic iron is seen at low concentrations
in the brains of patients with PD50, because neuromelanin
is a strong iron chelator and scavenges cytoplasmic iron.
The neuromelanin–iron complex activates microglia
in vitro, leading to the release of neurotoxic compounds
such as tumour necrosis factor-α, interleukin-6 and nitric
oxide. In PD, although different toxic or genetic mechanisms can initiate neuronal damage in the substantia
nigra, the neuromelanin that is released by dying neurons
can induce release of neurotoxic microglial factors, potentially leading to aggravation of neurodegeneration51,52.
MRI can be used to detect an augmented brain iron
content in living patients with PD that correlates with
measurements from post-mortem tissues53,54. Transcranial sonography, a newly developed technique that
enables two-dimensional visualization of the brain
parenchyma through the intact skull, shows an increased
area of echogenicity in the substantia nigra of patients
with PD, which correlates with iron content55.
An increase in redox-active iron associated with
neuromelanin occurs in substantia nigra neurons in PD.
This increase is higher in patients that have the most
severe neuronal loss, and it is not found in the immediate
vicinity of melanized neurons, providing further evidence for a central role for neuromelanin in modulating
iron reactivity56. PD is also associated with increased
haem oxygenase-1 immunoreactivity in the neuropil of
the substantia nigra, and intense immunostaining
in Lewy bodies in affected dopaminergic neurons57. In
patients with PD, the expression of the divalent cation
transporter DCT1 is augmented in substantia nigra
dopaminergic neurons58.
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Figure 4 | Iron and oxidative stress hypothesis of Parkinson’s disease. This scheme
summarizes pathochemical findings in Parkinson’s disease and attempts to explain possible
synergistic cascades, such as developing cell-death mechanisms. The model is based on postmortem findings, which indicate reduced mitochondrial complex I activity; loss of reduced
glutathione (GSH); increased iron concentrations; an increase in oxidative stress markers in the
substantia nigra; an increase in dopamine turnover and loss of dopamine in the striatum;
α-synuclein pathology, and Lewy-body generation and membranal degeneration in neurons.
Similar mechanisms involving iron-induced and hydrogen peroxide-induced oxidative stress have
been put forward for other neurodegenerative diseases. CuZn-SOD, copper and zinc-containing
superoxide dismutase; GSSG, oxidized glutathione; H2O2, hydrogen peroxide, MAO-B,
monoamine oxidase B; NAD, nicotinamide adenine dinucleotide; OH•, hydroxyl radical;.O2•–,
superoxide radical anion; OH–, hydroxide anion; 6-OHDA, 6-hydroxydopamine. Figure drawn
using information from REF. 116.

UBIQUITIN

A molecule that is attached to
lysine residues of other proteins,
often as a tag for their rapid
cellular degradation by the
proteasome.
REACTIVE OXYGEN SPECIES

(ROS) Oxygen radicals that are
produced by the mitochondrial
respiratory chain. In excess, they
can cause intracellular and
mitochondrial damage, which
promotes cell death.

The mechanism that underlies increased iron concentrations in the substantia nigra is not known. It
seems to be independent of the Tf/TfR system, as there
is a significant decrease in TfR density on melanized
neurons of the substantia nigra of patients with PD59.
The main iron-storage protein, ferritin, shows a significantly increased iron load in PD43. Other studies showed
an increase of lactoferrin receptors on substantia nigra
neurons and microvessels, and an increase of lactoferrin
content in neurons of patients with PD60,61. However, this
generalized increase of the lactoferrin system could be
secondary to iron accumulation in the substantia nigra.
In the substantia nigra of patients with PD, an upregulation of ferritin expression in response to iron increase
has been reported36 but other studies did not support
this finding 25,44,62.
Elevated iron concentrations in the substantia nigra
might result from mutations in genes that are relevant to
iron transport and binding. One example is the G258S Tf
polymorphism — a higher frequency of the G allele was
found in patients for whom the onset of PD occurred
after 60 years of age, in conjunction with a negative family
history 63. Another potential source of increased iron
is from peripheral influx through a disturbed or open
BBB in the substantia nigra. To investigate this possibility,
Leenders64 recently used radiolabelled verapamil hydrochloride and positron-emission tomography (PET) in
patients with PD and age-matched healthy controls.
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Verapamil is a specific substrate for the P-glycoprotein
(Pgp) multidrug resistance system in the cell membrane.
Pgp functions as an efflux pump, and verapamil does not
cross the BBB. They found a high level of uptake of verapamil in the mesencephalon of patients with PD but no
uptake in controls. Therefore, the Pgp system of the BBB
might not work well in certain brain regions in PD,
thereby rendering the brain accessible to serum iron.
What mechanisms might underlie iron-induced cell
damage in PD? Mutations in α-synuclein cause a form of
familial PD, and wild-type α-synuclein is an important
component of Lewy bodies. Abnormal filamentous
aggregates of misfolded α-synuclein protein are the main
components of Lewy bodies with iron deposits in the
rim, perhaps indicating a pathogenic role for α-synuclein
in PD. So far, little is known about the importance of
α-synuclein in the nigral–dopaminergic pathway in
either normal or pathological situations. In mice,
α-synuclein is highly expressed in the nigrostriatal
pathway and substantia nigra, and together with iron, is
upregulated following treatment with the neurotoxin
MPTP (N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)65. The consequence of increased cellular iron is
degradation of IRP2 through the UBIQUITIN pathway 66.
Radical scavengers, such as R-apomorphine, and the
iron chelators deferoxamine mesylate (Desferal,
Novartis) and epigallocatechin gallate (EGCG), induce
neuroprotection and reverse these effects66.
Iron contributes to the enhanced generation of
REACTIVE OXYGEN SPECIES (ROS), and increases oxidative
stress and protein aggregation, including the aggregation of α-synuclein, and aggregations that lead to the
formation of advanced glycation end products67–69. The
studies of Hashimoto70 indicate that iron-catalysed
oxidative reactions mediated by cytochrome c/hydrogen peroxide might be crucially involved in promoting
α-synuclein aggregation, a process that is inhibited by
desferrioxamine. In the presence of iron and free-radical
generators, such as dopamine or hydrogen peroxide,
BE-M17 human neuroblastoma cells that overexpress
wild-type, A53T or A30P α-synuclein produce intracellular aggregates that contain α-synuclein and ubiquitin67. This is prevented by the action of desferrioxamine.
Such aggregates disturb the cytosolic environment and
interact with vesicles and their dopamine transporters
and intraneuronal mitochondria, and these disturbances
might result in activation of cell-death cascades. However, the question of whether α-synuclein is neurotoxic
or neuroprotective is still open, as the formation of
Lewy bodies and accumulation of α-synuclein could
also be a compensatory process to enable the neuron to
protect itself.
Alzheimer’s disease. Accumulation of iron in the brain,
particularly in cells that are associated with neuritic
plaques, is a consistent observation in AD and has been
extensively investigated71. In the brains of patients with
AD, iron accumulation occurs without the normal agerelated increase in ferritin72, thereby increasing the risk of
oxidative stress73. Recent evidence indicates that ageing
and AD are associated with a decline in myelin, and this
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Figure 5 | Haemochromatosis protein staining of reactive astrocytes in brains of patients
with Alzheimer’s disease. Brain tissue from a patient with Alzheimer’s disease was
immunostained for the haemochromatosis (HFE) protein. In this micrograph from the superior
temporal gyrus, a number of immunoreactive astrocytes are visible. These cells appear brown in
the micrograph, and the cell bodies and short branching processes are visible. Some of the
astrocytes (for example, that indicated by the large arrow) are associated with blood vessels. In
addition to the astrocytes, a number of dystrophic neurons (for example, that indicated by the
small arrow) can also be seen in the microscopic field.

