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As with most bioavailable transition metals, iron is essential for many metabolic processes
required by the cell but when left unregulated is implicated as a potent source of reactive
oxygen species. It is uncertain whether the brain’s evident vulnerability to reactive species-
induced oxidative stress is caused by a reduced capability in cellular response or an
increased metabolic activity. Either way, dys-regulated iron levels appear to be involved
in oxidative stress provoked neurodegeneration. As in peripheral iron management,
cells within the central nervous system tightly regulate iron homeostasis via responsive
expression of select proteins required for iron flux, transport and storage. Recently proteins
directly implicated in the most prevalent neurodegenerative diseases, such as amyloid-β
precursor protein, tau, α-synuclein, prion protein and huntingtin, have been connected to
neuronal iron homeostatic control. This suggests that disrupted expression, processing,
or location of these proteins may result in a failure of their cellular iron homeostatic roles
and augment the common underlying susceptibility to neuronal oxidative damage that is
triggered in neurodegenerative disease.
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INTRODUCTION
The comparative ease in transition of valency states, most com-
monly between 2+ and 3+, over other metals makes iron one of
the most useful metals in oxidative biology. In a cellular environ-
ment, over half of all enzymes are metalloproteins, a proportion
of which establish complexes with Fe3+ and/or Fe2+ (Waldron
et al., 2009). Within an aerobic environment iron is continuously
redox cycling between Fe3+ and Fe2+ to produce reactive oxy-
gen species (ROS). When liganded within proteins this cycling is
safely guarded, however, when unprotected the ferrous form is
prolific at producing very reactive and damaging hydroxyl radicals
from O2 and H2O2 via Haber–Weiss and Fenton reactions (Fen-
ton, 1894; Haber and Weiss, 1934). ROS production leads to DNA,
lipid, and protein damage (Crichton and Ward, 2014); intrinsic
factors to the increased oxidative stress and cellular damage in
many neurodegenerative diseases.

IRON WITHIN THE BRAIN
The brain not only requires iron for the usual fundamental
metabolic process such as mitochondrial respiration and DNA
synthesis, it is also essential for neurotransmitter synthesis and
metabolism as well as myelin synthesis (Crichton, 2009). As iron
mismanagement in either direction may severely damage the
cell, homeostatic mechanisms have been evolutionarily incorpo-
rated to maintain optimal cell function (Wang and Pantopoulos,
2011). Unsurprisingly the proteins required to regulate cellular
iron homeostasis in the brain are very similar to those used in
the body’s periphery and rely on the two cytosolic labile iron
pool sensors; iron response protein (IRP) 1 and 2, to bind

to their respective iron regulatory elements in the untranslated
mRNA (UTR) of iron responsive proteins (Muckenthaler et al.,
2008). Binding to IRE’s located in the 5′-UTR prevent transla-
tion whereas IRP binding to 3′-UTR IRE’s protect mRNAs against
nuclease degradation. This canonical cis–trans iron regulatory sys-
tem increases IRP binding to the IRE when iron is required and
allows: increased iron uptake through proteins such as transferrin
receptor 1 (TfR1) and divalent metal ion transporter 1 (DMT1);
impaired iron storage through ferritin (Ft); and reduced export
via ferroportin (Fpn; Muckenthaler et al., 2008). When iron is in
excess, the IRPs are no longer able to bind, allowing Ft and Fpn
mRNA translation and increased mRNA degradation of TfR1 and
DMT1.

Despite these common iron-regulated proteins being expressed
within most cell types of the brain, the population of the cells
present within the brain is diverse and dynamic in their func-
tion and requirement of iron. Therefore, differences in how each
cell type regulates its iron is evident by the expression of pro-
teins required for import, storage, and export of iron in neurons
compared to neuroglia such as oligodendrocytes, astrocytes, and
microglia. Circulatory iron transport in the brain is significantly
carried out through association with small molecules such as cit-
rate, ascorbate or ATP, however, the iron carrier transferrin is
still present (Malecki et al., 1999; Ke and Qian, 2007). Despite
this, neurons express TfR abundantly and are likely to acquire
iron through the classical holotransferrin endocytosis followed
by DMT1-mediated entrance of iron into the cytosol (Peliz-
zoni et al., 2012). In contrast, astrocytes and oligodendrocytes
do not express TfR and therefore take up non-transferrin bound
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iron (NTBI) either through DMT1 (Lane et al., 2010) or some
alternative routes involving the metal inward transporters; “tran-
sient receptor potential cation channel, subfamily C, member
6” (TRPC6; Mwanjewe and Grover, 2004; Giampa et al., 2007),
“L-type voltage-dependent calcium channels” (L-VDCCs; Gaasch
et al., 2007; Lockman et al., 2012) or “Zrt- and Irt-like proteins”
(Zip8 and Zip14; Pinilla-Tenas et al., 2011; Jenkitkasemwong
et al., 2012). Once inside, iron is mostly stored in Ft; how-
ever, abundance varies age-dependently between cell type with
neurons typically containing the least and microglia containing
the most (Benkovic and Connor, 1993). Iron may alternatively
be stored by neuromelanin in select neuronal types, particu-
larly those known to poorly express Ft such as the melanized
dopaminergic neurons of the basal ganglia (Zecca et al., 2003;
Snyder and Connor, 2009). Excess iron is exported from all cell
types using Fpn, a unique iron efflux pore that is abundantly
expressed in neurons, microglia, astrocytes, and oligodendro-
cytes (Song et al., 2010). However, spatiotemporal expression
in neurons is variable (Moos and Rosengren Nielsen, 2006). A
glycophosphatidylinositol-anchored form of ceruloplasmin (CP)
expressed in astrocytes is known to facilitate iron efflux through
Fpn (Jeong and David, 2003) and a similar role is proposed for
hephaestin expressed in oligodendrocytes (Schulz et al., 2011)
and amyloid-β precursor protein (APP) in neurons (Duce et al.,
2010).

As well as each cell type’s ability to regulate its own iron con-
tent, a continual homeostatic interplay between neurons and the
neuroglia is apparent as with most protein regulatory pathways.
A good example of this is that despite there being limited pres-
ence of the soluble form of CP in the interstitial fluid (Singh et al.,
2013), non-neuronal CP depletion causes age-dependent neuronal
iron accumulation and cognitive impairment (Jeong and David,
2003). The full regulatory mechanisms of brain iron homeostasis
has yet to be fully understood and are likely to include a number of
redundant pathways for iron import, storage, and export that can
be implemented in order to protect neurons from iron-induced
oxidative stress.

Iron accumulation is evident in the aging brain from a range
of animals including humans and whilst a heterogeneous distri-
bution of iron is present within the brain, most regions have
a continual increase in iron with lifespan (Aquino et al., 2009;
Bilgic et al., 2012). Despite neuronal and neuroglial accumulation
of iron with age, it has generally been considered not to associate
with severe pathology, indicating that these cells are still capa-
ble of safely liganding the metal and guarding against oxidative
stress-induced cellular damage. Evidence of this is shown with a
correlative increase in the expression of the iron storage complex
proteins Ft and neuromelanin with age (Connor et al., 1990; Zecca
et al., 2001). To wholly understand the iron-induced pathology in
neurodegenerative diseases, continued research is required to bet-
ter understand the full homeostatic pathways for iron regulation
in the brain.

IRON IN NEURODEGENERATIVE DISEASE
Most of the brain’s iron is concentrated in the substantia nigra
pars compacta (SN) and basal ganglia, together reaching com-
parable levels to that observed in the liver; a known peripheral

repository of iron (Griffiths and Crossman, 1993; Haacke et al.,
2005). Disrupted iron homeostasis focally in this region of
the brain is evident in rare human disorders generally classed
as “neurodegeneration with brain iron accumulation” (NBIA)
disorders. The phenotypic symptoms of choreoathetosis, dys-
tonia, parkinsonism, spasticity, and rigidity that are present in
all forms of NBIA are predominantly associated with neuronal
iron accumulation within this region of the brain [reviewed
by Rouault (2013)]. The four most frequent subtypes have
gene mutations in either; PANK2 [pantothenate kinase-associated
neurodegeneration (PKAN)], PLA2G6 [PLA2G6-associated neu-
rodegeneration (PLAN)], C19orf12 [mitochondrial-membrane
protein-associated neurodegeneration (MPAN)], or WDR45
[beta-propeller protein-associated neurodegeneration (BPAN)].
A further five more rare NBIA disorders include Aceruloplas-
minemia (a deficiency in CP) and Neuroferritinopathy (a defi-
ciency in Ft), and it is only in these two conditions that
the functional mutation is in a known iron-regulated pro-
tein.

It has become increasingly evident that iron dyshomeostasis
may not be pathologically restricted to NBIA disorders, but also a
common underlying phenotype in more prevalent forms of neu-
rodegenerative disease. The accumulation of iron in excess of
that observed with age within these diseases may induce a vari-
ety of adverse effects, including increased oxidative stress, protein
aggregation, mitochondrial dysfunction, and an imbalance in neu-
rotransmitters; all of which are prevalent with neuropathology
(Duce and Bush, 2010; Crichton and Ward, 2014).

The existence of a definitive correlation between brain iron
homeostasis and neurotoxicity associated with these more preva-
lent forms of neurodegenerative disease still remains to be seen.
Despite some studies suggesting that iron is non-specifically co-
precipitated with the aggregated proteins pathologically observed
with Alzheimer’s, Parkinson’s, Huntington’s, and prion diseases
(Altamura and Muckenthaler, 2009), evidence described in this
review provides support that iron has a role in the pathogenesis
of these diseases and that previously known proteins associ-
ated with these disease pathologies are involved in neuronal iron
homeostasis.

