
Iron plays a pivotal role in many physiological functions
(Schmidt 1940) including neuronal metabolism, a component
of proteins involved in cellular processes such as DNA
synthesis, oxygen transport and mitochondrial respiration. It
is also fundamental in the brain processes such as neuro-
transmission and myelination. For instance, iron serves as a
co-factor for the enzyme tyrosine hydroxylase that is
involved in the dopamine synthesis pathway. As such,
in vitro studies show that tyrosine hydroxylase activity is
stimulated dosis-dependently by iron (Rausch et al. 1988).
The versatility of iron is related to its ability to serve as either
an electron donor or acceptor. In living organisms, it occurs
either in its reduced Fe2+ or oxidised Fe3+ state.

Iron toxicity ensues in the presence of unbound or free
iron in the cell. This occurs when the iron concentrations

exceed the binding capacities of transferrin. It is therefore
generally sequestered in the cells. Thus, iron overload can
elicit a cascade of cellular deleterious events. The oxidising
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Abstract

Alterations of iron levels in the brain has been observed and

documented in a number of neurodegenerative disorders

including Parkinson’s disease (PD). The elevated nigral iron

levels observed in PD may reflect a dysfunction of brain iron

homeostasis. Under normal physiological conditions excess

iron can be sequestrated in ferritin and neuromelanin. Alter-

natively, the excess iron may represent a component of brain

iron deposition associated with ageing. The aetiology of idio-

pathic PD largely remains an enigma. However, intensive

investigations have provided a host of putative mechanisms

that might contribute to the pathogenesis underlying the

characteristic degeneration of the dopaminergic neurons in

the substantia nigra (SN). The mechanisms proposed include

oxidative (and nitrative) stress, inflammation, excitotoxicity,

mitochondrial dysfunction, altered proteolysis and finally

apoptotic induced cell death. Iron-mediated cellular destruc-

tion is mediated primarily via reactive oxygen or/and nitrogen

species induced oxidative stress. Furthermore, these patho-

genic mechanisms appear to be closely interlinked to the

cascade of events leading to cellular death. There are con-

flicting reports about the stage during disease progression at

which nigral iron change occurs in PD. Some have found that

there are no changes in iron content SN in asymptomatic

incidental Lewy body disease, suggesting it may represent a

secondary event in the cascade of neuronal degeneration. In

contrast, others have found an elevation of iron in SN in pre-

clinical stages. These discrepancies may be attributed to the

occurrence of different sub-groups of the disease. This con-

curs with the notion that PD represents a group of related

diseases with a number of potential pathogenic pathways.
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agent, hydrogen peroxide is generated during normal
metabolism, for instance, during electron transport in mito-
chondria. This can be subsequently converted to the
extremely toxic hydroxyl radical in the presence of iron via
the Fenton reaction and Haber-Weiss reaction (Youdim and
Riederer 1993). Subsequently, these free radicals may elicit
cellular damage, lipid peroxidation and eventually cytotoxic
processes such as apoptosis evoking cellular destruction
(Gutteridge 1994).

Iron in neurodegenerative disorders: Parkinson’s disease
Reduced iron content in substantia nigra (SN) has been
linked to the neurological disease, such as restless legs
syndrome (Connor et al. 2004). Severe iron deficiency may
halt growth and induce cell death. Additionally, an iron
deficit during development may cause irreversible motor and
cognitive dysfunction (Beard and Connor 2003).

Conversely, brain iron accumulation has been implicated
in a host of chronic neurological diseases (Table 1).This
notion is supported by its distribution in the brain regions
that exhibit pathology characteristic of the relevant disorder.
Elevated brain iron levels are associated to neurodegenera-
tive disorders that can be broadly divided into two categories.

Firstly, it is associated to specific regional brain iron
accumulation, although it is unclear whether this represents
a cause or a result of neuronal destruction. Secondly, a
consequence of malfunction in iron homeostasis, that is the
primary cause of the disease (Berg et al. 2002a,b; Zecca
et al. 2004).

The iron within the normal brain exhibits a heterogeneous
pattern of distribution both regionally and cell-type depen-
dent. The rank order of total iron distribution in normal brain
tissue was globus pallidus > putamen > substantia nigra >
caudate nucleus > cerebral cortex = cerebellum (Dexter
et al. 1993). It is most abundant in areas that are rich in
dopaminergic neurons namely, the globus pallidus, putamen
and SN of the basal ganglia (Dexter et al. 1993; Youdim and
Riederer 2004). Thus, iron concentration may confer a pre-
dilection to neuronal degeneration and subsequently precip-
itate basal ganglia movement disorders (Table 2). This
concept is demonstrated and supported by the cognitive
decline and movement difficulties observed in neuroferritin-
opathy (Table 2), a genetic disease characterised by abnor-
mal deposition of iron in the basal ganglia (Wills et al.
2002). Basal ganglia disorders account for a significant
proportion of motor disability arising from neurological
disorders.

Dysregulations of brain iron due to a genetic component
have been reported in a number of movement disorders
(Table 2, Gerlach et al. 2006). Genetic mutation(s) may alter
the expression and thus function of proteins involved in iron
homeostasis and /or its metabolism resulting in its abnormal
accumulation in the brain. Changes in brain iron and the iron
storage protein ferritin have been found in a prevalent motor
disease, Parkinson’s disease (PD) (Riederer et al. 1985;
Dexter et al. 1987). The presence of iron deposition and
increased free iron concentration in the basal ganglia appears
to play a pivotal role in the manifestation of Parkinsonian-
like features or Parkinsonism caused by dopamine deficiency.