TAU

A neuronal protein that binds to
microtubules, promoting their
assembly and stability. It is also a
component of neurofibrillary
tangles, which are one of the
pathological hallmarks of
Alzheimer’s disease.
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could be related to the iron content of the myelin74. Iron
might also have a direct impact on plaque formation
through its effects on amyloid precursor protein (APP)
processing75. Furthermore, the ability of α-secretase
to cleave APP can be modulated by iron76. Iron seems to
promote both deposition of amyloid-β (Aβ) and oxidative stress, which is associated with the plaques77–79,
although some have argued that by binding iron, Aβ
might, in fact, protect the surrounding neurons from
oxidative stress80. Therefore, understanding the cellular
mechanisms for regulating iron could be fundamentally
important for understanding the biological basis of AD.
Chelators for metals such as iron that have redox potential are being developed and considered for the treatment
of AD (see below)81–84.
A link between congenital iron overload (haemochromatosis, or HFE1) and AD has recently become
apparent. The HFE protein is found in blood vessels in
the brain and the choroid plexus, and is expressed by
cells associated with neuritic plaques85. HFE is also
expressed by reactive astrocytes in the brains of patients
with AD (FIG. 5), as well as by neurons. The pattern of
neuronal staining for HFE in AD might indicate that
HFE is induced by stress, and neurons that stain for TAU
are also HFE-positive86. Mutations in the HFE gene that
are associated with this iron-overload disorder87 —
typically C282Y and H63D — are found at a higher
carrier frequency in people of European ancestry than
phenylketonuria and cystic fibrosis combined. The
presence of the HFE mutation in AD strongly supports
the idea that iron imbalance in the brain contributes
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to AD, and its prevalence indicates that it could be an
important risk factor for AD88. HFE mutations are
associated with increased oxidative stress and severity
of disease, as assessed neuropathologically 89,90, providing further support for the idea that iron underlies the increase in oxidative stress that promotes
neurodegeneration in AD.
The transferrin subtype C2 was also found with
increased frequency in patients with AD when compared with age-matched controls91–93. Patients with AD
who are homozygous for the apolipoprotein E isoform
E4 (APOE4) allele are twice as likely to have a TfC2 allele
than those without, or with only a single copy of,
APOE4 (REF. 91,94). The presence of the C2 variant plus
an HFE mutation increased the risk of AD five-fold, and
this risk was increased even more in the presence of
APOE4 (REF. 95). There is no significant difference
between TfC2 and other Tf variants in their ability to
bind iron92, so the impact of the TfC2 mutation on AD
is probably not mediated through the ability of Tf to
deliver iron to the brain or to neurons. The combined
data on Tf and HFE mutations clearly indicate that
genetic alterations specific to iron-management proteins
can increase the risk of AD, and they provide strong
evidence that iron mismanagement in the brain can
contribute to AD. To date, there is an ongoing investigation into the relationship between HFE mutations and
AD, as some studies have found an association with AD
and others have not.
Other neurological diseases. Iron, particularly its
accumulation, has been implicated in a series of other
neurological diseases96 and some of these are discussed
briefly here.
Iron and copper are intimately linked through the
blue, multicopper protein of plasma, ceruloplasmin97. In
congenital aceruloplasminaemia — a condition that is
characterized by extrapyramidal symptoms, ataxia and
progressive CNS and retinal neurodegeneration —
mutations in the ceruloplasmin gene cause the protein to
be absent from the plasma98–100. Although this does not
affect copper transport, severe iron loading is found in
parenchymal tissues including the brain, particularly
in the basal ganglia. The implications are that ceruloplasmin is required for iron mobilization from cells101.
Friedreich’s ataxia is the most common of the earlyonset inherited ataxias, and it is characterized by degeneration of the large sensory neurons and spinocerebellar
tracts, and cardiomyopathy 102. The disease is caused by
a substantial reduction in the concentration of the mitochondrial protein frataxin, which is provoked by a large
GAA triplet-repeat expansion in the first intron of the
frataxin gene, resulting in a reduction in frataxin expression by transcription inhibition103. This leads to increased
mitochondrial iron content, which seems to reflect the
vital role of frataxin in iron–sulphur cluster biosynthesis104,105. Some success has been achieved in retarding the
disease-associated cardiomyopathy using the ubiquinone
analogue 2,3-dimethoxy-5-methyl-6-(10-hydroxydecyl)1,4-benzoquinone106 (Idebenone, Takeda Chemical
Industries).
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Neuroferritinopathy is a dominantly inherited, lateonset basal-ganglia disease, which is caused by a single
adenine insertion into the gene for L-chain ferritin.
This is thought to alter the carboxyl terminus of the
protein107. Iron deposition in the basal ganglia, abnormal
aggregates of ferritin and iron in the globus pallidus
and substantia nigra, together with low serum ferritin
concentrations, are found in affected patients108. The
clinical symptoms include choreoathetosis, DYSTONIA,
spasticity and rigidity. Another mutation — a 2-basepair insertion in exon 4 of the L-chain ferritin gene that
causes changes in the amino-acid sequence and length
of this polypeptide — was also described. Patients with
neuroferritinopathy had abnormal ferritin accumulation in neurons and glia of the striatum and cerebellar
cortex, along with severe neuronal loss. Clinically, they
were affected by movement disorders and cognitive
decline109.
Mutations in the gene that codes for pantothenate
kinase 2 (PANK2) have been shown to be the main
genetic defects associated with neurodegeneration with
brain iron accumulation (NBIA — formerly known as
Hallervorden–Spatz syndrome)110,111. This autosomal
recessive disease, which is characterized by dystonia and
pigmentary retinopathy in children and speech or
neuropsychiatric defects in adults, has a characteristic
MRI pattern in the globus pallidus, known as ‘the eye of
the tiger’ because of its appearance111. Pantothenate
kinase is necessary for coenzyme-A biosynthesis, and it
is targeted to mitochondria. It is proposed that accumulation of cysteine, which chelates iron, causes oxidative
stress and leads to the accumulation of iron in the basal
ganglia.
Iron deficiency during development can result in
life-long cognitive and motor impairment112. Restless
legs syndrome (RLS) has been identified as a neurological disorder in adults that seems to be associated with
decreased iron in the substantia nigra and a possible
defect in IRP1 (REF. 21). The symptoms of RLS are
responsive to dopaminergic agonists113.
Animal models and therapeutic approaches

DYSTONIA

A movement disorder that is
characterized by abnormal
muscle tone.