PARKINSON’S DISEASE
Parkinson’s disease (PD) is the second most prevalent age-related
neurodegenerative disease affecting 1–2% of the population over
65. It has received the most attention in explaining iron’s contri-
bution to the pathogenesis of neurodegeneration. Patients present
with motor dysfunction broadly arising from a loss of dopamin-
ergic neurons within the pars compacta region of SN, while the
SN reticulate is relatively unaffected. Elevated levels of total iron
and a shift in the equilibrium of iron to the oxidized state within
a region that already has a high level of iron in the brain is con-
sidered to contribute to the oxidative stress-induced neurotoxicity
(Dexter et al., 1991; Halliwell, 1992; Wypijewska et al., 2010). How-
ever, more recently it has been observed that the combination of
iron with dopamine is a greater risk factor than each element on
their own, and that the SN pars compacta has a greater “iron-
dopamine index” than other regions of the brain (Hare et al.,
2014). Altered redox-active labile iron in PD is compounded by a
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loss of the buffering capacity of iron storage proteins; neurome-
lanin (Faucheux et al., 2003) and Ft (Connor et al., 1995) as well
as iron-catalyzed aggregation of α-synuclein to form Lewy bodies
in surviving neurons (Lotharius and Brundin, 2002). Contribut-
ing factors that can explain PD-increased iron accumulation are
the elevated expression of the iron import transporter DMT1
(Salazar et al., 2008) and reduced expression of the iron export
pore protein Fpn (Song et al., 2010) as well as CP ferroxidase
activity (Olivieri et al., 2011; Ayton et al., 2012). In vivo imag-
ing of iron by transcranial sonography (TCS) and T2

∗ -weighted
magnetic resonance imaging (MRI) has strengthened the iron
hypothesis of PD by illustrating a strong correlation for SN iron
levels with disease severity and duration (Menke et al., 2009; Ulla
et al., 2013). Typically, intraneuronal iron would be controlled
by IRP1/2 response to the cytosolic labile iron pool. However,
iron accumulation with an iron-regulated protein profile that cor-
relates with decreased iron, infers a breakdown in the neuron’s
iron regulatory system with PD. Support for this theory come
from an inability for IRP to correctly respond in models of PD.
Upregulation of IRP1/2 induces a downregulation in Fpn, thus
exacerbating iron accumulation in a 6-hydroxydopamine model
of PD (Song et al., 2010), but is unable to control Ft mRNA
translation despite the elevated labile iron pool in PD (Hirsch,
2006).

ALZHEIMER’S DISEASE
Accounting for 50–80% of all dementia cases, AD is the most
common neurodegenerative disease of individuals over 65. The
neuropathological hallmarks of AD are an accumulation of extra-
cellular amyloid plaques comprising mainly of amyloid-β (Aβ),
and the presence of intraneuronal neurofibrillary tangles that
are comprised of hyperphosphorylated tau. Aβ is proteolytically
derived from APP, a ubiquitously expressed type 1 transmembrane
protein also predominantly expressed on the neuronal surface.
A small number of AD cases who tend to have an earlier onset
of disease are caused by autosomal dominance in familial muta-
tions. These mutations are present within regions of APP or its
γ-secretase cleavage proteins; presenilin 1 and 2, and promote the
amyloidogenic processing of APP to increase Aβ generation. The
trisomy mutation associated with Down’s syndrome also increases
Aβ accumulation leading to early AD pathology and is considered
to be caused by the increased copy number of APP that lies within
chromosome 21.

While strong evidence suggests that Aβ is the principal cause of
neurotoxicity and may be a significant contributor to synaptic dys-
function in AD (Roberts et al., 2012), iron accumulation in affected
brain regions, as reported in both post mortem and MRI studies
(Falangola et al., 2005; Jack et al., 2005; Antharam et al., 2012), may
also be a factor in the increased oxidative stress observed in AD
(Castellani et al., 2007). Hippocampal iron accumulation local-
ized in neurofibrillary tangle-containing neurons and the neuritic
processes surrounding senile plaques in AD (Quintana et al., 2006)
correlates well with cognitive decline (Ding et al., 2009). Within the
same regions, proteins regulated by iron are also altered whereby Ft
is elevated (Grundke-Iqbal et al., 1990; Morris et al., 1994; Bouras
et al., 1997; LeVine, 1997) and both CP expression and activity
are lowered (Connor et al., 1993; Torsdottir et al., 2010). Despite

these changes, transferrin expression levels are a little less clear
with some evidence of a decrease (Connor et al., 1992) while
later reports showing a localized increase within the frontal lobe
(Loeffler et al., 1995). As previously suggested, the transport of
iron by transferrin within the brain is minor and only required
by select cells. This may account for the uncertainty in protein
observations despite weak association with AD risk of the C2 vari-
ant to the Tf gene (Robson et al., 2004; Bertram et al., 2007). A
known partner of Tf called HFE protein is also expressed in glia
and neurons around neurofibrillary tangles and senile plaques
of AD (Connor and Lee, 2006) and over the previous decade
numerous genetic association studies have illustrated HFE gene
mutations increase the risk of AD (Nandar and Connor, 2011).
In particular the mutations H63D and C282Y (Sampietro et al.,
2001; Pulliam et al., 2003; Blazquez et al., 2007) cause periph-
eral iron accumulation in AD and possibly has a link with the
APOE gene. The HFE protein carrying the H63D mutation has
also been shown to upregulate the phosphorylation of tau (Hall
et al., 2010).

HUNTINGTON’S DISEASE
Huntington’s disease (HD) is a progressive neurodegenerative
disorder characterized by motor, psychiatric and cognitive dis-
turbances that progress to dementia (The Huntington’s disease
Collaborative Research Group, 1993). Prevalence in Europe, North
America, and Australia is ∼5.70 per 100,000 (Pringsheim et al.,
2012). HD is caused by a dominant CAG expansion in the
exon 1 encoded region of the huntingtin gene resulting in the
expression of polyglutamine-expanded mutant huntingtin pro-
tein (The Huntington’s disease Collaborative Research Group,
1993). Similar to most neurodegenerative diseases and iron accu-
mulative disorders, numerous mechanisms have been implicated
in the pathogenesis of HD including oxidative stress (Browne
and Beal, 1994), energetic dysfunction (Panov et al., 2002; Cui
et al., 2006), transcriptional dysregulation (Nucifora et al., 2001;
Dunah et al., 2002), and defective axonal transport (Trushina
et al., 2004). Iron dysregulation occurs in human HD (Dexter
et al., 1991; Rosas et al., 2012) and brain field map MRI values
of gene-positive individuals have suggested that alterations of
brain iron homeostasis occur before the onset of clinical signs
(Rosas et al., 2012). Genetic mouse models of HD have also accu-
rately recapitulated the elevated levels of brain iron (Fox et al.,
2007; Chen et al., 2013). These findings were interpreted to indi-
cate a compensatory response to iron stress occurring in HD
striatum.

PRION DISEASES
Prion diseases are a group of disorders whereby extreme cellular
destruction leads to vacuolization and spongiosis of large areas of
the brain. Within humans the most common form of prion dis-
ease is Creutzfeldt–Jacob disease (CJD) of which ∼80% is sporadic
cases. Despite being comparatively rare considering other forms of
neurodegenerative disease, its high risk of infectivity both within
and between species has prompted intense research into the disor-
der. Prion disease is now known to, at least in part, be caused by the
conversion of the prion protein from its regular form (PrPC) into
more of a β-sheeted isoform termed PrP-scrapie (PrPSc; Prusiner,
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1998; Aguzzi and Falsig, 2012). Little doubt remains that PrPSc is
able to initiate infection when inoculated into a recipient animals
brain (Wang et al., 2010) and that this is done by PrPSc autocat-
alyzing its conversion from PrPC. However, the mechanism by
which PrPSc induces neurotoxicity remains to be fully elucidated
as PrPSc levels poorly correlate with disease progression (Caughey
and Baron, 2006).

Accumulation of redox-active iron, partly co-aggregated with
Ft and in association with PrPSc plaques, has been reported in CJD
brains (Petersen et al., 2005; Singh et al., 2009a, 2012). However, it
appears that the increase in total iron may be biologically unavail-
able as the IRP response in the disease indicates iron deficiency.
An increase in both Tf and its receptor as well as transcriptional
changes with Ft and IRP1/2 are reported with Tf increase corre-
lating with PrPSc levels (Kim et al., 2007; Singh et al., 2009a). In
reflection to the prion diseased brain, cerebrospinal fluid (CSF)
has decreased levels of Tf and increased total ferroxidase activity
(Singh et al., 2011; Haldar et al., 2013). When used in combination
these CSF markers of disease have an accuracy of 88.9% in detect-
ing CJD over other forms of neurodegenerative disease (Haldar
et al., 2013).

THE ROLE OF PATHOLOGICAL PROTEINS IN IRON
As mentioned previously, a number of key iron homeostatic pro-
teins such as CP and Ft, have been known for some time to cause
NBIA disorders as well as be implicated in the more prevalent
neurodegenerative diseases. However, recently a number of key
proteins traditionally associated with the pathogenesis of the neu-
rodegenerative diseases described above have also been implicated
in an iron regulatory role in neurons. This has strengthened the
argument that redox-active iron is a major facilitator of neurotox-
icity in these diseases. Correlative studies on iron accumulation
and altered pathology also support the theory that changes in
iron homeostasis may be a feature in the early progress of the
disease.

AMYLOID-β PRECURSOR PROTEIN
As the name infers APP is the precursor of Aβ; the prevalent pep-
tide found in senile plaques from a range of amyloidogenic diseases
including AD. Proteolytic processing of APP from the neuron is
predominantly through cell surface α-secretase cleavage followed
by cleavage with the γ-secretase complex. This non-amyloidogenic
processing of APP excludes Aβ production due to the α-secretase
cleavage site residing within the Aβ peptide sequence. The alter-
native processing of APP through the amyloidogenic pathway
requires β-secretase instead of α-secretase to produce Aβ as one
of its products. The amyloidogenic processing of APP requires
the protein to be endocytosed to allow optimal pH conditions for
β-secretase cleavage. As yet it is not functionally clear as to why
two intricate proteolytic pathways are required to cleave APP, how-
ever, the altered cellular location and function of cleaved products
could be a likely reason.