Table 1 Chronic neurodegenerative disorders exhibiting changes in

brain iron levels

Parkinson’s disease

Alzheimer’s disease

Multiple sclerosis

Amyotrophic lateral sclerosis

Friedreich’s ataxia

Aceruloplasminemia

Prion’s disease

(Modified and adapted from Youdim and Riederer 2004).

Table 2 Basal ganglia diseases: iron accumulation in brain and Parkinsonism

Disease

Neuropathology, principle

location of iron deposition Clinical symptoms

Parkinson’s disease Substantia nigra l� Parkinsonism

Multiple systems atropy Substantia nigra, caudate-putamen 2� Parkinsonism

Progressive supranuclear palsy Substantia nigra, putamen 2� Parkinsonism

Hallervorden-Spatz syndromea Basal ganglia 2� Parkinsonism

Pantothenate kinase-associated neurodegenerariona Basal ganglia 2� Parkinsonism

Neuroferritinopathya Basal ganglia 2� Parkinsonism

Hypoprebetalipoproteinemia acanthocytosis and retinitis

pigmentosa with pallidal degeneration

Basal ganglia 2� Parkinsonisni

Modified from Gerlach et al. 2006.

l�, primary; 2�, secondary.
aDiseases exhibiting genetic abnonnalities in iron regulation.
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Indeed, this phenomenon is demonstrated by a diverse
spectrum of motor disorders (Table 2), that all exhibit two
common features abnormal iron deposition in this area of the
brain and parkinsonism (Gerlach et al. 2006).

Interestingly, it appears that elevation of total nigral iron is
greater in progressive supranuclear palsy and multiple
systems atrophy (MSA) (70% and 59% respectively, Dexter
et al. 1993), compared with PD (35%). This may be related
to shorter disease duration although this might be associated
with other factors independent from nigral cell loss. How-
ever, the higher iron deposition in the substantia nigra may
represent a greater vulnerability to iron-related cell destruc-
tion. Therefore, the increase in iron content may exacerbate
the neuronal destruction cascade and/or may indirectly
contribute to the average duration of the disease. Thus, the
brain iron deposition may be inversely related to the duration
of the disease. Indeed, progressive supranuclear palsy (a
phenotype called Richardson syndrome has a duration of
4 years) has a shortest duration compared to multiple
systems atrophy (average duration of 7 ± 0.9 years) or PD
(mean duration of 14 years). However, in Huntington
disease, the substantia nigra is spared from the impact of
the disease, and instead there is marked pathology and iron
deposition in the caudate nucleus and putamen and no
Parkinsonian-like clinical features (Dexter et al. 1993),
therefore cementing the involvement of the nigral iron
overload and the clinical manifestation of PD.

Parkinson’s disease was first described as scelotyrbe
festinans (abnormal gait characterised by quick short steps)
by Boissier de Sauvages (1768). Subsequently, James
Parkinson (1817) identified the illness as paralysis agitans
(shaking palsy). PD is a chronic progressive neurodegener-
ative disorder, which begins insidiously and gradually
worsens in severity. Majority of PD cases are idiopathic
with a sporadic occurrence. This is often referred to as
primary PD. In contrast, Parkinsonism (Fahn and Sulzer
2004) is a secondary phenomenon to other syndromes
(Table 2), such as post-encephalitic, drug-induced, Parkin-
son-plus MSA subtypes and heredodegenerative diseases.
There are rare occurrences of familial PD, where genetic
factors are known to be associated with the cause of the
disease. Twin studies assessing the concordance rates in
monozygotic and dizygotic twins, suggest that a genetic
component may serve a vital role in younger onset patients
(< 50 years of age) as opposed to older onset ones (Tanner
et al. 1999). Thus, it is highly likely that a number of factors
may contribute to the neuronal destruction observed in PD.

A host of mechanisms have been suggested in the
pathogenesis of PD including oxidative (nitrative) stress,
inflammation, altered proteolysis, mitochondrial dysfunction.
The loss of greater than 50–60% of the neuromelanin (NM)-
containing dopaminergic neurons primarily in the lateral
ventral tier of the SN zona compacta (SNc), results in a
marked reduction in dopamine concentrations (70–80%) in

the striatum (mainly in the putamen). This results in the
clinical manifestation of the disease. Indeed, the reduction of
SNc neurons reduces the nigrostriatal dopaminergic projec-
tions and decreases the ‘direct’ inhibitory pathway of the
basal ganglia motor circuit resulting in the over activity of
the ‘indirect’ pathway and the subsequent development of
Parkinsonian motor signs (Wichmann and DeLong 1993).
Also, the reduction in NM-containing neurons produces the
characteristic ‘bleached’ appearance of the SN in PD. The
presence of eosinophilic cytoplasmic inclusions, Lewy
bodies (LB), in the remaining surviving neurons are the
pathological hallmark of the disease, although LB are not
exclusive to the disorder.

Alterations in iron levels in PD (Table 3) have been
demonstrated using both quantitative (biochemical analysis
using postmortem brain tissue) and semi-quantitative [such
as histochemical methods, transcranial sonography (TCS),
magnetic resonance imaging (MRI) techniques] methods.