Recent genetic analyses of iron overload that is confined
to the brain, together with biochemical studies, have
placed iron at the centre of research into neurodegenerative diseases (for reviews, see REFS 84,114–116). These
genetic mutations will help us to delineate the molecular mechanisms through which misregulation of iron
metabolism can lead to neurodegeneration. Abnormal
accumulation of iron is thought to participate in the
induction of toxic ROS, which can attack neurons and
induce neurodegeneration117. Adult mice with a knockout of the Irp2 gene accumulate iron and ferritin in
white matter tracts and the striatum, and these animals
exhibit a movement disorder consisting of ataxia,
tremor and bradykinesia118. Iron chelators and freeradical scavengers that cross the BBB might be able to
mobilize iron out of the brain and prevent the damage
that is caused by ROS.
Neurotoxins such as 6-hydroxydopamine, MPTP,
L-methampetamine and kainate have been used in
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animals to generate models to determine the mechanism of neurodegeneration in PD and Huntington’s
disease. These molecules initiate neuronal death
through a mechanism that involves oxidative stress,
which results from accumulation of the divalent metal
transporter DMT1 and iron at sites where neurodegeneration occurs116,119,120. This leads to depletion of
reduced glutathione (GSH) and accumulation of cytotoxic ROS, most notably the hydroxyl radical that is
generated by the interaction of iron and hydrogen
peroxide45,121,122. However, genomic and proteomic profiling of neurotoxin-induced neurodegeneration have
indicated more complex mechanistic features that
involve a cascade of ‘domino’ events, among which
are oxidative stress, inflammatory processes and iron
misregulation123.
An important neuropathological feature of neurotoxin-induced neurodegeneration is an increase
in iron concentrations, which has been observed in
the substantia nigra pars compacta of 6-hydroxydopamine- and MPTP-lesioned animals (rats, mice
and monkeys)119,124,125, and in hippocampal neurons
of kainite-treated rats and mice120,126. It has not been
possible to determine whether the accumulated iron is
in the labile ionic pool (free form), which can participate in the Fenton reaction with hydrogen peroxide
to generate the reactive hydroxyl radical. It has been
suggested that this process cannot take place unless
GSH peroxidase, the main enzyme that is responsible
for breaking down hydrogen peroxide in the brain, is
inactive127. The reduction in GSH (the rate limiting
co-factor of GSH peroxidase), which occurs in PD37
and in response to 6-hydroxydopamine and MPTP,
together with increased iron accumulation and reactive hydroxyl-radical generation, might be taken as
evidence for the presence of free iron. Indeed, it is the
free form of iron that initiates depletion of cellular
GSH127. If cells are depleted of GSH, the release of iron
is accompanied by oxidative stress. GSH depletion by
antimetabolites does not induce ferritin-bound iron
release or accumulation. Therefore, the fate of the cell
in which iron release and accumulation occurs seems
to depend on intracellular GSH.
The mechanism by which neurotoxins increase
iron concentrations is not known, but it must be associated with an alteration in the brain-iron-uptake
process, as in normal circumstances serum iron does
not cross the BBB. Indeed, kainate increases expression
of DMT1 in the mouse hippocampus120. It remains to
be seen whether 6-hydroxydopamine and MPTP have
similar effects.
There is evidence that increased iron participates in
the neurodegeneration process from studies where
intraventricular pretreatment with a brain-impermeable prototype iron chelator, desferrioxamine, was
shown to protect against 6-hydroxydopamine and
MPTP in rats and mice, respectively119. These results
have now been substantiated with systemic injection of
a brain-permeable iron chelator, VK-28 (Varinel Inc.)
(REF. 83), and the copper–iron chelator iodochlorhydroxyquin128 (Clioquinol, Prana Biotechnology Limited
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consequence of the studies by Rogers and Lahiri132. The
presence of an IRE in the 5′-UTR of the APP transcript
provided the first molecular biological support for
the current model that APP is a metalloprotein. The
involvement of metals in the plaques of patients with
AD, and the demonstration of metal-dependent translation of APP mRNA, together with the role of iron in
PD, have encouraged the development of chelators as a
new therapeutic strategy for the treatment of these and
other neurodegenerative disorders that involve iron
misregulation.
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Figure 6 | Iron-induced neurodegeneration in Parkinson’s disease and its prevention.
Neurodegeneration can result from iron transport across the blood brain barrier (BBB),
release from ferritin, the generation of reactive hydroxyl radicals (OH•) and induction of
oxidative stress in substantia nigra pars compacta dopamine neurons. Iron is transported
across the BBB by the divalent metal transporter (DMT1). Serum iron cannot cross the BBB
if it is formed normally. Neurotoxins such as kainate, 6-hydroxydopamine (6-OHDA) and
MPTP (N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) induce accumulation of iron at sites
where they initiate neurodegeneration. This might result either from increased uptake of iron
through DMT1, or its release from ferritin. Iron is thought to enter a labile pool (ionic iron),
where it is accessible to participate in the Fenton reaction with hydrogen peroxide (H2O2),
which is generated by dopamine metabolism by MAO (monoamine oxidase), auto-oxidation
and other oxidative processes. The Fenton reaction produces reactive hydroxyl radicals
(OH•). The resulting effect is oxidative stress as a consequence of depletion of cellular
antioxidants (vitamin E, reduced glutathione (GSH)), reduction of GSH/GSSG (oxidized
glutathione) and possibly glutathione peroxidase activity, and increased membrane lipid
peroxidation, DNA damage and protein oxidation and misfolding. Labile iron can also cause
aggregation of α-synuclein and amyloid-β (Aβ) to form toxic aggregates, which, in turn, can
initiate OH• generation, causing oxidative stress. Neuroprotective agents that can be used to
prevent iron-induced neurodegeneration include M30 and HLA-20 (bifunctional iron chelatorMAO inhibitors): desferal, VK-28, R-APO (R-apomorphine) and EGCG (epigallocatechin
gallate) (iron chelators); R-APO, EGCG, melatonin and Vit E (vitamin E) (radical scavengers).
IRP2, iron regulatory protein 2 (REFS 37,84,114,116).

WILSON’S DISEASE

A genetic disorder that causes
excessive copper accumulation
in the liver and brain, resulting
in hepatitis and psychiatric and
neurological symptoms.