Despite a reduced affinity compared to other transitional met-
als, iron binds Aβ and induces Aβ aggregation (Huang et al.,
2004; Ha et al., 2007; Bousejra-ElGarah et al., 2011). This iron
interaction is via His6, His13, and His14 of Aβ and is thought
to be facilitated in a more reduced environment such as the

brain due to the prevalence for the Fe2+ form of iron to bind
Aβ (Bousejra-ElGarah et al., 2011). ROS generated through iron
aggregated Aβ is toxic to neurons (Liu et al., 2011) and may
partly contribute to the neurotoxicity present within the iron
enriched environment around senile plaques (Meadowcroft et al.,
2009; Gallagher et al., 2012). Evidence also supports the same
histidine residues in Aβ binding to the iron center as well as
porphyrin ring of heme (Atamna et al., 2009; Yuan and Gao,
2013). While the interaction with heme reduces Aβ aggregation
(Zhao et al., 2013) it is unclear whether oligomeric Aβ, now
considered to be the neurotoxic species within AD, are prefer-
entially formed instead (Thiabaud et al., 2013). Heme binding
to Aβ also restricts the bioavailability of regulatory heme and
the complex formed has been shown to have peroxidase activity
(Atamna and Boyle, 2006).

Translational regulation of APP through an IRE within the
5′UTR implies an interaction with iron status whereby increased
cytosolic free iron levels translationally upregulate APP expres-
sion (Rogers et al., 2002). APP has recently been identified as a
facilitator of neuronal iron efflux through an interaction with
Fpn (Duce et al., 2010). While some controversy surrounds the
exact mechanism of how APP is involved in the release of iron
from the cell (Ebrahimi et al., 2012; Honarmand Ebrahimi et al.,
2013), APP within a neuronal environment still appears to be
essential to efflux iron (Duce et al., 2010; Wan et al., 2012). Deple-
tion on APP in both cultured neurons and mouse models leads
to intracellular iron retention that can be rescued upon the
addition of APP to the extracellular environment (Duce et al.,
2010) or by overexpression of cellular APP (Wan et al., 2012).
Of significance, children suffering from Down’s syndrome that
have an increased expression of APP have a reported high risk
of iron deficiency and anemia (Dixon et al., 2010; Tenenbaum
et al., 2011), however, further investigation is required to con-
firm whether this is due to an increase in APP facilitated iron
efflux. As with Fpn, it appears that the surface presence of APP
is essential for its role in iron efflux. When APP trafficking to the
cell surface is impaired (Lei et al., 2012) or altered by processing
through the amyloidogenic pathway, as with the AD-associated
familial mutation in APP, iron accumulation arises (Wan et al.,
2011).

TAU
Hyperphosphorylated tau has mostly been recognized as the
principal component of neurofibrillary tangles, a pathological
hallmark in a number of neurodegenerative disorders including
AD. Various repeat motifs on tau are known to bind iron in a pH-
and stoichiometric-dependent manner that results in the promo-
tion of phosphorylation and aggregation of the protein (Ma et al.,
2006; Malm et al., 2007; Zhou et al., 2007). While the affinity for
iron within a physiological environment has yet to be established
for tau, binding of Fe2+ appears to preferentially induce phospho-
rylation of tau (Lovell et al., 2004; Chan and Shea, 2006) despite
Fe3+ being the favored state in causing aggregation of tau once it
has been hyperphosphorylated (Yamamoto et al., 2002; Amit et al.,
2008).

Recently, it has been identified that tau may be required in the
iron-modulatory role of APP (Lei et al., 2012). Mice deficient in tau
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have neuronal iron accumulation that can be reduced in primary
cultures by the extracellular addition of APP or moderate chela-
tors such as clioquinol (Lei et al., 2012). Tau has been implicated
in axonal trafficking of proteins including APP (Islam and Levy,
1997) and it is proposed that impaired trafficking of APP to the
cell surface in tau−/− neurons restricts APP’s ability to facilitate
iron efflux through Fpn leading to intracellular iron accumulation
(Lei et al., 2012).

α-SYNUCLEIN
Variance in α-synuclein is sufficient to cause PD in humans
and animal models suggesting a central role in PD pathogene-
sis (Hardy, 2010). This is apparent through several observations;
the overexpression of wild-type α-synuclein through gene dupli-
cation is sufficient to cause parkinsonian symptoms (Singleton
et al., 2003; Chartier-Harlin et al., 2004; Fuchs et al., 2007); the
majority of familial cases of PD are associated with mutations
in α- synuclein (Polymeropoulos et al., 1997; Kruger et al., 1998;
Zarranz et al., 2004; Hardy, 2010); and aggregated α-synuclein is
a core protein found in Lewy bodies. It has been proposed that
this ubiquitously expressed protein is involved in synaptic vesi-
cle formation however, it is currently not understood why the
dopaminergic neurons of the SN that are targeted in PD are
more susceptible to α-synuclein aggregation and toxicity. One
theory as to the vulnerability of the SN is the high levels of
iron within the region that can augment α-synuclein aggrega-
tion. Iron has been shown to bind to the C-terminal region of
α-synuclein and under oxidizing conditions, such as that provided
in dopamine’s presence, denatures the protein and promotes fur-
ther aggregation (Cappai et al., 2005; Binolfi et al., 2006; Bharathi
et al., 2007). Redox-active iron is detected in association with α-
synuclein aggregates in Lewy bodies (Castellani et al., 2000), a
phenotype that is likely to cyclically promote iron-mediated oxi-
dation and exacerbate the aggregation of α-synuclein as well as the
other proteins co-aggregated within the Lewy body (Giasson et al.,
2000).

As with APP a strong indication of the importance of
α-synuclein in the regulation of neuronal iron was through the
identification of an iron-response element in its 5′UTR that is
required to increase translation when intraneuronal iron is high
(Friedlich et al., 2007; Febbraro et al., 2012). In support of an iron-
associated role of α-synuclein, it has recently been identified to
modulate cellular iron homeostasis through its ability to reduce
Fe3+ into the biologically active Fe2+ form (Davies et al., 2011).
In accordance with its ferrireductase activity, α-synuclein has a
greater affinity for Fe3+ (Rouault and Tong, 2005) and within a
normal physiological environment such as the SN may provide a
consistent supply of Fe2+ for neuronal metabolic processes such
as enzymatic synthesis of neurotransmitters.

PRION PROTEIN
As well as the significant role iron has in prion disease patho-
genesis through PrPSc – Ft generated ROS that was described
above, recent reports have also suggested that PrPC has a nor-
mal physiological role in iron uptake. Cell surface presentation
of PrPC is required for this function and it appears the cop-
per binding octapeptide repeat region of the protein may have

ferrireductase activity (Singh et al., 2013). When the non-modified
form of PrPC is overexpressed in cultured cells, iron uptake,
and storage is increased (Singh et al., 2009c, 2013) and simi-
larly when expression is depleted by gene knockout in mouse
models, tissue iron deficiency correlates with changes to pro-
teins responsive to iron (Singh et al., 2009b). Intriguingly, a
familial mutation in PrPC (P102L) classically associated with
the prion disorder called Gerstmann–Sträussler–Scheinker (GSS)
disease is shown to increase ferrireductase activity and increase
levels of intracellular labile iron (Singh et al., 2013). Accumu-
lating evidence now suggests that PrPC may have a role in the
transferrin and NTBI import into the cell similar to DMT1 or
Zip14. Of note, PrPC bears a phylogenetic relationship to the
ZIP family (Schmitt-Ulms et al., 2009) and has recently been
implicated in neuronal zinc import when complexed to NMDA
receptors (Watt et al., 2012). Similar to the recent identification
that Zip14 is able to transport iron as well as zinc, it is worth
noting that the NMDA- PrPC complex involved in zinc import
may also be implicated in neuronal iron import under certain
conditions.

HUNTINGTIN
Mutant huntingtin protein aggregates to form inclusion bod-
ies that represent a pathological hallmark of HD. As with most
aggregated protein structures formed in neurodegenerative dis-
ease, these bodies bind iron and act as centers of oxidative stress
with large amounts of oxidized protein present (Firdaus et al.,
2006). Genetic mouse models of HD that transgenically overex-
press mutant huntingtin accurately recapitulate the elevated levels
of brain iron in the disease (Fox et al., 2007; Chen et al., 2013) and
huntingtin knockdown in zebra fish models result in an iron defi-
ciency phenotype (Hilditch-Maguire et al., 2000; Lumsden et al.,
2007; Henshall et al., 2009). This suggests that huntingtin is not
only regulated by iron but also involved in iron homeostasis. How-
ever, iron does not interact directly with N-terminal huntingtin
fragments (Fox et al., 2007; Chen et al., 2013) indicating that the
effect of huntingtin on iron may mediate downstream influences
on iron homeostatic pathways.

CONCLUSION; BRAIN IRON DYSHOMEOSTASIS AS A
THERAPEUTIC TARGET
With increasing evidence indicating that iron dyshomeostasis may
be a mechanism of exacerbating disease pathology in these more
prevalent forms of neurodegenerative disease, there is an escalat-
ing realization for its use as a viable target for new therapeutic
design. Instrumental work carried out on therapeutic design in
the body’s periphery (Higgs et al., 2012; Zhou et al., 2012) has
increasingly been implemented to investigate their value at restor-
ing iron homeostasis within the brain (Zecca et al., 2004; Badrick
and Jones, 2011; Zorzi et al., 2012). However, a significant hurdle
in the use of these drugs has been the relative impermeability to
the blood brain barrier for some of the more effective peripheral
tissue therapeutics and the necessity to target iron in brain rather
than the periphery. This barrier is required to isolate and protect
the brain from the peripheral circulatory system and transport of
drugs across must either occur via active transport using recep-
tors or small lipid soluble molecules that can diffuse across the
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cellular plasma membrane [for review see (Zheng and Monnot,
2012)].