Changes in iron content (Table 3) in the basal ganglia
(globus pallidus) in PD were first demonstrated in 1924
(Lhermitte et al. 1924). Subsequent studies employing
different techniques demonstrated an increase in total iron
and non-heme ferric iron (Fe3+) in SN (Earle 1968; Riederer
et al. 1985; Dexter et al. 1991). These findings were further
endorsed by histopathological and in vivo brain imaging
techniques. More importantly, the biochemical analysis of
iron deposition in PD has been found be mainly in the SNc
(31%, Table 3) compared with the total SN (35%, Table 3;
Dexter et al. 1991). This suggests an important role of the
iron changes in PD because the SNc bears the brunt of the
pathology of the disease. Indeed, studies using highly
specific particle-induced X-ray emission have shown that
the iron content in the SN zona reticulata is greater than the
SNc in control subjects, but this pattern is reversed in PD
(Morawski et al. 2005). Elevated iron levels and reduced
antioxidants may compromise the cellular defence mecha-
nisms ensuing in free radical-mediated neuronal destruction.

The iron changes observed in SN in PD produces a shift of
the Fe3+ : Fe2+ from 2 : 1 in normal subjects to 1 : 2 in
patients with PD (Riederer et al. 1988; Sofic et al. 1988).
This shift to the more toxic iron form may result in the
production of hydrogen peroxide-derived reactive hydroxyl
radicals (via Fenton reaction and enhanced Haber-Weiss
cycle). Lipids with unsaturated fatty acids in cell membranes
can donate electrons to hydroxyl radicals causing oxidative
destruction of membranal lipids. This notion is demonstrated
by the increase in markers for lipid peroxidation that is an
elevation in basal levels of malondialdehyde and lipid
peroxides (Dexter et al. 1989a).

In contrast, studies employing Mössbauer spectroscopy
(investigates the electronic structure of iron complexes),
atomic absorption spectroscopy or colorimetry analysis,
reported no significant changes in iron content in the SN
(Uitti et al. 1989; Loeffler et al. 1995; Galazka-Friedman
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et al. 1996). These discrepancies are most likely to be related
to variability in method sensitivity. For instance, Mössbauer
spectroscopy only detects 57Fe, which is a low occurrence
isotope in the brain (Gerlach et al. 1995), this may account
for the undetected iron elevation. Another factor which may
also contribute to the absence of iron changes could be the
brain tissue obtained from patients with different duration of
the disease. Indeed, no nigral iron changes (Dexter et al.
1992) have been found in pre-symptomatic PD or incidental
Lewy body disease (although this has been disputed) or mild
PD (Riederer et al. 1989). In contrast, the elevation of iron in
the SN in severe PD is well documented (Table 3).

Similarly, MRI studies support the positive correlation
between degree of nigral iron elevation and severity of the
motor symptoms (Bartzokis et al. 1999) and not duration of
the disease (Wallis et al. 2008). Instead, excessive iron
deposits in the subthalamic nucleus were correlated to the
duration of the disease (Kosta et al. 2006). An increase of
MRI field-dependent relaxation rate (R2) (FDRI) in the SN
has been found in early onset PD, whereas in late onset PD
there was a decrease in FDRI (Bartzokis et al. 1999). An
increased MRI (FDRI) corresponds to an elevation in specific
iron pool (ferritin iron is known to increase R2) (Vymazal
et al. 1999; Behnke et al. 2009). These findings are consis-
tent with reduction of nigral ferritin levels in older PD
patients using biochemical analysis (Dexter et al. 1993) and
conform to the hypothesis of some malfunction in brain iron
metabolism/regulation. Also, PRIME magnetic resonance
sequence has shown a positive correlation to the reduction in

iron levels in the putamen and disease duration (Graham
et al. 2000). Although, this finding contradicts the significant
reduction in iron content found only in the globus pallidus
region (medial and lateral) in PD (Dexter et al. 1993;
Table 3) using biochemical analysis. The sensitivity and
specificity of MRI in the detection of iron deposition needs to
be carefully considered before commenting on such anom-
alies (Haacke et al. 2005). Nevertheless, most of these semi-
quantitative methods for brain analysis have complemented
and reflected the iron changes obtained using biochemical
analysis of postmortem tissue (Table 3). More importantly,
in vivo MRI evaluation, TCS and histochemical methods
have proved to be useful tools for in vivo characterisation and
localisation of brain iron neurodegenerative disorders.

Transcranial sonography allows the two-dimensional
visualisation of the brain. TCS studies have depicted an
iron-elicited increase in echogenicity in the basal ganglia and
SN in PD (Becker et al. 1995). Similarly, augmented brain
iron levels have been reported in a group of asymptomatic
subjects of which 60% exhibited a reduction of striatal
radiolabelled fluoro-dopa thus reflecting savaged dopami-
nergic nigrostriatal pathway (Berg et al. 1999; Iron-induced
neurodegeneration; oxidative stress section). However, crit-
ical remarks are related to the role of hyperechogenicity of
SN in PD because nearly 10% of healthy individuals (Berg
et al. 1999, 2002a,b), patients with depression (Walter et al.
2007; Hoeppner et al. 2009) and patients with Attention
Deficiency Hyperactivity Disorder (Romanos et al. 2010) all
show significant hyperechogenicity of SN while not demon-

Table 3 Semi-quantitative and quantitative analysis of changes in iron levels in basal ganglia in PD