870

(US and Japan)/P.N. Gerolymatos S.A. (Europe and
other territories)) in mice and rats in response to
6-hydroxydopamine and MPTP, respectively. These
results might explain why antioxidant-radical scavengers,
such a vitamin E, lipoic acid, melatonin, ebselen and the
polyphenol EGCG, are protective against neurotoxins129–131. In the MPTP model, iron chelation by
pharmacological means or a ferritin transgene is protective against MPTP neurotoxicity128, and nutritional iron
deficiency protects rats against kainate and 6-hydroxydopamine126.
Evidence to link abnormal metal (iron, copper and
zinc) metabolism and handling with AD pathology has
repeatedly been reported. However, unlike the animal
models for PD, where the role of iron in dopaminergic
neurodegeneration has been investigated, there have
been few such studies with transgenic AD models.
Nevertheless, iron has taken centre stage in AD as a
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Genetic and biochemical manipulation of iron have
indicated that iron has a pivotal role in neurotoxicity
and neurodegeneration in animal models of neurodegenerative diseases. This is supported by the discovery of
genetic and non-genetic misregulation of iron metabolism in these disorders. The neuroprotection that is seen
with iron chelators in the animal models indicates that
iron-chelation therapy could be a viable neuroprotective
approach for treating PD, AD and other neurological
disorders that are associated with abnormal iron metabolism in the brain117.
Chelation has the potential to prevent iron-induced
ROS, oxidative stress and aggregation of α-synuclein and
Aβ, and the limited in vitro and in vivo neuroprotective
studies that have been carried out so far seem to support
this idea. This approach is not unprecedented: the
copper chelator D-penicillamine (Cuparamine, Merck)
has been used successfully for the removal of copper in
WILSON’S DISEASE, and chronic desferal treatment for aceruloplasminaemia was shown by functional MRI to
remove iron and improve the neurological aspects of the
disorder131. Some success has also been reported with
the copper chelator clioquinol in AD82. Unfortunately,
however, clioquinol is highly toxic, and desferal has poor
penetration across the BBB.
Non-toxic lipophilic brain-permeable iron chelators
offer potential therapeutic benefits for progressive
neurodegenerative diseases. Compounds such as VK-28
(REF. 83) and the bifunctional iron chelators HLA-20 and
M30 (REFS 84,133), which possess the propargylamine
monoamine oxidase inhibitory and neuroprotective
moiety of the PD-therapeutic drug N-propargyl-1(R)aminoindan134 (Rasagiline, Teva Pharmaceutical
Industries Ltd) (FIG. 6), offer a potential therapeutic solution to the neurotoxicity that is induced by divalent metal
misregulation. Preliminary studies in animals83,119,128
have not shown any interference with neurotransmitter
metabolism or nicotinamide adenine dinucleotide
(NADH) oxidoreductase (complex I) activity, but the
use of iron chelators must be carefully controlled to
avoid toxic effects135. One possible non-toxic approach
for treating AD and PD with metal chelators could
make use of the polyphenols EGCG and curcumin
(a constituent of turmeric). Both compounds have antioxidant, iron chelating and anti-inflammatory activies,
are neuroprotective in animal models of PD and AD,
and also regulate the processing of APP through a
non-amyloidogenic pathway 131,136.
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Conclusions

During ageing, the total iron concentration increases in
some brain regions that are targeted by degenerative
diseases such as AD, PD and Huntington’s disease. This
inability to regulate iron homeostasis generates a surplus
of reactive iron, which invades cells such as astrocytes,
microglia and neurons. Understanding the timing of
iron mismanagement in relation to the progression
of neuronal loss would provide important information
on pathogenesis, and would raise the possibility of
monitoring iron changes as a marker of disease progression, and perhaps even pre-clinical diagnosis in conditions where iron misregulation is an early event. It is
possible that iron accumulation is purely a consequence
of neuronal loss and substitution by cells with higher
iron content, or a breakdown of the BBB that allows
more iron to access the brain.
More data is needed on the age trend of iron concentrations in different brain regions and the cellular
distribution of iron molecules in the same individuals.
This is a necessary baseline to understand diseaserelated changes that involve iron. Information on iron
is available only in a few brain regions from different
individuals, and complete maps of individual patients
are not available. Moreover, data on iron in some areas
that are seriously impaired in AD and PD are still
missing. The relaxation rate values of MRI studies have
been correlated with approximate ferritin accumulation

1.

Crichton, R. R. Inorganic Biochemistry of Iron Metabolism:
From Molecular Mechanisms to Clinical Consequences
(John Wiley & Sons, Chichester, 2001).
A comprehensive overview of iron biochemistry, from
molecules to medicine.
2. Pigeon, C. et al. A new mouse liver-specific gene, encoding
a protein homologous to human antimicrobial peptide
hepcidin, is overexpressed during iron overload. J. Biol.
Chem. 276, 7811–7819 (2001).
3. Nicolas, G. et al. Lack of hepcidin gene expression and
severe tissue iron overload in upstream stimulatory factor 2
(USF2) knockout mice. Proc. Natl Acad. Sci. USA 98,
8780–8785 (2001).
4. Papanikolaou, G. et al. Mutations in HFE2 cause iron
overload in chromosome 1q-linked juvenile
hemochromatosis. Nature Genet. 36, 77–82 (2004).
5. Andrews, N. C. Iron homeostasis: insights from genetics
and animal models. Nature Rev. Genet. 1, 208–217 (2000).
6. Andrews, N. C. The iron transporter DMT1. Int. J. Biochem.
Cell. Biol. 31, 991–994 (1999).
7. Kawabata, H. et al. Molecular cloning of transferrin receptor
2. A new member of the transferrin receptor-like family.
J. Biol. Chem. 274, 20826–20832 (1999).
8. Eisenstein, R. S. Iron regulatory proteins and the molecular
control of mammalian iron metabolism. Annu. Rev. Nutr. 20,
627–662 (2000).
A recent review of the translational control of iron
homeostasis.
9. Aisen, P., Enns, C. & Wessling-Resnick, M. Chemistry and
biology of eukaryotic iron metabolism. Int. J. Biochem. Cell.
Biol. 33, 940–959 (2001).
A recent review of eukaryotic iron metabolism.
10. Burdo, J. R. & Connor, J. R. Brain iron uptake and
homeostatic mechanisms: an overview. BioMetals 16,
63–75 (2003).
This review provides an up-to-date assessment of the
knowledge of iron transport into the brain. The article
identifies the flaws in the current thinking about
mechanisms of transport and reveals that little is
known about the regulation of these mechanisms.
Moreover, the article introduces new research
directions and concepts.
11. Koeppen, A. H. The history of iron in the brain. J. Neurol.
Sci. 134 (Suppl.), 1–9 (1995).
12. Connor, J. R. & Menzies, S. L. Cellular management of iron
in the brain. J. Neurol. Sci. 134 (Suppl.), 33–44 (1999).

NATURE REVIEWS | NEUROSCIENCE

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

from a 1958 study that was carried out using a nonvalidated method24. Other in vivo imaging techniques,
such as transcranial ultrasonography, could, with adequate technological improvement, provide good
descriptions of iron accumulation in the substantia
nigra and basal ganglia55. In vivo studies with PET
using 52Fe molecules that cross the BBB could describe
physiological iron pathways and altered iron metabolism in the living human brain137. These imaging
techniques could enable the early detection of iron
misregulation/accumulation and pre-clinical diagnosis
of neurodegenerative diseases.
More information on proteins and other molecules
that are involved in iron metabolism is also needed.
The development of non-toxic and more selective iron
chelators could allow the removal of potentially harmful iron deposits in older people. More in vitro and in vivo
studies should be done to investigate how iron misregulation/accumulation synergizes with common
endogenous and environmental toxins, because this is
probably the most frequent pathogenic mechanism in
sporadic AD and PD. Iron misregulation/accumulation
alone can kill neurons only in genetic disorders where
iron imbalance occurs rapidly and is extensive.
However, in more than 95% of AD and PD cases,
the amount of iron build-up is relatively low and the
neurotoxic mechanism might involve a combination of
iron and other toxins.