Iron selective chelators such as desferrioxamine have had lim-
ited success in the brain when administered peripherally, largely
due to their size and impermeability of the blood brain barrier
(Richardson, 2004). However, a number of smaller molecular
compounds with varying affinity for iron such as deferiprone,
deferasirox, and clioquinol as well as their derivatives, have had
promising outcomes in preclinical trials on models of neurode-
generative disease (Kaur et al., 2003; Atamna and Frey, 2004;
Molina-Holgado et al., 2008; Rival et al., 2009; Prasanthi et al.,
2012). Recently there have been a series of reviews comprehen-
sively discussing preclinical studies on metal affinity compounds
[for example Duce and Bush (2010), Ward et al. (2012), Weinreb
et al. (2013)]. Deferiprone has already been clinically approved
for the peripheral iron overload disorder thalassemia, and used
in other neurodegenerative diseases such as Friedreich’s ataxia
(Boddaert et al., 2007). A recent pilot clinical trial to test for
safety and efficacy indicated 6-months deferiprone treatment of
early stage PD patients decreased motor handicap progression
(as measured by Unified PD Rating Scale) as well as SN iron
deposition (as measured by R2∗MRI; Devos et al., 2014) and a fur-
ther trial is currently underway (Clinical trial #’s NCT01539837).
Similarly, clinical trials in AD patients using a clioquinol deriva-
tive called PBT2 that has weaker affinity for iron than other
translational metals such as copper and zinc, reduced Aβ in
CSF as well as improved executive cognitive function (Lan-
nfelt et al., 2008) and is currently in a further clinical trial
on AD and HD patients (Clinical trial #’s NCT00471211 and
NCT01590888).

While metal affinity compounds have been the focus of most
iron therapeutic research in the past decade (Duce and Bush,
2010; Badrick and Jones, 2011; Roberts et al., 2012; Zorzi et al.,
2012), it is evident that care must be taken so as to prevent exces-
sive binding which could result in removal of too much iron
from the neuronal environment as the reduction in levels below
that required for normal physiological maintenance could be just
as detrimental to survival (as indicated in anemia). Inaccurate
administrative dose of a chelator may therefore only compound
the disease phenotype in which they are being used to ease or alter
the disease phenotype toward an iron deficiency-like pathology
that is just as harmful to the patient. Upon better understand-
ing of the brain’s capacity in regulating iron homeostasis both
within and between cell types perhaps an alternative approach
in the future may be to utilize the brain’s own iron homeostatic
system to restore the balance of iron. In so doing, recompart-
mentalizing iron to areas within the brain that have a better
capability to cope with oxidative stress-induced by redox-active
iron may go a long way toward alleviating the common underly-
ing defects that occur in these more prevalent neurodegenerative
diseases.

ACKNOWLEDGMENTS
This work was supported by funding from the Australian Research
Council, the Australian National Health and Medical Research
Council (NHMRC) as well as Alzheimer’s Research UK. The Flo-
rey Institute of Neuroscience and Mental Health acknowledges

the strong support from the Victorian Government and in par-
ticular the funding from the Operational Infrastructure Support
Grant.

REFERENCES
Aguzzi, A., and Falsig, J. (2012). Prion propagation, toxicity and degradation. Nat.

Neurosci. 15, 936–939. doi: 10.1038/nn.3120
Altamura, S., and Muckenthaler, M. U. (2009). Iron toxicity in diseases of aging:

Alzheimer’s disease, Parkinson’s disease and atherosclerosis. J. Alzheimers Dis. 16,
879–895. doi: 10.3233/JAD-2009-1010

Amit, T., Avramovich-Tirosh, Y., Youdim, M. B., and Mandel, S. (2008).
Targeting multiple Alzheimer’s disease etiologies with multimodal neuropro-
tective and neurorestorative iron chelators. FASEB J. 22, 1296–1305. doi:
10.1096/fj.07-8627rev

Antharam, V., Collingwood, J. F., Bullivant, J. P., Davidson, M. R., Chandra, S.,
Mikhaylova, A., et al. (2012). High field magnetic resonance microscopy of the
human hippocampus in Alzheimer’s disease: quantitative imaging and correlation
with iron. Neuroimage 59, 1249–1260. doi: 10.1016/j.neuroimage.2011.08.019

Aquino, D., Bizzi, A., Grisoli, M., Garavaglia, B., Bruzzone, M. G., Nardocci, N., et al.
(2009). Age-related iron deposition in the basal ganglia: quantitative analysis in
healthy subjects. Radiology 252, 165–172. doi: 10.1148/radiol.2522081399

Atamna, H., and Boyle, K. (2006). Amyloid-beta peptide binds with heme to form a
peroxidase: relationship to the cytopathologies of Alzheimer’s disease. Proc. Natl.
Acad. Sci. U.S.A. 103, 3381–3386. doi: 10.1073/pnas.0600134103

Atamna, H., and Frey, W. H. II. (2004). A role for heme in Alzheimer’s disease: heme
binds amyloid beta and has altered metabolism. Proc. Natl. Acad. Sci. U.S.A. 101,
11153–11158. doi: 10.1073/pnas.0404349101

Atamna, H., Frey, W. H. II, and Ko, N. (2009). Human and rodent amyloid-
beta peptides differentially bind heme: relevance to the human suscepti-
bility to Alzheimer’s disease. Arch. Biochem. Biophys. 487, 59–65. doi:
10.1016/j.abb.2009.05.003

Ayton, S., Lei, P., Duce, J. A., Wong, B. X., Sedjahtera, A., Adlard, P. A., et al. (2012).
Ceruloplasmin dysfunction and therapeutic potential for Parkinson disease. Ann.
Neurol. 73, 554–559. doi: 10.1002/ana.23817

Badrick, A. C., and Jones, C. E. (2011). Reorganizing metals: the use of chelating
compounds as potential therapies for metal-related neurodegenerative disease.
Curr. Top. Med. Chem. 11, 543–552. doi: 10.2174/156802611794785181

Benkovic, S. A., and Connor, J. R. (1993). Ferritin, transferrin, and iron in selected
regions of the adult and aged rat brain. J. Comp. Neurol. 338, 97–113. doi:
10.1002/cne.903380108

Bertram, L., McQueen, M. B., Mullin, K., Blacker, D., and Tanzi, R. E. (2007).
Systematic meta-analyses of Alzheimer disease genetic association studies: the
AlzGene database. Nat. Genet. 39, 17–23. doi: 10.1038/ng1934

Bharathi, Indi, S. S., and Rao, K. S. (2007). Copper- and iron-induced differential
fibril formation in alpha-synuclein: TEM study. Neurosci. Lett. 424, 78–82. doi:
10.1016/j.neulet.2007.06.052

Bilgic, B., Pfefferbaum, A., Rohlfing, T., Sullivan, E. V., and Adalsteins-
son, E. (2012). MRI estimates of brain iron concentration in normal aging
using quantitative susceptibility mapping. Neuroimage 59, 2625–2635. doi:
10.1016/j.neuroimage.2011.08.077

Binolfi, A., Rasia, R. M., Bertoncini, C. W., Ceolin, M., Zweckstetter, M., Griesinger,
C., et al. (2006). Interaction of alpha-synuclein with divalent metal ions reveals
key differences: a link between structure, binding specificity and fibrillation
enhancement. J. Am. Chem. Soc. 128, 9893–9901. doi: 10.1021/ja0618649

Blazquez, L., De Juan, D., Ruiz-Martinez, J., Emparanza, J. I., Saenz, A.,
Otaegui, D., et al. (2007). Genes related to iron metabolism and susceptibility
to Alzheimer’s disease in Basque population. Neurobiol. Aging 28, 1941–1943.
doi: 10.1016/j.neurobiolaging.2006.08.009

Boddaert, N., Le Quan Sang, K. H., Rotig, A., Leroy-Willig, A., Gallet, S., Brunelle,
F., et al. (2007). Selective iron chelation in Friedreich ataxia: biologic and clinical
implications. Blood 110, 401–408. doi: 10.1182/blood-2006-12-065433

Bouras, C., Giannakopoulos, P., Good, P. F., Hsu, A., Hof, P. R., and Perl, D. P.
(1997). A laser microprobe mass analysis of brain aluminum and iron in dementia
pugilistica: comparison with Alzheimer’s disease. Eur. Neurol. 38, 53–58. doi:
10.1159/000112903

Bousejra-ElGarah, F., Bijani, C., Coppel, Y., Faller, P., and Hureau, C. (2011). Iron(II)
binding to amyloid-beta, the Alzheimer’s peptide. Inorg. Chem. 50, 9024–9030.
doi: 10.1021/ic201233b

Frontiers in Pharmacology | Drug Metabolism and Transport April 2014 | Volume 5 | Article 81 | 6

http://www.frontiersin.org/Drug_Metabolism_and_Transport/
http://www.frontiersin.org/Drug_Metabolism_and_Transport/archive


Wong and Duce Neurodegeneration associated proteins regulate iron

Browne, S. E., and Beal, M. F. (1994). Oxidative damage and mitochondrial
dysfunction in neurodegenerative diseases. Biochem. Soc. Trans. 22, 1002–1006.

Cappai, R., Leck, S. L., Tew, D. J., Williamson, N. A., Smith, D. P., Galatis, D.,
et al. (2005). Dopamine promotes alpha-synuclein aggregation into SDS-resistant
soluble oligomers via a distinct folding pathway. FASEB J. 19, 1377–1379. doi:
10.1096/fj.04-3437fje

Castellani, R. J., Moreira, P. I., Liu, G., Dobson, J., Perry, G., Smith, M. A., et al.
(2007). Iron: the Redox-active center of oxidative stress in Alzheimer disease.
Neurochem. Res. 32, 1640–1645. doi: 10.1007/s11064-007-9360-7

Castellani, R. J., Siedlak, S. L., Perry, G., and Smith, M. A. (2000). Sequestration of
iron by Lewy bodies in Parkinson’s disease. Acta Neuropathol. 100, 111–114. doi:
10.1007/s004010050001

Caughey, B., and Baron, G. S. (2006). Prions and their partners in crime. Nature
443, 803–810. doi: 10.1038/nature05294

Chan, A., and Shea, T. B. (2006). Dietary and genetically-induced oxidative stress
alter tau phosphorylation: influence of folate and apolipoprotein E deficiency.
J. Alzheimers Dis. 9, 399–405.

Chartier-Harlin, M. C., Kachergus, J., Roumier, C., Mouroux, V., Douay, X., Lincoln,
S., et al. (2004). Alpha-synuclein locus duplication as a cause of familial Parkin-
son’s disease. Lancet 364, 1167–1169. doi: 10.1016/S0140-6736(04)17103-1

Chen, J., Marks, E., Lai, B., Zhang, Z., Duce, J. A., Lam, L. Q., et al. (2013). Iron
accumulates in Huntington’s disease neurons: protection by deferoxamine. PLoS
ONE 8:e77023. doi: 10.1371/journal.pone.0077023

Connor, J. R., and Lee, S. Y. (2006). HFE mutations and Alzheimer’s disease.
J. Alzheimers Dis. 10, 267–276.