Analysis SN Putamen Globus paIlidus Authority

Semiquantitative

Histological staining; X-ray fluor. spectroscopy General › In basal ganglia › Lhermitte et al. 1924; Earle 1968

Energy disperse X-ray analysis › Jellinger et al. 1992

Magnetic resonance imaging › fl fl Riyvlin et al. 1995

Transcranial sonograph › General › In basal ganglia Becker et al. 1995;

Berg et al. 2002b

Quantitative

Flame spectrophotometry › 1.77(S) 0.81(NSC) 1.20(NSC) Riederer et al. 1985

Inductively coupled plasma spectroscopy › 1.35(S)(t) 1.04(NSC)(l) fl 0.71 (SK)(I) Dexter et al. 1989b

› 1.31(S)(zc) 0.83(NSC)(m) fl 0.71(S)(m) Dexter et al. 1991

Laser microprobe mass analysis › 1.45(S) Good et al. 1992

Extended X-ray absorption fine structure › 2.01(S) 1.23(NSC) › 1.43(S)(I) Griffiths et al. 1999

Atomic absorption and atomic emission

spectroscopy

NSC caudate N. NSC NE Uitti et al. 1989

FerrochemII serum iron/TIBC analyser NSC NSC › Loeffler et al. 1995

Mössbauer spectroscopy NSC Galazka-Friedman et al. 1996

Table modified from Goetz et al. (2004).

Values are expressed as a change in iron mean values in PD compared with mean values in normal subjects.

S, significant change; NSC, no significant change; t, total; zc, zona compacta; l, lateral; m, medial; NE, not estimated.
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strating PD. Nevertheless, hyperechogenicity has been
related to increased iron in the SN (Berg et al. 2002a,b;
Zecca et al. 2005).

The significant elevation of total iron in PD in the SN, an
area marked with pathological changes suggests an integral
role of the iron-related oxidative neuronal destruction.
Extensive studies using postmortem brain tissue from PD
patients have furnished burgeoning evidence for the involve-
ment of oxidative stress in the pathogenesis of the disease
process. These findings suggest that oxidative cellular
damages represent a series of molecular event eventually
leading to the destruction of nigral neurons. Oxidative stress
and its relevance to PD will be discussed in greater detail in
‘‘consequences of increased iron in Parkinson’s disease’’
section.

The sources of augmented iron could be (i) dysregulation
of iron homeostasis caused by pathological variation in iron
tissue distribution or (ii) a malfunction in molecules involved
in sequestrating excess iron such as caused by pathological
variation in iron tissue distribution ferritin and NM or (iii)
ageing is associated with accumulation of bound iron in the
brain. Nevertheless, these putative pathways are likely to be
interlinked.

Potential mechanism(s)/sources of the elevated
iron levels in PD

Iron homeostasis
In view of the fact that either iron deficiency or iron overload
can elicit cellular deleterious events, therefore, its distribution
and storage is tightly regulated in the human body. Main-
tenance is also important as it has no regulated means of
excretion and it readily reacts with peroxides to produce
cellular toxic-free radicals.

Cellular iron homeostasis is largely maintained by the
expression of proteins associated with its uptake, utilisation
and storage. The regulation of iron is heavily dependent on
its cellular access mediated via transferrin receptors and its
storage protein ferritin. Iron (Fe2+) absorbed from the
duodenum binds to transferrin and circulates in the blood.
Subsequently, the iron is taken up into the cells via
transferrin receptors, where it is stored in the centre of
metalloproteins. Excess iron in mucosal cells is stored as
ferritin and is lost when these cells are shed in the gut. Iron-
mediated cellular toxicity ensues when excess iron levels
overwhelm the binding capacity of transferrin. Transferrin
regulates the expression of the hormone, hepcidin. This
hormone controls the expression of the iron transporter
ferroportin and thereby regulating intestinal iron absorption
and iron release (Nemeth 2008).

The iron regulation is dependent on iron-responsive
element-binding proteins present in the cytosol. Iron-respon-
sive element-binding protein is capable of undergoing

reversible change depending on iron availability. In the
brain, there are many pathways in which iron can be
transferred across the blood–brain barrier (BBB) including
the transferrin receptor-mediated uptake, divalent cation
metal transporter (DCT1) and lactoferrin receptor (Ponka
2004).

Studies employing radiolabelled iron-transferrin (Moos
and Morgan 2004) suggest that iron transport across the BBB
occurs mainly via receptor-mediated endocytosis of iron-
containing transferrin. Then, the brain capillary endothelial
cells absorb iron-bound transferrin from the blood via
receptor-mediated endocytosis. This is followed by the
release of iron from the endosome into the brain interstitial
fluid by the iron exporter ferroportin (Wu et al. 2004). Once
in the brain interstitium, the iron may bind to large molecules
such as transferrin or lactoferrin. Also, transferrin secreted
from the oligodendrocytes plays a vital role in binding and
transporting iron in the brain interstitium. The presence of
transferrin receptors on neurons and not glial cells lead to
the suggestion that glia may uptake iron via a mechanism
not involving transferrin receptor. Indeed, the marked
presence of ferritin in glia indicates that these cells do
acquire iron.

It is vital to consider the biochemical and anatomical
aspects of normal physiological iron regulation to postulate
its role in neurodegeneration. Dysfunction of brain iron
homeostasis may ascribe for the changes of brain iron in PD.