This article establishes that there are differences in
cellular iron usage and regulation among the specific
cell types in the brain by demonstrating the
differences in cell-specific ratios between H- and
L-ferritin subunits.
Connor, J. R., Boeshore, K. L. & Benkovic, S. A. Isoforms of
ferritin have a specific cellular distribution in the brain.
J. Neurosci. Res. 37, 461–465 (1994).
Moos, T. & Morgan, E. H. The metabolism of neuronal iron
and its pathogenic role in neurological disease: review. Ann.
NY Acad. Sci. 1, 1012–1014 (2004).
Zecca, L. et al. The role of iron and copper molecules in the
neuronal vulnerability of locus coeruleus and substantia
nigra during aging. Proc. Natl Acad. Sci. USA 101,
9843–9848 (2004).
This is the first study on iron, neuromelanin and
ferritin in the locus coeruleus that provides an
accurate comparison with iron in the substantia nigra.
The age trend and cellular distribution in the locus
coeruelus and substantia nigra is reported.
Zecca, L. et al. Interaction of neuromelanin and iron in
substantia nigra and other areas of human brain.
Neuroscience 73, 407–415 (1996).
This study shows that neuromelanin chelates ironforming stable complexes in the substantia nigra and
other brain regions.
Sulzer, D. et al. Neuromelanin biosynthesis is driven by
excess cytosolic catecholamines not accumulated by
synaptic vesicles. Proc. Natl Acad. Sci. USA 97,
11869–11874 (2000).
Zecca, L., Zucca, F. A., Wilms, H. & Sulzer, D. Neuromelanin
of the substantia nigra: a neuronal black hole with protective
and toxic characteristics. Trends Neurosci. 26, 578–580
(2003).
Wakamatsu, K., Fujikawa, K., Zucca, F. A., Zecca, L. & Ito, S.
The structure of neuromelanin as studied by chemical
degradative methods. J. Neurochem. 86, 1015–1023 (2003).
Bartlett, W. P., Li, X. S. & Connor, J. R. Expression of the
transferrin mRNA in jimpy mice. J. Neurochem. 57,
318–322 (1991).
Connor, J. R. et al. Decreased transferrin receptor
expression by neuromelanin cells in restless legs syndrome.
Neurology 62, 1563–1567 (2004).
de Arriba Zerpa, G. A. et al. Alternative splicing prevents
transferrin differentiation of a human oligodendrocyte cell
line. J. Neurosci. Res. 61, 388–395 (2000).

23. Hulet, S. W., Powers, S. & Connor, J. R. Distribution of
transferrin and ferritin binding in normal and multiple sclerotic
human brains. J. Neurol. Sci. 165, 48–55 (1999).
24. Hallgren, B. & Sourander, P. The effect of aging on the nonhaemin iron in the human brain. J. Neurochem. 3, 41–51
(1958).
25. Connor, J. R., Snyder, B. S., Arosio, P., Loeffler, D. A. &
LeWitt, P. A quantitative analysis of isoferritins in select
regions of aged, parkinsonian and Alzheimer Disease brains.
J. Neurochem. 65, 717–724 (1995).
26. Zecca, L. et al. Iron, neuromelanin and ferritin in substantia
nigra of normal subjects at different ages. Consequences
for iron storage and neurodegenerative disorders.
J. Neurochem. 76, 1766–1773 (2001).
27. Hirose, W., Ikematsu, K. & Tsuda, R. Age-associated
increase in heme oxygenase-1 and ferritin immunoreactivity
in the autopsied brain. Leg. Med. 5 (Suppl. 1), S360–S366
(2003).
28. Connor, J. R., Menzies, S. L., St. Martin, S. M. & Mufson, E. J.
Cellular distribution of transferrin, ferritin and iron in normal
and aged human brains. J. Neurosci. Res. 27, 595–611
(1990).
29. Bartzokis, G. et al. MR evaluation of brain iron in young
adults and older normal males. Magn. Reson. Imaging 15,
29–35 (1997).
References 29 and 74 establish the strength of MRI in
examining brain iron distribution and changes in the
brain with ageing. In particular, they establish a
potential new tool in the evaluation of brain iron
changes in normal and disease states, and expand on
an important but underappreciated concept that
cognitive decline with ageing could be initiated in the
white matter.
30. Martin, W. R., Ye, F. Q. & Allen, P. S. Increasing striatal iron
content associated with normal aging. Mov. Disord. 13,
281–286 (1998).
31. Ogg, R. J., Langston, J. W., Haacke, E. M., Steen, R. G. &
Taylor, J. S. The correlation between phase shifts in gradientecho MR images and regional brain iron concentration.
Magn. Reson. Imaging 17, 1141–1148 (1999).
32. Brun, A. & Englund, E. A white matter disorder in dementia
of the Alzheimer type: a pathoanatomical study. Ann.
Neurol. 19, 253–262 (1986).
33. Snowdon, D. A. Nun Study. Healthy aging and dementia:
findings from the Nun Study. Ann. Intern. Med. 139,
450–454 (2003).