Connor, J. R., Menzies, S. L., St Martin, S. M., and Mufson, E. J. (1990). Cellular
distribution of transferrin, ferritin, and iron in normal and aged human brains.
J. Neurosci. Res. 27, 595–611. doi: 10.1002/jnr.490270421

Connor, J. R., Snyder, B. S., Arosio, P., Loeffler, D. A., and Lewitt, P. (1995).
A quantitative analysis of isoferritins in select regions of aged, parkinsonian,
and Alzheimer’s diseased brains. J. Neurochem. 65, 717–724. doi: 10.1046/j.1471-
4159.1995.65020717.x

Connor, J. R., Snyder, B. S., Beard, J. L., Fine, R. E., and Mufson, E. J. (1992).
Regional distribution of iron and iron-regulatory proteins in the brain in aging
and Alzheimer’s disease. J. Neurosci. Res. 31, 327–335. doi: 10.1002/jnr.4903
10214

Connor, J. R., Tucker, P., Johnson, M., and Snyder, B. (1993). Ceruloplasmin levels
in the human superior temporal gyrus in aging and Alzheimer’s disease. Neurosci.
Lett. 159, 88–90. doi: 10.1016/0304-3940(93)90805-U

Crichton, R. R. (2009). Inorganic Biochemistry or Iron Metabolism from Molecular
Mechanisms to Clinical Consequences. Chichester: John Wiley & Sons, Ltd.

Crichton, R. R., and Ward, R. J. (2014). Metal-based Neurodegeneration: From
Molecular Mechanisms to Therapeutic Strategies. Chichester: John Wiley & Sons.

Cui, L., Jeong, H., Borovecki, F., Parkhurst, C. N., Tanese, N., and Krainc, D.
(2006). Transcriptional repression of PGC-1alpha by mutant huntingtin leads
to mitochondrial dysfunction and neurodegeneration. Cell 127, 59–69. doi:
10.1016/j.cell.2006.09.015

Davies, P., Moualla, D., and Brown, D. R. (2011). Alpha-synuclein is a cellular
ferrireductase. PLoS ONE 6:e15814. doi: 10.1371/journal.pone.0015814

Devos, D., Moreau, C., Devedjian, J. C., Kluza, J., Petrault, M., Laloux, C., et al.
(2014). Targeting chelatable iron as a therapeutic modality in Parkinson’s disease.
Antioxid. Redox Signal. doi: 10.1089/ars.2013.5593 [Epub ahead of print].

Dexter, D. T., Carayon, A., Javoy-Agid, F., Agid, Y., Wells, F. R., Daniel, S. E.,
et al. (1991). 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(Pt 4), 1953–1975. doi: 10.1093/brain/114.4.1953

Ding, B., Chen, K. M., Ling, H. W., Sun, F., Li, X., Wan, T., et al. (2009). Correlation
of iron in the hippocampus with MMSE in patients with Alzheimer’s disease.
J. Magn. Reson. Imaging 29, 793–798. doi: 10.1002/jmri.21730

Dixon, N. E., Crissman, B. G., Smith, P. B., Zimmerman, S. A., Worley, G., and Kish-
nani, P. S. (2010). Prevalence of iron deficiency in children with Down syndrome.
J. Pediatr. 157, 967–971 e1. doi: 10.1016/j.jpeds.2010.06.011

Duce, J. A., and Bush, A. I. (2010). Biological metals and Alzheimer’s disease:
implications for therapeutics and diagnostics. Prog. Neurobiol. 92, 1–18. doi:
10.1016/j.pneurobio.2010.04.003

Duce, J. A., Tsatsanis, A., Cater, M. A., James, S. A., Robb, E., Wikhe, K., et al. (2010).
Iron-export ferroxidase activity of beta-amyloid precursor protein is inhibited by
zinc in Alzheimer’s disease. Cell 142, 857–867. doi: 10.1016/j.cell.2010.08.014

Dunah, A. W., Jeong, H., Griffin, A., Kim, Y. M., Standaert, D. G., Hersch, S. M., et al.
(2002). Sp1 and TAFII130 transcriptional activity disrupted in early Huntington’s
disease. Science 296, 2238–2243. doi: 10.1126/science.1072613

Ebrahimi, K. H., Hagedoorn, P. L., and Hagen, W. R. (2012). A synthetic peptide with
the putative iron binding motif of amyloid precursor protein (APP) does not cat-
alytically oxidize iron. PLoS ONE 7:e40287. doi: 10.1371/journal.pone.0040287

Falangola, M. F., Lee, S. P., Nixon, R. A., Duff, K., and Helpern, J. A. (2005).
Histological co-localization of iron in Abeta plaques of PS/APP transgenic mice.
Neurochem. Res. 30, 201–205. doi: 10.1007/s11064-004-2442-x

Faucheux, B. A., Martin, M. E., Beaumont, C., Hauw, J. J., Agid, Y., and Hirsch, E. C.
(2003). Neuromelanin associated redox-active iron is increased in the substantia
nigra of patients with Parkinson’s disease. J. Neurochem. 86, 1142–1148. doi:
10.1046/j.1471-4159.2003.01923.x

Febbraro, F., Giorgi, M., Caldarola, S., Loreni, F., and Romero-Ramos, M. (2012).
α-Synuclein expression is modulated at the translational level by iron. Neuroreport
23, 576–580. doi: 10.1097/WNR.0b013e328354a1f0

Fenton, H. J. H. (1894). Oxidation of tartaric acid in presence of iron. J. Chem. Soc.
Trans. 65, 899–911. doi: 10.1039/ct8946500899

Firdaus, W. J., Wyttenbach, A., Giuliano, P., Kretz-Remy, C., Currie, R. W., and
Arrigo, A. P. (2006). Huntingtin inclusion bodies are iron-dependent centers of
oxidative events. FEBS J. 273, 5428–5441. doi: 10.1111/j.1742-4658.2006.05537.x

Fox, J. H., Kama, J. A., Lieberman, G., Chopra, R., Dorsey, K., Chopra, V., et al.
(2007). Mechanisms of copper ion mediated Huntington’s disease progression.
PLoS ONE 2:e334. doi: 10.1371/journal.pone.0000334

Friedlich, A. L., Tanzi, R. E., and Rogers, J. T. (2007). The 5′-untranslated region
of Parkinson’s disease alpha-synuclein messengerRNA contains a predicted iron
responsive element. Mol. Psychiatry 12, 222–223. doi: 10.1038/sj.mp.4001937

Fuchs, J., Nilsson, C., Kachergus, J., Munz, M., Larsson, E. M., Schule, B., et al.
(2007). Phenotypic variation in a large Swedish pedigree due to SNCA duplica-
tion and triplication. Neurology 68, 916–922. doi: 10.1212/01.wnl.0000254458.
17630.c5

Gaasch, J. A., Geldenhuys, W. J., Lockman, P. R., Allen, D. D., and Van Der Schyf, C. J.
(2007). Voltage-gated calcium channels provide an alternate route for iron uptake
in neuronal cell cultures. Neurochem. Res. 32, 1686–1693. doi: 10.1007/s11064-
007-9313-1

Gallagher, J. J., Finnegan, M. E., Grehan, B., Dobson, J., Collingwood, J. F., and Lynch,
M. A. (2012). Modest amyloid deposition is associated with iron dysregulation,
microglial activation, and oxidative stress. J. Alzheimers Dis. 28, 147–161. doi:
10.3233/JAD-2011-110614

Giampa, C., Demarch, Z., Patassini, S., Bernardi, G., and Fusco, F. R. (2007).
Immunohistochemical localization of TRPC6 in the rat substantia nigra. Neurosci.
Lett. 424, 170–174. doi: 10.1016/j.neulet.2007.07.049

Giasson, B. I., Duda, J. E., Murray, I. V., Chen, Q., Souza, J. M., Hurtig, H.
I., et al. (2000). Oxidative damage linked to neurodegeneration by selective
alpha-synuclein nitration in synucleinopathy lesions. Science 290, 985–989. doi:
10.1126/science.290.5493.985

Griffiths, P. D., and Crossman, A. R. (1993). Distribution of iron in the basal gan-
glia and neocortex in postmortem tissue in Parkinson’s disease and Alzheimer’s
disease. Dementia 4, 61–65.

Grundke-Iqbal, I., Fleming, J., Tung, Y. C., Lassmann, H., Iqbal, K., and Joshi, J.
G. (1990). Ferritin is a component of the neuritic (senile) plaque in Alzheimer
dementia. Acta Neuropathol. 81, 105–110. doi: 10.1007/BF00334497

Ha, C., Ryu, J., and Park, C. B. (2007). Metal ions differentially influence the
aggregation and deposition of Alzheimer’s beta-amyloid on a solid template.
Biochemistry 46, 6118–6125. doi: 10.1021/bi7000032

Haacke, E. M., Cheng, N. Y., House, M. J., Liu, Q., Neelavalli, J., Ogg, R. J., et al.
(2005). Imaging iron stores in the brain using magnetic resonance imaging. Magn.
Reson. Imaging 23, 1–25. doi: 10.1016/j.mri.2004.10.001

Haber, F., and Weiss, J. (1934). The catalytic decomposition of hydrogen peroxide
by iron salts. Proc. R. Soc. Lond. A 147, 332–351. doi: 10.1098/rspa.1934.0221

Haldar, S., Beveridge, J., Wong, J., Singh, A., Galimberti, D., Borroni, B., et al. (2013).
A low-molecular-weight ferroxidase is increased in the CSF of sCJD cases: CSF
ferroxidase and transferrin as diagnostic biomarkers for sCJD. Antioxid. Redox
Signal. 19, 1662–1675. doi: 10.1089/ars.2012.5032

Hall, E. C. II, Lee, S. Y., Simmons, Z., Neely, E. B., Nandar, W., and Connor, J.
R. (2010). Prolyl-peptidyl isomerase, Pin1, phosphorylation is compromised in
association with the expression of the HFE polymorphic allele, H63D. Biochim.
Biophys. Acta 1802, 389–395. doi: 10.1016/j.bbadis.2010.01.004

www.frontiersin.org April 2014 | Volume 5 | Article 81 | 7

http://www.frontiersin.org/
http://www.frontiersin.org/Drug_Metabolism_and_Transport/archive


Wong and Duce Neurodegeneration associated proteins regulate iron

Halliwell, B. (1992). Oxygen radicals as key mediators in neurological disease: fact
or fiction? Ann. Neurol. 32(Suppl.), S10–S15. doi: 10.1002/ana.410320704

Hardy, J. (2010). Genetic analysis of pathways to Parkinson disease. Neuron 68,
201–206. doi: 10.1016/j.neuron.2010.10.014

Hare, D. J., Lei, P., Ayton, S., Roberts, B. R., Grimm, R., George, J. L., et al. (2014).
An iron–dopamine index predicts risk of parkinsonian neurodegeneration in the
substantia nigra pars compacta. Chem. Sci. doi: 10.1039/C3SC53461H [Epub
ahead of print].