This abnormality in iron regulation may in turn be
associated to some genetic component, for instance, the
disorders highlighted in Table 2. More importantly, a muta-
tion of genes related to iron transport and binding was
demonstrated by the high frequency of G2578S transferrin
polymorphisms in late onset PD only (Borie et al. 2002).
Indeed, MRI-FDRI evaluations of brain iron in PD (Fig. 1a)
have illustrated a dysfunction in iron homeostasis that may
be different in the early onset PD in contrast to late onset PD
(Bartzokis et al. 1999).

A recent in vitro study reported L-dopa induced increased
expression of DCT1 and thus an increase of cellular ferrous
uptake, suggesting that active iron may also be associated to
levodopa related neurotoxicity in cortical neurons (Fang
et al. 2009). More importantly, an elevated expression of an
isoform of DCT1 has been found in SN in PD (Salazar et al.
2008). This may ascribe for the mechanism associated with
iron accumulation observed in the disorder. Similarly in
MPTP-treated mice, there was an increased expression of
DCT1 in the ventral mesencephalon and a corresponding
iron deposition and dopaminergic cell loss. Thus, DCT1
plays an instrumental role in iron accumulation and conse-
quent oxidative-mediated cell damage.

Alternatively, there may be some non-genetic causes
involved in the misregulation of iron at various stages, for
instance, uptake and release, storage, intracellular metabo-
lism (Ke and Qian 2007).
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A damaged or ‘leaky’ BBB in the SN (Fig. 1b) may serve
as a potential peripheral source for the elevated iron content
or even allow entry to neurotoxins into the brain and the
resultant accumulation of proteins (Oesterreicher et al. 1994;
Lewy body formation section). The p-glycoprotein plays a
regulatory role in the maintenance of BBB function (Tan
et al. 2002). It serves as an efflux pump that does not
normally allow verapamil hydrochloride (a substrate for p-
glycoprotein) to cross the BBB. However, PET studies have
shown a high uptake of radiolabelled verapamil into the
frontal white matter areas in advanced PD and progressive
supranuclear palsy patients (Bartels et al. 2008). This
probably mirrors frontal dysfunction of affected frontostriatal
pathways. In early PD patients, in contrast, there is a lower
verapamil uptake in the mid brain and frontal regions thereby
demonstrating some malfunction of p-glycoprotein system in

the BBB in the later stages of the disease. This dysfunction in
the BBB is probably exacerbated with increasing age of the
patients in view of the reduced function of p-glycoprotein in
the BBB with respect to ageing (Bauer et al. 2008).

An enhanced expression of DCT1 in the dopaminergic
neurons in the SN in PD (Qian and Wang 1998), may
contribute to an increase of iron transport to this region. Also,
the elevation of nigral lactotransferrin receptors in PD may
represent a pathway for the iron deposition into this area
(Faucheux et al. 1995; Leveugle et al. 1996). However, the
reduction of transferrin receptor binding in the SN in PD
(Faucheux et al. 1995) may represent its down-regulation in
response to the raised nigral iron content.

It has been suggested that most of the iron transported via
transferrin receptor is concentrated in ferritin and NM.
Therefore, analysis of the ferritin and NM system provide
vital clues in the elucidating the mechanism(s) attributing to
the increased iron content observed in the illness.

Ferritin
Ferritin is the most common iron storage protein in the brain. It
comprises two types of sub-units: heavy (H) and light (L),
which work in complementary ways to store intracellular iron
(Connor et al. 1994). H-ferritin is foundmainly in the neurons,
where it sequesters iron and is found in organs where there is
little iron storage and high iron utilisation. In contrast, L-
ferritin is associated with iron storage and is expressed on
microglia and also detected inNMgranules. Oligodendrocytes
express both H- and L-ferritin (Zecca et al. 2004).

Iron bound to ferritin is considered non-toxic as it does not
allow iron to react with molecules in a manner that can evoke
cellular damage. However, a breakdown of protective ferritin
complex can lead to an overload in free iron, which in turn
can be highly neurotoxic via the production of free radicals
and mediation of lipid peroxidation of cell membranes. After
the brain uses the iron it has stored, it may leave the cells
with the aid of copper-associated protein ceruloplasmin.

Ferritin may be associated with the pathogenesis and/or
the clinical features of the disease. This is based on the
mutation of genes encoding for L-ferritin and parkinsonian
features observed in autosomal dominant adult-onset basal
ganglia disease (Curtis et al. 2001). Nonetheless, there have
been contradictory findings reported in the changes in nigral
ferritin levels in PD. An up-regulation of ferritin expression
in PD (Jellinger et al. 1990) would be the normal physio-
logical response corresponding to the increase of iron content
observed in PD. However, a significant decrease of SN
ferritin levels in PD was found by others (Dexter et al. 1991;
Faucheux et al. 2002). Furthermore, the ferritin in SN in PD
has been reported to be more heavily laden with iron
compared with normal subjects (Griffiths et al. 1999). This
would suggest that inadequate ferritin is present, which is
unable to handle the iron overload. The ferritin deficiency
has been contributed to the sustained activity of iron
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regulatory protein-binding activity that represses ferritin
synthesis (Faucheux et al. 2002). This clearly supports the
notion of a dysfunction in iron homeostasis. A reduction of
serum ferritin and iron was reported in PD (Connor et al.
1995). This clearly supports a misregulation of iron handling
in the brain and periphery in PD. More importantly, it
demonstrates that normal up-regulation of ferritin associated
to ageing is absent in PD (Connor et al. 1995). Similarly, a
disruption of iron homeostasis is also implicated in Alzhei-
mer’s disease, although a decrease in the iron transport
protein transferrin is involved and not the iron storage protein
(Connor et al. 1992).