VOLUME 5 | NOVEMBER 2004 | 8 7 1

REVIEWS
34. Faucheux, B. A., Bonnet, A. M., Agid, Y. & Hirsch, E. C.
Blood vessels change in the mesencephalon of patients
with Parkinson’s disease. Lancet 353, 981–982 (1999).
This paper reports that increased iron concentration
in the mesencephalon of patients with PD could be
related to altered vascularization.
35. Iadecola, C. Neurovascular regulation in the normal brain
and in Alzheimer’s disease. Nature Rev. Neurosci. 5,
347–360 (2004).
36. Jellinger, K., Paulus, W., Grundke-Iqbal, I., Riederer, P. &
Youdim, M. B. Brain iron and ferritin in Parkinson’s and
Alzheimer’s disease. J. Neural. Transm. Park. Dis. Dement.
Sect. 2, 327–340 (1990).
37. Riederer, P. et al. Transition metals, ferritin, glutathione, and
ascorbic acid in parkinsonian brains. J. Neurochem. 52,
515–520 (1989).
This paper describes the first systematic determination
of iron concentrations, GSH, vitamin C and ferritin in
the substantia nigra in individuals with PD.
38. Dexter, D. T. et al. Increased nigral iron content in postmortem parkinsonian brain. Lancet 341, 1219–1220
(1987).
39. Hirsch, E. C., Brandel, J.-P., Galle, P., Javoy-Agid, F. & Agid, Y.
Iron and aluminum increase in the substantia nigra of
patients with Parkinson’s disease: an X-ray microanalysis.
J. Neurochem. 56, 446–451 (1991).
40. Götz, M. E., Double, K., Gerlach, M., Youdim, M. B. & Riederer, P.
The relevance of iron in the pathogenesis of Parkinson’s
disease. Ann. NY Acad. Sci. 1012, 193–208 (2004).
41. Uitti, R. J. et al. Regional metal concentrations in Parkinson’s
disease, other chronic neurological diseases, and control
brains. Can. J. Neurol. Sci. 16, 310–314 (1989).
42. Galazka-Friedman, J. et al. Iron in parkinsonian and control
substantia nigra: a Mossbauer spectroscopy study. Mov.
Disord. 11, 8–16 (1996).
43. Griffiths, P. D., Dobson, B. R., Jones, G. R. & Clarke, D. T.
Iron in the basal ganglia in Parkinson’s disease: an in vitro
study using extended X-ray absorption fine strucutre and
cryo-electron microscopy. Brain 122, 667–673 (1999).
44. Dexter, D. T. et al. Alterations in the levels of iron, ferritin and
other trace metals in Parkinson’s disease and other
neurodegenerative diseases affecting the basal ganglia.
Brain 114, 1953–1975 (1991).
45. Gerlach, M., Ben-Shachar, D., Riederer, P. & Youdim, M. B.
Altered brain metabolism of iron as a cause of
neurodegenerative diseases? J. Neurochem. 63, 793–807
(1994).
46. Owen, A. D., Schapira, A. H. V., Jenner, P. & Marsden, C. D.
Indices of oxidative stress in Parkinson’s disease,
Alzheimer’s disease, and dementia with Lewy bodies.
J. Neural. Transm. 51 (Suppl.), 167–173 (1997).
47. Jellinger, K. et al. Iron-melanin complex in substantia nigra of
parkinsonian brains: an x–ray microanalysis. J. Neurochem.
59, 1168–1171 (1992).
48. Ben-Shachar, D., Eshel, G., Finberg, J. P. & Youdim, M. B.
The iron chelator desferrioxamine (Desferal) retards
6-hydroxydopamine-induced degeneration of nigrostriatal
dopamine neurons. J. Neurochem. 56, 1441–1444 (1991).
This paper describes the first use of an iron chelator,
desferal, as a neuroprotective drug in a model of PD.
49. Double, K. L. et al. Iron-binding characteristics of
neuromelanin of the human substantia nigra. Biochem.
Pharmacol. 66, 489–494 (2003).
50. Good, P., Olanow, C. W. & Perl, D. P. Neuromelanincontaining neurons of the substantia nigra accumulate iron
and aluminium in Parkinson’s disease: a LAMMA study.
Brain Res. 593, 343–346 (1992).
51. Wilms, H. et al. Activation of microglia by human
neuromelanin is NF-κB dependent and involves p38
mitogen-activated protein kinase: implications for
Parkinson’s disease. FASEB J. 17, 500–502 (2003).
This study demonstrates that the neuromelanin–iron
complexes that occur extraneuronally in PD can
activate microglia, thereby aggravating
neurodegeneration in this disease.
52. Langston, J. W. et al. Evidence of active nerve cell
degeneration in the substantia nigra of humans years after
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine exposure.
Ann. Neurol. 46, 598–605 (1999).
53. Gorell, J. M. et al. Increased iron-related MRI contrast in the
substantia nigra in Parkinson’s disease. Neurology 45,
1138–1143 (1995).
This study uses MRI to show iron accumulation in the
substantia nigra of patients with PD.
54. Ryvlin, P. et al. Magnetic resonance imaging evidence of
decreased putamenal iron content in idiopathic Parkinson’s
disease. Arch. Neurol. 52, 583–588 (1995).
55. Berg, D. et al. Echogenicity of the substantia nigra:
association with increased iron content and marker for
susceptibility to nigrostriatal injury. Arch. Neurol. 59,
999–1005 (2002).

872

| NOVEMBER 2004 | VOLUME 5

56. Faucheux, B. A. et al. Neuromelanin associated redoxactive iron is increased in the substantia nigra of patients
with Parkinson’s disease. J. Neurochem. 86, 1142–1148
(2003).
57. Schipper, H. M., Liberman, A. & Stopa, E. G. Neural heme
oxygenase-1 expression in idiopathic Parkinson’s disease.
Exp. Neurol. 150, 60–68 (1998).
58. Qian, Z. M. & Wang, Q. Expression of iron transport proteins
and excessive iron accumulation in the brain in
neurodegenerative disorders. Brain Res. Brain Res. Rev.
27, 257–267 (1998).
59. Faucheux, B. A., Hauw, J. J., Agid, Y. & Hirsch, E. C. The
density of [125I]–transferrin binding sites on perikarya of
melanized neurons of the substantia nigra is decreased in
Parkinson’s disease. Brain Res. 749, 170–174 (1997).
60. Faucheux, B. A. et al. Expression of lactoferrin receptors is
increased in the mesencephalon of patients with Parkinson
disease. Proc. Natl Acad. Sci. USA 92, 9603–9607 (1995).
61. Leveugle, B. et al. Cellular distribution of the iron-binding
protein lactotransferrin in the mesencephalon of Parkinson’s
disease cases. Acta Neuropathol. (Berl.) 91, 566–572
(1996).
62. Faucheux, B. A. et al. Lack of up-regulation of ferritin is
associated with sustained iron regulatory protein-1 binding
activity in the substantia nigra of patients with Parkinson’s
disease. J. Neurochem. 83, 320–330 (2002).
63. Borie, C. et al. French Parkinson’s disease genetic study
group. Association study between iron-related genes
polymorphisms and Parkinson’s disease. J. Neurol. 249,
801–804 (2002).
64. Leenders, K. L. et al. Verapamil uptake in mesecephalon of
Parkinson disease. Ann. Neurol. (in the press).
65. Vila, M. et al. α-synuclein up-regulation in substantia nigra
dopaminergic neurons following administration of the
parkinsonian toxin MPTP. J. Neurochem. 74, 721–729
(2000).
66. Mandel, S., Maor, G. & Youdim, M. B. H. Iron and α
synuclein in the substantia nigra of MPTP treated mice;
effect of neuroprotective drugs R-apomorphine and green
tea polyphenol epipgallocatechin-3-gallate. J. Mol.
Neurosci. (in the press).
67. Ostrerova-Golts, N. et al. The A53T α-synuclein mutation
increases iron-dependent aggregation and toxicity.
J. Neurosci. 20, 6048–6054 (2000).
This study indicates that α-synuclein can interact with
iron to induce the formation of intracellular
aggregates, and reports on the consequent effect on
neuronal death in PD.
68. Uversky, V. N., Li, J. & Fink, A. L. Metal-triggered structural
transformations, aggregation, and fibrillation of human
α-synuclein. A possible molecular link between Parkinson’s
disease and heavy metal exposure. J. Biol. Chem. 276,
44284–44296 (2001).
69. Münch, G. et al. Crosslinking of α–synuclein by advanced
glycation endproducts — an early pathophysiological step in
Lewy body formation? J. Chem. Neuroanat. 20, 253–257
(2000).
70. Hashimoto, M., Takeda, A., Hsu, L. J., Takenouchi, T. &
Masliah, E. Role of cytochrome c as a stimulator of
α-synuclein aggregation in Lewy body disease. J. Biol.
Chem. 274, 28849–28852 (1999).
71. Levine, S., Connor, J. & Schipper, H. Redox-active metals in
neurological disorders. Ann. NY Acad. Sci. 1012, (2004).
72. Connor, J. R., Snyder, B. S., Beard, J. L., Fine, R. E. &
Mufson, E. J. Regional distribution of iron and iron-regulatory
proteins in the brain in aging and Alzheimer’s disease.
J. Neurosci. Res. 31, 327–335 (1992).
73. Thompson, K. et al. Mouse brains deficient in H-ferritin have
normal iron concentration but a protein profile of iron
deficiency and increased evidence of oxidative stress.
J. Neurosci. Res. 71, 46–63 (2003).
74. Bartzokis, G. Age-related myelin breakdown: a
developmental model of cognitive decline and Alzheimer’s
disease. Neurobiol. Aging 25, 5–18 (2004).
75. Rogers, J. T. et al. An iron-responsive element type II in the
5’-untranslated region of the Alzheimer’s amyloid precursor
protein transcript. J. Biol. Chem. 277, 45518–45528
(2002).
This study raises the possibility that APP production
and synthesis could be influenced by cellular iron
status through an IRE on the APP mRNA. This
mechanism has the potential to integrate a number of
different aspects of iron changes, amyloid deposition
and oxidative stress.
76. Bodovitz, S., Falduto, M. T., Frail, D. E. & Klein, W. L. Iron
levels modulate α-secretase cleavage of amyloid precursor
protein. J. Neurochem. 64, 307–315 (1995).
77. Huang, X. et al. Alzheimer’s disease, β-amyloid protein and
zinc. J. Nutr. 130, 1488S–1492S (2000).
78. Rottkamp, C. A. et al. Redox-active iron mediates amyloid-β
toxicity. Free Radic. Biol. Med. 30, 447–450 (2001).