Henshall, T. L., Tucker, B., Lumsden, A. L., Nornes, S., Lardelli, M. T., and Richards,
R. I. (2009). Selective neuronal requirement for huntingtin in the developing
zebrafish. Hum. Mol. Genet. 18, 4830–4842. doi: 10.1093/hmg/ddp455

Higgs, D. R., Engel, J. D., and Stamatoyannopoulos, G. (2012). Thalassaemia. Lancet
379, 373–383. doi: 10.1016/S0140-6736(11)60283-3

Hilditch-Maguire, P., Trettel, F., Passani, L. A., Auerbach, A., Persichetti, F., and
Macdonald, M. E. (2000). Huntingtin: an iron-regulated protein essential for
normal nuclear and perinuclear organelles. Hum. Mol. Genet. 9, 2789–2797. doi:
10.1093/hmg/9.19.2789

Hirsch, E. C. (2006). Altered regulation of iron transport and storage in Parkinson’s
disease. J. Neural Transm. Suppl. 201–204.

Honarmand Ebrahimi, K., Dienemann, C., Hoefgen, S., Than, M. E., Hage-
doorn, P. L., and Hagen, W. R. (2013). The amyloid precursor protein (APP)
does not have a ferroxidase site in its E2 domain. PLoS ONE 8:e72177. doi:
10.1371/journal.pone.0072177

Huang, X., Atwood, C. S., Moir, R. D., Hartshorn, M. A., Tanzi, R. E., and Bush,
A. I. (2004). Trace metal contamination initiates the apparent auto-aggregation,
amyloidosis, and oligomerization of Alzheimer’s Abeta peptides. J. Biol. Inorg.
Chem. 9, 954–960. doi: 10.1007/s00775-004-0602-8

Islam, K., and Levy, E. (1997). Carboxyl-terminal fragments of beta-amyloid pre-
cursor protein bind to microtubules and the associated protein tau. Am. J. Pathol.
151, 265–271.

Jack, C. R. Jr., Wengenack, T. M., Reyes, D. A., Garwood, M., Curran, G. L., Borowski,
B. J., et al. (2005). In vivo magnetic resonance microimaging of individual amy-
loid plaques in Alzheimer’s transgenic mice. J. Neurosci. 25, 10041–10048. doi:
10.1523/JNEUROSCI.2588-05.2005

Jenkitkasemwong, S., Wang, C. Y., Mackenzie, B., and Knutson, M. D. (2012).
Physiologic implications of metal-ion transport by ZIP14 and ZIP8. Biometals
25, 643–655. doi: 10.1007/s10534-012-9526-x

Jeong, S. Y., and David, S. (2003). Glycosylphosphatidylinositol-anchored cerulo-
plasmin is required for iron efflux from cells in the central nervous system. J. Biol.
Chem. 278, 27144–27148. doi: 10.1074/jbc.M301988200

Kaur, D., Yantiri, F., Rajagopalan, S., Kumar, J., Mo, J. Q., Boonplueang, R., et al.
(2003). Genetic or pharmacological iron chelation prevents MPTP-induced neu-
rotoxicity in vivo: a novel therapy for Parkinson’s disease. Neuron 37, 899–909.
doi: 10.1016/S0896-6273(03)00126-0

Ke, Y., and Qian, Z. M. (2007). Brain iron metabolism: neurobiology and neuro-
chemistry. Prog. Neurobiol. 83, 149–173. doi: 10.1016/j.pneurobio.2007.07.009

Kim, B. H., Jun, Y. C., Jin, J. K., Kim, J. I., Kim, N. H., Leibold, E. A.,
et al. (2007). Alteration of iron regulatory proteins (IRP1 and IRP2) and fer-
ritin in the brains of scrapie-infected mice. Neurosci. Lett. 422, 158–163. doi:
10.1016/j.neulet.2007.05.061

Kruger, R., Kuhn, W., Muller, T., Woitalla, D., Graeber, M., Kosel, S., et al. (1998).
Ala30Pro mutation in the gene encoding alpha-synuclein in Parkinson’s disease.
Nat. Genet. 18, 106–108. doi: 10.1038/ng0298-106

Lane, D. J., Robinson, S. R., Czerwinska, H., Bishop, G. M., and Lawen, A. (2010).
Two routes of iron accumulation in astrocytes: ascorbate-dependent ferrous iron
uptake via the divalent metal transporter (DMT1) plus an independent route for
ferric iron. Biochem. J. 432, 123–132. doi: 10.1042/BJ20101317

Lannfelt, L., Blennow, K., Zetterberg, H., Batsman, S., Ames, D., Harrison, J.,
et al. (2008). Safety, efficacy, and biomarker findings of PBT2 in targeting
Abeta as a modifying therapy for Alzheimer’s disease: a phase IIa, double-
blind, randomised, placebo-controlled trial. Lancet Neurol. 7, 779–786. doi:
10.1016/S1474-4422(08)70167-4

Lei, P., Ayton, S., Finkelstein, D. I., Spoerri, L., Ciccotosto, G. D., Wright, D. K.,
et al. (2012). Tau deficiency induces parkinsonism with dementia by impair-
ing APP-mediated iron export. Nat. Med. 18, 291–295. doi: 10.1038/nm.
2613

LeVine, S. M. (1997). Iron deposits in multiple sclerosis and Alzheimer’s disease
brains. Brain Res. 760, 298–303. doi: 10.1016/S0006-8993(97)00470-8

Liu, B., Moloney, A., Meehan, S., Morris, K., Thomas, S. E., Serpell, L.C., et al.
(2011). Iron promotes the toxicity of amyloid beta peptide by impeding its
ordered aggregation. J. Biol. Chem. 286, 4248–4256. doi: 10.1074/jbc.M110.
158980

Lockman, J. A., Geldenhuys, W. J., Bohn, K. A., Desilva, S. F., Allen, D. D., andVan Der
Schyf, C. J. (2012). Differential effect of nimodipine in attenuating iron-induced
toxicity in brain- and blood-brain barrier-associated cell types. Neurochem. Res.
37, 134–142. doi: 10.1007/s11064-011-0591-2

Loeffler, D. A., Connor, J. R., Juneau, P. L., Snyder, B. S., Kanaley, L., Demaggio,
A. J., et al. (1995). Transferrin and iron in normal, Alzheimer’s disease, and
Parkinson’s disease brain regions. J. Neurochem. 65, 710–724. doi: 10.1046/j.1471-
4159.1995.65020710.x

Lotharius, J., and Brundin, P. (2002). Pathogenesis of Parkinson’s disease: dopamine,
vesicles and alpha-synuclein. Nat. Rev. Neurosci. 3, 932–942. doi: 10.1038/nrn983

Lovell, M. A., Xiong, S., Xie, C., Davies, P., and Markesbery, W. R. (2004). Induction
of hyperphosphorylated tau in primary rat cortical neuron cultures mediated by
oxidative stress and glycogen synthase kinase-3. J. Alzheimers Dis. 6, 659–671;
discussion 673–681.

Lumsden, A. L., Henshall, T. L., Dayan, S., Lardelli, M. T., and Richards, R.
I. (2007). Huntingtin-deficient zebrafish exhibit defects in iron utilization and
development. Hum. Mol. Genet. 16, 1905–1920. doi: 10.1093/hmg/ddm138

Ma, Q., Li, Y., Du, J., Liu, H., Kanazawa, K., Nemoto, T., et al. (2006).
Copper binding properties of a tau peptide associated with Alzheimer’s dis-
ease studied by CD, NMR, and MALDI-TOF MS. Peptides 27, 841–849. doi:
10.1016/j.peptides.2005.09.002

Malecki, E. A., Devenyi, A. G., Beard, J. L., and Connor, J. R. (1999). Existing
and emerging mechanisms for transport of iron and manganese to the brain.
J. Neurosci. Res. 56, 113–122.

Malm, T. M., Iivonen, H., Goldsteins, G., Keksa-Goldsteine, V., Ahtoniemi,
T., Kanninen, K., et al. (2007). Pyrrolidine dithiocarbamate activates Akt and
improves spatial learning in APP/PS1 mice without affecting beta-amyloid
burden. J. Neurosci. 27, 3712–3721. doi: 10.1523/JNEUROSCI.0059-07.2007

Meadowcroft, M. D., Connor, J. R., Smith, M. B., and Yang, Q. X. (2009). MRI
and histological analysis of beta-amyloid plaques in both human Alzheimer’s
disease and APP/PS1 transgenic mice. J. Magn. Reson. Imaging 29, 997–1007. doi:
10.1002/jmri.21731

Menke, R. A., Scholz, J., Miller, K. L., Deoni, S., Jbabdi, S., Matthews, P. M.,
et al. (2009). MRI characteristics of the substantia nigra in Parkinson’s dis-
ease: a combined quantitative T1 and DTI study. Neuroimage 47, 435–441. doi:
10.1016/j.neuroimage.2009.05.017

Molina-Holgado, F., Gaeta, A., Francis, P. T., Williams, R. J., and Hider, R. C. (2008).
Neuroprotective actions of deferiprone in cultured cortical neurones and SHSY-
5Y cells. J. Neurochem. 105, 2466–2476. doi: 10.1111/j.1471-4159.2008.05332.x

Moos, T., and Rosengren Nielsen, T. (2006). Ferroportin in the postnatal rat brain:
implications for axonal transport and neuronal export of iron. Semin. Pediatr.
Neurol. 13, 149–157. doi: 10.1016/j.spen.2006.08.003

Morris, C. M., Kerwin, J. M., and Edwardson, J. A. (1994). Non-haem iron
histochemistry of the normal and Alzheimer’s disease hippocampus. Neurode-
generation 3, 267–275.