Another pathway that may contribute to the increased iron
in PD may involve the release of iron from ferritin mediated
by endogenous or exogenous reactive chemical species
through reductive mechanisms (Lapenna et al. 1995).
Indeed, glial cells generate significant amounts of toxic
superoxide- and nitric oxide-derived free radicals from L-
arginine. Subsequently, these free radicals can release iron
from ferritin and nitric oxide can inhibit activity of
mitochondrial complexes I and II, thereby exacerbating
oxidative damage (Yoshida et al. 1995). Furthermore, super-
oxide and nitric oxide can combine to yield highly cellular
toxic peroxynitryl radical. Exogenous dopaminergic toxins
such as 6-hydroxydopamine (6-OHDA) can also release iron
from ferritin, leading to the iron-generated free radical-
induced lipid peroxidation of cells (Double et al. 1998). The
involvement of iron is confirmed by the abolishment of lipid
peroxidation in the presence of an iron chelator. Oxidation of
endogenous dopamine can also produce 6-OHDA, which in
turn releases the iron from the storage protein ferritin. Indeed,
in vitro studies have shown 6-OHDA can be produced from
dopamine under oxidative stress conditions (Napolitano
et al. 1995). Therefore, perhaps this occurs in the disease
state and the release of 6-OHDA exacerbates the free radical-
operated oxidative stress in the SN. Interestingly, the
detection of a ‘6-OHDA’ -like compound in the urine of
PD patients supports this contention (Andrew et al. 1993).

However, ferritin is localised primarily in glial cells
(mainly in the oligodendrocytes) (Connor et al. 1994); it
therefore appears unlikely that free radicals produced in the
glia would diffuse across the intracellular space and destroy
about 70% or more of the dopaminergic nigral neurons. In
contrast, the presence of L-ferritin in NM granules (Tribl
et al. 2009) would support the involvement of cytotoxic
mechanism operating within the SNc neurons. Nevertheless,
the role of ferritin and its pathology in glia for PD and its
progression waits for being elucidated in detail.

Neuromelanin
Neuromelanin (NM) is a brownish-black pigment. NM is
another iron sequestrate found in high concentrations in the
dopaminergic and noradrenergic neurons in SN and locus
coeruleus (LC) respectively. It is produced by the auto-

oxidation of dopamine or noradrenaline. However, NM does
not only represent a product of dopamine autoxidation
(Sulzer and Zecca 2000; Sulzer et al. 2000, Tribl et al.
2005), because in PD patients treated with high concentra-
tions of the dopamine precursor levodopa (L-dopa), an
increase in NM content in the remaining surviving neurons
has not been reported.

Neuromelanin may serve a physiological role in the iron
storage. Indeed, about 50% of the total NM is saturated with
iron under normal physiological conditions, suggesting a
neuroprotective role by virtue of sequestering redox active
iron. The association of NM to iron is highlighted by findings
using particle-induced X-ray emission (Morawski et al.
2005). Evidence suggests that NM acts to reduce potentially
toxic iron by chelating it in the cytosol of neurons (Zucca
et al. 2006). The dihydroxyindole units present in the
melanic groups of NM is attributed to its preference to
chelate iron in comparison with other metals (Zecca et al.
2004). Iron has been found to be directly bound to the NM in
the SN (Ben-Shachar and Youdim 1993; Zecca et al. 2006)
and this contributes for the increased signal emitted in PD
(Kienzl et al. 1995). Interestingly, Tribl et al. (2009) have
demonstrated the presence of L-ferritin as a component of
NM granules in human SN. This finding galvanises the
notion that NM does not only represent a breakdown product
of dopamine and noradrenaline, but also serves a physiolog-
ical role in iron homeostasis and thus is neuroprotective
against free iron-mediated oxidative stress. Additionally, this
reflects the operation of two iron storage systems within the
nigral NM containing neurons, one that is NM mediated and
the other is an L-ferritin based.

In PD, there is significantly less iron bound to NM
resulting in an increase in the availability of redox-active
(free) iron in the SN. NM may therefore be involved in
maintenance of intra neuronal iron homeostasis. Further-
more, this elevation has been shown to correlate with
neuronal cell loss in this area. This supports the involvement
of NM mediated modulation of iron reactivity in PD
(Faucheux et al. 2003).