79. Mantyh, P. et al. Aluminum, iron and zinc ions promote
aggregation of physiological concentrations of β-amyloid
peptide. J. Neurochem. 61, 1171–1174 (1993).
80. Perry, G. et al. The role of iron and copper in the aetiology of
neurodegenerative disorders: therapeutic implications.
CNS Drugs 16, 339–352 (2002).
81. Bush, A. I. Metal complexing agents as therapies for
Alzheimer’s disease. Neurobiol. Aging 23, 1031–1038
(2002).
82. Ritchie, C. W. et al. Metal-protein attenuation with
iodochlorhydroxyquin (clioquinol) targeting Aβ amyloid
deposition and toxicity in Alzheimer disease: a pilot phase 2
clinical trial. Arch. Neurol. 60, 1685–1691 (2003).
83. Ben Shachar, D., Kahana, N., Kampel, V., Warshawsky, A. &
Youdim, M. B. Neuroprotection by a novel brain permeable
iron chelator, VK-28, against 6-hydroxydopamine lesion in
rats. Neuropharmacology 46, 254–263 (2004).
84. Youdim, M. B. H., Fridkin, M. & Zheng, H. Novel bifunctional
drugs targeting monoamine oxidase inhibition and iron
chelation as an approach to neuroprotection in Parkinson’s
disease and other neurodegenerative diseases. J. Neural.
Transm. 1435–1463 (Online) (2004).
This paper describes the development of the
first brain-permeable bifunctional iron chelator–MAO
inhibitor, which is derived from the prototype brainpermeable neuroprotective iron chelator VK-28.
85. Connor, J. R. et al. Is hemochromatosis a risk factor for
Alzheimer’s disease? J. Alzheimers Dis. 3, 471–477 (2001).
86. Lee, S. & Connor, J. R. Regulation of Hfe by stress factors in
BV-2 cells. Neurobiol. Aging (in the press).
87. Feder, J. N. et al. A novel MHC class I-like gene is mutated
in patients with hereditary haemochromatosis. Nature
Genet. 13, 399–408 (1996).
88. Moalem, S. et al. Are hereditary hemochromatosis
mutations involved in Alzheimer disease? Am. J. Med.
Genet. 93, 58–66 (2000).
89. Braak, H., Braak, E. & Bohl, J. Staging of Alzheimer-related
cortical destruction. Eur. Neurol. 33, 403–408 (1993).
90. Pulliam, J. F. et al. Association of HFE mutations with
neurodegeneration and oxidative stress in Alzheimer’s
disease and correlation with APOE. Am. J. Med. Genet.
119B, 48–53 (2003).
91. Namekata, K. et al. Association of transferrin C2 allele with
late-onset Alzheimer’s disease. Hum. Genet. 101, 126–129
(1997).
92. Van Landeghem, G., Sikstrom, C., Beckman, L., Adolfsson, R.
& Beckman, R. Transferrin C2, metal binding and
Alzheimer’s Disease. Neuroreport 9, 177–179 (1998).
93. Zambenedetti, P., De Bellis, G., Biunno, I., Musicco, M. &
Zatta, P. Transferrin C2 variant does confer a risk for
Alzheimer’s disease. J. Alzheimers Dis. 5, 423–427
(2003).
94. Hussain, R. I., Ballard, C. G., Edwardson, J. A. & Morris, C. M.
Transferrin gene polymorphism in Alzheimer’s disease and
dementia with Lewy bodies in humans. Neurosci. Lett. 317,
13–16 (2002).
95. Robson, K. J. et al. Synergy between the C2 allele of
transferrin and the C282Y allele of the haemochromatosis
gene (Hfe) as risk factors for developing Alzheimer’s
Disease. J. Med. Genet. 41, 261–265 (2004).
96. Ke, Y. & Ming Qian, Z. Iron misregulation in the brain: a
primary cause of neurodegenerative disorders. Lancet
Neurol. 2, 246–253 (2003).
An overview of the role of misregulation of iron
metabolism in neurodegeneration.
97. Nittis, T. & Gitlin, J. D. The copper–iron connection:
hereditary aceruloplasminemia. Semin. Hematol. 39,
282–289 (2002).
98. Yoshida, K. et al. A mutation in the ceruloplasmin gene is
associated with systemic hemosiderosis in humans. Nature
Genet. 9, 267–272 (1995).
99. Harris, Z. L. et al. Aceruloplasminemia: molecular
characterization of this disorder of iron metabolism. Proc.
Natl Acad. Sci. USA 92, 2539–2543 (1995).
The copper–iron relationship explained.
100. Miyajama, H. et al. The use of deferrioxamine in the
treatment of aceruloplasminemia. Ann. Neurol. 41, 404–407
(1997).
101. Harris, Z. L. et al. Targeted gene disruption reveals an
essential role for ceruloplasmin in cellular iron efflux. Proc.
Natl Acad. Sci. USA 96, 10812–10817 (1999).
102. Patel, P. I. & Isaya, G. Friedreich ataxia: from GAA tripletrepeat expansion to frataxin deficiency. Am. J. Hum. Genet.
69, 15–24 (2001).
103. Zoghbi, H. Y. & Orr, H. T. Glutamine repeats and
neurodegeneration. Ann. Rev. Neurosci. 23, 217–247
(2000).
This review discusses the consequences of too many
glutamine repeats.
104. Gordon, N. Friedreich’s ataxia and iron metabolism. Brain
Dev. 22, 465–468 (2000).