Muckenthaler, M. U., Galy, B., and Hentze, M. W. (2008). Systemic
iron homeostasis and the iron-responsive element/iron-regulatory protein
(IRE/IRP) regulatory network. Annu. Rev. Nutr. 28, 197–213. doi:
10.1146/annurev.nutr.28.061807.155521

Mwanjewe, J., and Grover, A. K. (2004). Role of transient receptor potential canon-
ical 6 (TRPC6) in non-transferrin-bound iron uptake in neuronal phenotype
PC12 cells. Biochem. J. 378, 975–982. doi: 10.1042/BJ20031187

Nandar, W., and Connor, J. R. (2011). HFE gene variants affect iron in the brain.
J. Nutr. 141, 729S–739S. doi: 10.3945/jn.110.130351

Nucifora, F. C. Jr., Sasaki, M., Peters, M. F., Huang, H., Cooper, J. K.,
Yamada, M., et al. (2001). Interference by huntingtin and atrophin-1 with cbp-
mediated transcription leading to cellular toxicity. Science 291, 2423–2428. doi:
10.1126/science.1056784

Olivieri, S., Conti, A., Iannaccone, S., Cannistraci, C. V., Campanella, A., Barbariga,
M., et al. (2011). Ceruloplasmin oxidation, a feature of Parkinson’s disease CSF,
inhibits ferroxidase activity and promotes cellular iron retention. J. Neurosci. 31,
18568–18577. doi: 10.1523/JNEUROSCI.3768-11.2011

Panov, A. V., Gutekunst, C. A., Leavitt, B. R., Hayden, M. R., Burke, J. R., Strittmatter,
W. J., et al. (2002). Early mitochondrial calcium defects in Huntington’s disease

Frontiers in Pharmacology | Drug Metabolism and Transport April 2014 | Volume 5 | Article 81 | 8

http://www.frontiersin.org/Drug_Metabolism_and_Transport/
http://www.frontiersin.org/Drug_Metabolism_and_Transport/archive


Wong and Duce Neurodegeneration associated proteins regulate iron

are a direct effect of polyglutamines. Nat. Neurosci. 5, 731–736. doi: 10.1038/
nn884

Pelizzoni, I., Zacchetti, D., Smith, C. P., Grohovaz, F., and Codazzi, F. (2012).
Expression of divalent metal transporter 1 in primary hippocampal neurons:
reconsidering its role in non-transferrin-bound iron influx. J. Neurochem. 120,
269–278. doi: 10.1111/j.1471-4159.2011.07578.x

Petersen, R. B., Siedlak, S. L., Lee, H. G., Kim, Y. S., Nunomura, A., Tagliavini, F.,
et al. (2005). Redox metals and oxidative abnormalities in human prion diseases.
Acta Neuropathol. 110, 232–238. doi: 10.1007/s00401-005-1034-4

Pinilla-Tenas, J. J., Sparkman, B. K., Shawki, A., Illing, A. C., Mitchell, C. J.,
Zhao, N., et al. (2011). Zip14 is a complex broad-scope metal-ion transporter
whose functional properties support roles in the cellular uptake of zinc and
nontransferrin-bound iron. Am. J. Physiol. Cell Physiol. 301, C862–C871. doi:
10.1152/ajpcell.00479.2010

Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra, A.,
et al. (1997). Mutation in the alpha-synuclein gene identified in families with
Parkinson’s disease. Science 276, 2045–2047. doi: 10.1126/science.276.5321.2045

Prasanthi, J. R., Schrag, M., Dasari, B., Marwarha, G., Dickson, A., Kirsch, W.
M., et al. (2012). Deferiprone reduces amyloid-beta and tau phosphorylation
levels but not reactive oxygen species generation in hippocampus of rabbits fed a
cholesterol-enriched diet. J. Alzheimers Dis. 30, 167–182. doi: 10.3233/JAD-2012-
111346

Pringsheim, T., Wiltshire, K., Day, L., Dykeman, J., Steeves, T., and Jette, N. (2012).
The incidence and prevalence of Huntington’s disease: a systematic review and
meta-analysis. Mov. Disord. 27, 1083–1091. doi: 10.1002/mds.25075

Prusiner, S. B. (1998). Prions. Proc. Natl. Acad. Sci. U.S.A. 95, 13363–13383. doi:
10.1073/pnas.95.23.13363

Pulliam, J. F., Jennings, C. D., Kryscio, R. J., Davis, D. G., Wilson, D., Montine,
T. J., et al. (2003). Association of HFE mutations with neurodegeneration and
oxidative stress in Alzheimer’s disease and correlation with APOE. Am. J. Med.
Genet. B Neuropsychiatr. Genet. 119B, 48–53. doi: 10.1002/ajmg.b.10069

Quintana, C., Bellefqih, S., Laval, J. Y., Guerquin-Kern, J. L., Wu, T. D., Avila, J., et al.
(2006). Study of the localization of iron, ferritin, and hemosiderin in Alzheimer’s
disease hippocampus by analytical microscopy at the subcellular level. J. Struct.
Biol. 153, 42–54. doi: 10.1016/j.jsb.2005.11.001

Richardson, D. R. (2004). Novel chelators for central nervous system disorders that
involve alterations in the metabolism of iron and other metal ions. Ann. N. Y.
Acad. Sci. 1012, 326–341. doi: 10.1196/annals.1306.026

Rival, T., Page, R. M., Chandraratna, D. S., Sendall, T. J., Ryder, E., Liu, B., et al.
(2009). Fenton chemistry and oxidative stress mediate the toxicity of the beta-
amyloid peptide in a Drosophila model of Alzheimer’s disease. Eur. J. Neurosci.
29, 1335–1347. doi: 10.1111/j.1460-9568.2009.06701.x

Roberts, B. R., Ryan, T. M., Bush, A. I., Masters, C. L., and Duce, J. A. (2012).
The role of metallobiology and amyloid-beta peptides in Alzheimer’s disease.
J. Neurochem. 120(Suppl. 1), 149–166. doi: 10.1111/j.1471-4159.2011.07500.x

Robson, K. J., Lehmann, D. J., Wimhurst, V. L., Livesey, K. J., Combrinck, M.,
Merryweather-Clarke, A. T., et al. (2004). 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. doi:
10.1136/jmg.2003.015552

Rogers, J. T., Randall, J. D., Cahill, C. M., Eder, P. S., Huang, X., Gunshin, H.,
et al. (2002). 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. doi: 10.1074/jbc.M207435200

Rosas, H. D., Chen, Y. I., Doros, G., Salat, D. H., Chen, N. K., Kwong, K. K., et al.
(2012). Alterations in brain transition metals in Huntington disease: an evolving
and intricate story. Arch. Neurol. 69, 887–893. doi: 10.1001/archneurol.2011.2945

Rouault, T. A. (2013). Iron metabolism in the CNS: implications for neurodegener-
ative diseases. Nat. Rev. Neurosci. 14, 551–564. doi: 10.1038/nrn3453

Rouault, T. A., and Tong, W. H. (2005). Iron-sulphur cluster biogenesis and
mitochondrial iron homeostasis. Nat. Rev. Mol. Cell Biol. 6, 345–351. doi:
10.1038/nrm1620

Salazar, J., Mena, N., Hunot, S., Prigent, A., Alvarez-Fischer, D., Arredondo, M., et al.
(2008). Divalent metal transporter 1 (DMT1) contributes to neurodegeneration
in animal models of Parkinson’s disease. Proc. Natl. Acad. Sci. U.S.A. 105, 18578–
18583. doi: 10.1073/pnas.0804373105

Sampietro, M., Caputo, L., Casatta, A., Meregalli, M., Pellagatti, A., Tagli-
abue, J., et al. (2001). The hemochromatosis gene affects the age of onset of

sporadic Alzheimer’s disease. Neurobiol. Aging 22, 563–568. doi: 10.1016/S0197-
4580(01)00219-6

Schmitt-Ulms, G., Ehsani, S., Watts, J. C., Westaway, D., and Wille, H. (2009).
Evolutionary descent of prion genes from the ZIP family of metal ion transporters.
PLoS ONE 4:e7208. doi: 10.1371/journal.pone.0007208

Schulz, K., Vulpe, C. D., Harris, L. Z., and David, S. (2011). Iron efflux from
oligodendrocytes is differentially regulated in gray and white matter. J. Neurosci.
31, 13301–13311. doi: 10.1523/JNEUROSCI.2838-11.2011

Singh, A., Beveridge, A. J., and Singh, N. (2011). Decreased CSF transferrin in sCJD:
a potential pre-mortem diagnostic test for prion disorders. PLoS ONE 6:e16804.
doi: 10.1371/journal.pone.0016804

Singh, A., Haldar, S., Horback, K., Tom, C., Zhou, L., Meyerson, H., et al.
(2013). Prion protein regulates iron transport by functioning as a ferrireductase.
J. Alzheimers Dis. 35, 541–552. doi: 10.3233/JAD-130218

Singh, A., Isaac, A. O., Luo, X., Mohan, M. L., Cohen, M. L., Chen, F., et al. (2009a).
Abnormal brain iron homeostasis in human and animal prion disorders. PLoS
Pathog. 5:e1000336. doi: 10.1371/journal.ppat.1000336

Singh, A., Kong, Q., Luo, X., Petersen, R. B., Meyerson, H., and Singh, N.
(2009b). Prion protein (PrP) knock-out mice show altered iron metabolism:
a functional role for PrP in iron uptake and transport. PLoS ONE 4:e6115. doi:
10.1371/journal.pone.0006115

Singh, A., Mohan, M. L., Isaac, A. O., Luo, X., Petrak, J., Vyoral, D.,
et al. (2009c). Prion protein modulates cellular iron uptake: a novel func-
tion with implications for prion disease pathogenesis. PLoS ONE 4:e4468. doi:
10.1371/journal.pone.0004468