Interestingly, the degenerative process appears to exhibit a
pre-dilection to the NM-containing nigral neurons with high
iron content and no calbindin (calcium-binding protein)
D28K. These cells are more susceptible to iron-mediated
oxidative stress. Calbindin D28K preserves neuronal cells as
a result of blocking calcium-mediated apoptosis-induced cell
death. Thus, the remaining surviving neurons in PD do not
contain NM, show low iron levels and are calbindin D28K
positive (Hirsch 1994; Saper 1999). Thus, this preferential
neuronal loss illustrates a pattern of selective degeneration
and the role of calcium ions in executing cell death. It also
implicates NM-derived iron in the mediation of oxidative
damage and thereby highlighting the involvement of iron in
the pathogenesis of PD. Therefore, perhaps the iron remain-
ing from these degenerated neurons contributes to its
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increase observed in SN homogenates from postmortem
brain tissue. However, the neuropathological findings indi-
cate that the ventral tier of SNc (an area poor in NM) bears
the onslaught of the disease in contrast to the pigmented-rich
dorsal tier that is spared (Gibb 1992). This may suggest a
protective role of NM, where it may directly be involved in
the inactivation of free radicals or indirectly by chelating
iron. This role is demonstrated by in vitro studies, where NM
significantly reduced basal and iron-stimulated lipid perox-
idation in rat cortex (Ben-Shachar et al. 1991). NM has
indeed been reported to be formed also in pre-motor cortex
(Ward et al. 2009).

However, other studies have demonstrated the cytotoxic
role of NM; indeed addition of iron saturated NM produced
significant cell damage (Double et al. 1999). Also, NM
added to primary cultured neurons produced reactive oxygen
species via (i) free radicals produced from iron liberated from
NM and (ii) oxidation of semi-quinone radicals (Depboylu
et al. 2007). In vitro studies using SH-SY5Y cells have
shown NM to cause oxidation of reduced GSH and apoptotic
cell death (Naoi et al. 2008). Indeed, nuclear magnetic
resonance spectroscopy analysis shows that the NM protec-
tive role may be compromised in PD as illustrated by the
reduction in its ability to bind to iron (Aime et al. 2000).
This reduction in NM ability to bind to excess iron may be
due to an alteration in its binding ability as a consequence of
the disease process or alternatively perhaps its binding
capacity is overwhelmed by elevated iron content. Conse-
quently, this would result in an increase in the availability of
free iron, which would in turn initiate oxidative damage to
the neurons. This is in accordance with the increase in redox
activity of iron in NM aggregates from PD patients, where
about 70% of the melanised neurons are lost (Faucheux et al.
2003).

Ageing
Ageing is associated with cell damage, cell repair and
progressive inflammation. The normal accumulation of iron
in the brain is associated to ageing. In particular, iron
accumulates in the SN with respect to age until the fourth
decade after which it stabilises (Zecca et al. 2001). Similarly,
NM accumulation is also associated with ageing in normal
subjects; however, in PD, a significant decrease of NM was
demonstrated (Zecca et al. 2002). This deposition has also
been associated to the cognitive decline in the elderly.
Interestingly, iron deficiency anaemia has been shown to
adversely affect cognition and motor performance in human
and animals (Khedr et al. 2008). This illustrates the impor-
tance of maintaining the regulation of iron homeostasis and
the fine balance of iron that exists in the brain and periphery.

An up-regulation of ferritin expression occurs with ageing;
however, this system is not operational in PD (Dexter et al.
1994), perhaps because of the malfunctioning of iron
homeostasis in the disorder.

In PD, neuronal degeneration is observed in both the SN
and LC, although the LC is less markedly affected. A
comparative analysis of iron-related neuronal susceptibility
in the SN and LC during ageing (Zecca et al. 2004)
illustrated: (i) a higher iron content in the SN compared
with LC; (ii) a higher ferritin : iron ratio in the LC in contrast
to the SN; (iii) similar NM levels; however, the nigral NM
contained higher iron levels compared with LC. The higher
iron content in SN could be due to its steady increase with
respect to age, whereas in LC the iron content remains
constant throughout the life. Consequently, the higher iron
content present in the SN in comparison with the LC may
ascribe for its vulnerability to iron-mediated oxidative
damage in disease state in PD.

Reactive oxygen species are considered to be contribu-
tors to the ageing process. Endogenously produced free
radicals normally generated by metabolic processes evoke
oxidative modifications to lipids, proteins and genetic
components. Ageing may pose as an important risk factor
in the expression of idiopathic PD. It has been suggested
that PD is a disease of ‘accelerated ageing’ (Fahn and
Sulzer 2004). However, the pattern of neuronal cell loss
within SN is different. Neuronal loss caused by ageing
demonstrates regional variations within SNc, where the
greatest cell loss is observed in the dorsal region (6.9% per
decade) and the least in the lateral ventral region (2.1% per
decade; Fearnely and Lees 1991). Whereas in PD, the
neuronal loss appears to be mainly concentrated in the
lateral ventral tier (90%) of SNc, in contrast in ageing there
is a preferential cell loss in the dorsal tier (56%) of the
SNc. Thus, other factors must be involved in the aetiology
of the disease that confers to the susceptibility chiefly of the
ventral area of the SNc.