www.nature.com/reviews/neuro

REVIEWS
105. Muhlenhoff, U., Richhardt, N., Ristow, M., Kispal, G. & Lill, R.
The yeast frataxin homolog Yfh1p plays a specific role in the
maturation of cellular Fe/S proteins. Hum. Mol. Genet. 11,
2025–2036 (2002).
106. Cooper, J. M. & Schapira, A. H. Friedreich’s ataxia: disease
mechanisms, antioxidant and Coenzyme Q10 therapy.
Biofactors 18, 163–171 (2003).
A timely review of Friedreich’s ataxia and antioxidant
therapy.
107. Curtis, A. R. et al. Mutation in the gene encoding ferritin light
polypeptide causes dominant adult-onset basal ganglia
disease. Nature Genet. 28, 350–354 (2001).
108. Crompton, D. E. et al. Neuroferritinopathy: a window on the
role of iron in neurodegeneration. Blood Cells Mol. Dis. 29,
522–531 (2002).
109. Vidal, R. et al. Intracellular ferritin accumulation in neural and
extraneural tissue characterizes a neurodegenerative
disease associated with a mutation in the ferritin light
polypeptide gene. J. Neuropathol. Exp. Neurol. 63,
363–380 (2004).
110. Zhou, B. et al. A novel pantothenate kinase gene (PANK2) is
defective in Hallervorden–Spatz syndrome. Nature Genet. 4,
345–349 (2001).
111. Hayflick, S. J. Unravelling the Hallervorden–Spatz syndrome:
pantothenate kinase-associated neurodegeneration is the
name. Curr. Opin. Pediatr. 15, 572–577 (2003).
112. Beard, J. L. & Connor, J. R. Iron Status and Neural
Functioning. Annu. Rev. Nutr. 23, 41–58 (2003).
113. Earley, C. J. Clinical practice. Restless legs syndrome.
N. Engl. J. Med. 348, 2103–2109 (2003).
114. Youdim, M. B., Ben-Shachar, D. & Riederer, P. The possible
role of iron in the etiopathology of Parkinson’s disease. Mov.
Disord. 8, 1–12 (1993).
115. Ponka, P. Hereditary causes of disturbed iron homeostasis
in the central nervous system. Ann. NY Acad. Sci. 1012,
267–281 (2004).
116. Youdim, M. B. H. & Riederer, P. in Encyclopedia of
Neuroscience (Elsevier, Amsterdam, 2004).
A review about brain iron in normal and pathological
conditions.
117. Barnham, K. J., Masters, C. L. & Bush, A. I.
Neurodegenerative diseases and oxidative stress. Nature
Rev. Drug Discov. 3, 205–214 (2004).
118. LaVaute, T. et al. Targeted deletion of the gene encoding iron
regulatory protein-2 causes misregulation of iron metabolism
and neurodegenerative disease in mice. Nature Genet. 27,
209–214 (2001).
119. Youdim, M. B. H., Stephenson, G. & Ben Shachar, D.
Ironing iron out in Parkinson’s disease and other
neurodegenerative diseases with iron chelators: a lesson

NATURE REVIEWS | NEUROSCIENCE

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

from 6-hydroxydopamine and iron chelators, desferal and
VK-28. Ann. NY Acad. Sci. 1012, 306–325 (2004).
Wang, X. S., Ong, W. Y. & Connor, J. R. Quinacrine
attenuates increases in divalent metal transporter-1 and iron
levels in the rat hippocampus, after kainate-induced
neuronal injury. Neuroscience 120, 21–29 (2003).
Cohen, G. Oxidative stress, mitochondrial respiration, and
Parkinson’s disease. Ann. NY Acad. Sci. 899, 112–120
(2000).
Jenner, P. & Olanow, C. W. Understanding cell death in
Parkinson’s disease. Ann. Neurol. 44 (3 Suppl. 1), S72–S84
(1998).
Mandel, S., Weinreb, O. & Youdim, M. B. Using cDNA
microarray to assess Parkinson’s disease models and the
effects of neuroprotective drugs. Trends Pharmacol. Sci.
24, 184–191 (2003).
Temlett, J. A., Landsberg, J. P., Watt, F. & Grime, G. W.
Increased iron in the substantia nigra compacta of the
MPTP-lesioned hemiparkinsonian African green monkey:
evidence from proton microprobe elemental microanalysis.
J. Neurochem. 62, 134–146 (1994).
Oestreicher, E. et al. Degeneration of nigrostriatal
dopaminergic neurons increases iron within the substantia
nigra: a histochemical and neurochemical study. Brain Res.
660, 8–18 (1994).
Shoham, S. & Youdim, M. B. Nutritional iron deprivation
attenuates kainate-induced neurotoxicity in rats: implications
for involvement of iron in neurodegeneration. Ann. NY Acad.
Sci. 1012, 94–114 (2004).
Bharath, S., Hsu, M., Kaur, D., Rajagopalan, S. & Andersen,
J. K. Glutathione, iron and Parkinson’s disease. Biochem.
Pharmacol. 64, 1037–1048 (2002).
Kaur, D. et al. Genetic or pharmacological iron chelation
prevents MPTP-induced neurotoxicity in vivo: a novel
therapy for Parkinson’s disease. Neuron 27, 899–909
(2003).
This study shows that lowering the concentration of
free iron in the mouse brain reduces the neurotoxic
effect of MPTP.
Moussaoui, S. et al. The antioxidant ebselen prevents
neurotoxicity and clinical symptoms in a primate model of
Parkinson’s disease. Exp. Neurol. 166, 235–245 (2000).
Moosmann, B. & Behl, C. Antioxidants as treatment for
neurodegenerative disorders. Expert Opin. Investig. Drugs.
11, 1407–1435 (2002).
Mandel, S., Weinreb, O., Amit, T. & Youdim, M. B. Cell
signaling pathways in the neuroprotective actions of the
green tea polyphenol (-)-epigallocatechin-3-gallate:
implications for neurodegenerative diseases. J. Neurochem.
88, 1555–1569 (2004).

132. Rogers, J. T. & Lahiri, D. K. Metal and inflammatory targets
for Alzheimer’s disease. Curr. Drug Targets 5, 535–551
(2004).
133. Youdim, M. B. H. & Buccafesco, J. Multi-functional drugs for
various CNS targets in the treatments of neurodegenerative
diseases. Trends Pharmacol. Sci. (in the press).
134. Youdim, M. B. H. Rasagiline: an anti-Parkinson drug with
neuroprotective activity. Expert Rev. Neurotherapeutics 3,
737–749 (2003).
135. Dexter, D. T, Ward, R. J., Florence, A., Jenner, P. &. Crichton,
R. R. Effects of desferrithiocin and its derivatives on
peripheral iron and striatal dopamine and
5-hydroxytryptamine metabolism in the ferrocene-loaded
rat. Biochem. Pharmacol. 58, 151–155 (1999).
136. Baum, L. & Ng, A. Curcumin interaction with copper and
iron suggests one possible mechanism of action in
Alzheimer’s disease animal models. J. Alzheimers Dis. 6,
367–377 (2004).
137. Bruehlmeier, M. et al. Increased cerebral iron uptake in
Wilson’s disease: a 52Fe-citrate PET study. J. Nucl. Med. 41,
781–787 (2000).

Acknowledgements
The authors thank C. Bellei for skillful assistance. M.B.H.Y. was
supported by the National Parkinson Foundation (Miami, Florida,
USA). M.B.H.Y. and L.Z. acknowledge the support of the Michael
J. Fox Foundation (New York, USA). L.Z. was also supported by
the Italian Fund for Basic Science (FIRB-MIUR) and the Parkinson’s
Disease Foundation (New York, USA). J.R.C. acknowledges the
support of the Alzheimer’s Association, the National Institutes of
Health, the Jane B. Barsumian Trust Fund and the G.M. Leader
Family.

Competing interests statement
The authors declare competing financial interests: see Web version
for details.

Online links
DATABASES
The following terms in this article are linked online to:
Entrez Gene:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
DCT1 | DCYTB | HFE | IREG1 | PANK2 | TF | TFR
FURTHER INFORMATION
Encyclopedia of Life Sciences: http://www.els.net/
Parkinson disease | Alzheimer disease
Access to this interactive links box is free online.

VOLUME 5 | NOVEMBER 2004 | 8 7 3