Singh, A., Qing, L., Kong, Q., and Singh, N. (2012). Change in the characteristics of
ferritin induces iron imbalance in prion disease affected brains. Neurobiol. Dis.
45, 930–938. doi: 10.1016/j.nbd.2011.12.012

Singleton, A. B., Farrer, M., Johnson, J., Singleton, A., Hague, S., Kachergus, J.,
et al. (2003). alpha-Synuclein locus triplication causes Parkinson’s disease. Science
302:841. doi: 10.1126/science.1090278

Snyder, A. M., and Connor, J. R. (2009). Iron, the substantia nigra and
related neurological disorders. Biochim. Biophys. Acta 1790, 606–614. doi:
10.1016/j.bbagen.2008.08.005

Song, N., Wang, J., Jiang, H., and Xie, J. (2010). Ferroportin 1 but not hephaestin
contributes to iron accumulation in a cell model of Parkinson’s disease. Free Radic.
Biol. Med. 48, 332–341. doi: 10.1016/j.freeradbiomed.2009.11.004

Tenenbaum, A., Malkiel, S., Wexler, I. D., Levy-Khademi, F., Revel-Vilk, S., and
Stepensky, P. (2011). Anemia in children with Down syndrome. Int. J. Pediatr.
2011:813541. doi: 10.1155/2011/813541

The Huntington’s disease Collaborative Research Group. (1993). A novel gene con-
taining a trinucleotide repeat that is expanded and unstable on Huntington’s
disease chromosomes. Cell 72, 971–983.

Thiabaud, G., Pizzocaro, S., Garcia-Serres, R., Latour, J. M., Monzani, E., and Casella,
L. (2013). Heme binding induces dimerization and nitration of truncated beta-
amyloid peptide Abeta16 under oxidative stress. Angew Chem. Int. Ed. Engl. 52,
8041–8044. doi: 10.1002/anie.201302989

Torsdottir, G., Kristinsson, J., Snaedal, J., Sveinbjornsdottir, S., Gudmundsson, G.,
Hreidarsson, S., et al. (2010). Case-control studies on ceruloplasmin and superox-
ide dismutase (SOD1) in neurodegenerative diseases: a short review. J. Neurol. Sci.
299, 51–54. doi: 10.1016/j.jns.2010.08.047

Trushina, E., Dyer, R. B., Badger, J. D. II, Ure, D., Eide, L., Tran, D. D., et al.
(2004). Mutant huntingtin impairs axonal trafficking in mammalian neurons in
vivo and in vitro. Mol. Cell. Biol. 24, 8195–8209. doi: 10.1128/MCB.24.18.8195-
8209.2004

Ulla, M., Bonny, J. M., Ouchchane, L., Rieu, I., Claise, B., and Durif, F. (2013). Is R2∗
a new MRI biomarker for the progression of Parkinson’s disease? A longitudinal
follow-up. PLoS ONE 8:e57904. doi: 10.1371/journal.pone.0057904

Waldron, K. J., Rutherford, J. C., Ford, D., and Robinson, N. J. (2009). Metallopro-
teins and metal sensing. Nature 460, 823–830. doi: 10.1038/nature08300

Wan, L., Nie, G., Zhang, J., Luo, Y., Zhang, P., Zhang, Z., et al. (2011). beta-Amyloid
peptide increases levels of iron content and oxidative stress in human cell and
Caenorhabditis elegans models of Alzheimer disease. Free Radic. Biol. Med. 50,
122–129. doi: 10.1016/j.freeradbiomed.2010.10.707

Wan, L., Nie, G., Zhang, J., and Zhao, B. (2012). Overexpression of human wild-
type amyloid-beta protein precursor decreases the iron content and increases the
oxidative stress of neuroblastoma SH-SY5Y cells. J. Alzheimers Dis. 30, 523–530.
doi: 10.3233/JAD-2012-111169

www.frontiersin.org April 2014 | Volume 5 | Article 81 | 9

http://www.frontiersin.org/
http://www.frontiersin.org/Drug_Metabolism_and_Transport/archive


Wong and Duce Neurodegeneration associated proteins regulate iron

Wang, F., Wang, X., Yuan, C. G., and Ma, J. (2010). Generating a prion with
bacterially expressed recombinant prion protein. Science 327, 1132–1135. doi:
10.1126/science.1183748

Wang, J., and Pantopoulos, K. (2011). Regulation of cellular iron metabolism.
Biochem. J. 434, 365–381. doi: 10.1042/BJ20101825

Ward, R. J., Dexter, D. T., and Crichton, R. R. (2012). Chelating agents
for neurodegenerative diseases. Curr. Med. Chem. 19, 2760–2772. doi:
10.2174/092986712800609689

Watt, N. T., Taylor, D. R., Kerrigan, T. L., Griffiths, H. H., Rushworth, J. V., White-
house, I. J., et al. (2012). Prion protein facilitates uptake of zinc into neuronal
cells. Nat. Commun. 3:1134. doi: 10.1038/ncomms2135

Weinreb, O., Mandel, S., Youdim, M. B., and Amit, T. (2013). Targeting dysregulation
of brain iron homeostasis in Parkinson’s disease by iron chelators. Free Radic. Biol.
Med. 62, 52–64. doi: 10.1016/j.freeradbiomed.2013.01.017

Wypijewska, A., Galazka-Friedman, J., Bauminger, E. R., Wszolek, Z. K., Schweitzer,
K. J., Dickson, D. W., et al. (2010). Iron and reactive oxygen species activity
in parkinsonian substantia nigra. Parkinsonism Relat. Disord. 16, 329–333. doi:
10.1016/j.parkreldis.2010.02.007

Yamamoto, A., Shin, R. W., Hasegawa, K., Naiki, H., Sato, H., Yoshimasu, F.,
et al. (2002). Iron (III) induces aggregation of hyperphosphorylated tau and its
reduction to iron (II) reverses the aggregation: implications in the formation of
neurofibrillary tangles of Alzheimer’s disease. J. Neurochem. 82, 1137–1147. doi:
10.1046/j.1471-4159.2002.t01-1-01061.x

Yuan, C., and Gao, Z. (2013). Abeta interacts with both the iron center and the
porphyrin ring of heme: mechanism of heme’s action on Abeta aggregation and
disaggregation. Chem. Res. Toxicol. 26, 262–269. doi: 10.1021/tx300441e

Zarranz, J. J., Alegre, J., Gomez-Esteban, J. C., Lezcano, E., Ros, R., Ampuero, I., et al.
(2004). The new mutation, E46K, of alpha-synuclein causes Parkinson and Lewy
body dementia. Ann. Neurol. 55, 164–173. doi: 10.1002/ana.10795

Zecca, L., Gallorini, M., Schunemann, V., Trautwein, A. X., Gerlach, M.,
Riederer, P., et al. (2001). Iron, neuromelanin and ferritin content in the
substantia nigra of normal subjects at different ages: consequences for iron
storage and neurodegenerative processes. J. Neurochem. 76, 1766–1773. doi:
10.1046/j.1471-4159.2001.00186.x

Zecca, L., Youdim, M. B., Riederer, P., Connor, J. R., and Crichton, R. R. (2004). Iron,
brain ageing and neurodegenerative disorders. Nat. Rev. Neurosci. 5, 863–873. doi:
10.1038/nrn1537

Zecca, L., Zucca, F. A., Wilms, H., and Sulzer, D. (2003). Neuromelanin of the
substantia nigra: a neuronal black hole with protective and toxic characteristics.
Trends Neurosci. 26, 578–580. doi: 10.1016/j.tins.2003.08.009

Zhao, L. N., Mu, Y., and Chew, L. Y. (2013). Heme prevents amyloid beta pep-
tide aggregation through hydrophobic interaction based on molecular dynamics
simulation. Phys. Chem. Chem. Phys. 15, 14098–14106. doi: 10.1039/c3cp
52354c

Zheng, W., and Monnot, A. D. (2012). Regulation of brain iron and copper
homeostasis by brain barrier systems: implication in neurodegenerative diseases.
Pharmacol. Ther. 133, 177–188. doi: 10.1016/j.pharmthera.2011.10.006

Zhou, L. X., Du, J. T., Zeng, Z. Y., Wu, W. H., Zhao, Y. F., Kanazawa, K., et al.
(2007). Copper (II) modulates in vitro aggregation of a tau peptide. Peptides 28,
2229–2234. doi: 10.1016/j.peptides.2007.08.022

Zhou, T., Ma, Y., Kong, X., and Hider, R. C. (2012). Design of iron chelators
with therapeutic application. Dalton Trans. 41, 6371–6389. doi: 10.1039/c2dt1
2159j

Zorzi, G., Zibordi, F., Chiapparini, L., and Nardocci, N. (2012). Therapeutic
advances in neurodegeneration with brain iron accumulation. Semin. Pediatr.
Neurol. 19, 82–86. doi: 10.1016/j.spen.2012.03.007

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 28 February 2014; paper pending published: 08 March 2014; accepted: 02
April 2014; published online: 21 April 2014.
Citation: Wong BX and Duce JA (2014) The iron regulatory capability of the major
protein participants in prevalent neurodegenerative disorders. Front. Pharmacol. 5:81.
doi: 10.3389/fphar.2014.00081
This article was submitted to Drug Metabolism and Transport, a section of the journal
Frontiers in Pharmacology.
Copyright © 2014 Wong and Duce. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Pharmacology | Drug Metabolism and Transport April 2014 | Volume 5 | Article 81 | 10

http://dx.doi.org/10.3389/fphar.2014.00081
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Drug_Metabolism_and_Transport/
http://www.frontiersin.org/Drug_Metabolism_and_Transport/archive

	The iron regulatory capability of the major protein participants in prevalent neurodegenerative disorders
	Introduction
	Iron within the brain
	Iron in neurodegenerative disease
	Parkinson's disease
	Alzheimer's disease
	Huntington's disease
	Prion diseases

	The role of pathological proteins in iron
	Amyloid-β precursor protein
	Tau
	α-synuclein
	Prion protein
	Huntingtin

	Conclusion; brain iron dyshomeostasis as a therapeutic target
	Acknowledgments
	References