Consequences of increased iron in Parkinson’s
disease

Iron-induced neurodegeneration; oxidative stress
The increased iron-associated MRI contrasts in SN in living
PD patients exhibited a direct correlation to the motor
performance (Gorell et al. 1995). Interestingly, MRI assess-
ment of age-related iron accumulation in the striatum has
been shown to be inversely correlated to decline in motor
performance in rhesus monkeys (Cass et al. 2007). Also,
intranigral administration of iron produces selective dopami-
nergic neuronal loss and consequently eliciting parkinsonian
features both biochemically and behaviourally (Riederer and
Wesemann 1995; Youdim 2003). Iron deposition in the
subthalamic nucleus has been associated with the duration of
the disease. This may mirror an association between the
deposition of iron and clinical manifestation of PD. Thus,
augmentation of the nigral iron in PD may directly correlate
with the severity of clinical symptoms.
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Indeed, in pre-symptomatic PD or incidental Lewy body
disease (although this remains debatable) there are not any
changes in iron or ferritin content in SN or manifestation of
clinical symptoms of PD (Dexter et al. 1994). Dexter et al.
(1994) found no significant changes in striatal dopamine
levels in incidental Lewy body disease suggesting that nigral
iron accumulation may be secondary to neuronal loss. Thus,
iron changes observed in the SN in PD are more likely to
represent a secondary phenomenon (Hirsch and Faucheux
1998). Interestingly, some have found no changes in nigral
iron content in PD (Uitti et al. 1989; Loeffler et al. 1995;
Galazka-Friedman et al. 1996; Friedman et al. 2009). How-
ever, it may well be that total iron measurement does not
reflect the pathological status. At unchanged total iron
concentration, an increased free iron concentration could
well be relevant to induce changes leading to oxidative stress
and pathological dopaminergic transmission.

However, Becker et al. (1995) and Zecca et al. (2004)
reported an elevation of nigral iron in a few subjects with
incidental Lewy body disease. Subsequently, they also found
an increased nigral echogenicity in some healthy subjects
with decreased striatal uptake of radiolabelled fluoro-dopa
(Zecca et al. 2005). Clearly, these diverse findings warrant
for further clarification using a greater number of subjects
with asymptomatic PD. Methodological issues may also play
a critical role in this arena and may attribute to these
conflicting findings to the different methods employed
(Gerlach et al. 2006).

Alternatively, the differences or even overt PD may suggest
sub-groups as proposed by one of us (Peter Riederer Fig. 1a,b)
of asymptomatic PD, incidental Lewy body disease, one sub-
group with no significant changes in nigral iron and ferritin
content or striatal dopamine, a marked decrease in GSH in SN,
plus Lewy body pathology (Riederer et al. 1989; Sian et al.
1991; Dexter et al. 1994) and a second sub-group exhibiting
increase in nigral-free iron content, reduction in striatal
dopamine, plus Lewy body pathology (Zecca et al. 2005).
This concept of sub-groups concords with (i) the heterogeneity
proposed in early symptomatic PD (Lewis et al. 2005)
including closed or openBBB for iron transport (Oesterreicher
et al. 1994) (Fig 1b) and (ii) the findings from a recent study in
which SN hyperechogenicity has been detected in depressed
patients with mild motor dysfunction (Walter et al. 2007;
Hoeppner et al. 2009). It was suggested that these depressed
patients may subsequently pose an elevated risk of developing
clinically defined PD. Thus, the stage at which iron executes
an involvement in disease process may be different and thus
characterising sub-groups of the illness. Then, the elevation of
nigral-free iron in PD may initiate and/or contribute to the
ongoing degenerative processes resulting in cell death.
However, as long as iron taken up into the SN is bound to
NM or ferritin it is not toxic even at high concentrations as
shown in nearly 10% of healthy individuals with SN
hyperechogenicity (Berg et al. 2002a,b) and in patients with

attention-deficit hyperactivity disorder (Romanos et al. 2010).
If subgroups based on variation of SN free iron content can be
substantiated it remains interesting to study their phenotypes,
disease progress and possibly therapeutic strategies. Also
treatment with iron-chelators may be envisaged as early as iron
toxicity is established. There are two strategies under discus-
sion as follows: (i) usage of a peripherally acting iron chelator,
like desferoxamine which according to our hypothesis would
chelate free iron in SN by crossing an open BBB at the site of
SN only and (ii) usage of a BBB crossing iron chelator, like
M30, M30S or HLA 20 (as developed by Varinel, Inc., West
Chester, PA, USA; Weinreb et al. 2010).

There are a number of mechanisms proposed in the
pathogenesis of dopaminergic neuronal destruction in the SN
in PD. These include mitochondrial dysfunction, oxidative
and nitrative stress, inflammation, excitotoxicity and a failure
in ubiquitin-proteasome system (UPS). There does not
appear to be one cause of PD and indeed there seems to be
a complex interplay between these various mechanisms. For
instance, oxidative stress could evoke a defect in the activity
of complex 1 in mitochondria and vice versa. It is almost like
a cyclic set of events that are closely interlinked and finally
share a common pathway leading to cell death via apoptosis
(Jenner and Olanow 2006). Additionally, Zhu et al. (2004)
have suggested an association between oxidative stress and
non-apoptotic cell death that involves autophagic cellular
processes.

Oxidative stress in Parkinson’s disease
By definition, free-radical species contain one or more
unpaired electron(s). Free radicals such as reactive oxygen
species or reactive nitrogen species are products of normal
metabolism. Under physiological conditions, the cellular
defence system, such as antioxidant GSH, superoxide
dismutase and catalase could inactivate these cytotoxic
species.

However, in the disease state there may be an over-
production of free radicals which may overwhelm the cellular
protective mechanisms. Alternatively, the defence processes
may be compromised and thus not functioning at optimal
level. Under such circumstances, oxidative stress would
ensue and trigger the cascade of events leading to cellular
destruction. Free radical-mediated oxidative damage occurs
in PD at various sites within the cell, such as lipid
peroxidation of cellular membranes, damage of DNA, and
produces toxic products such as 4-hydroxynonenal (HNE),
which can react with protein and interfere with cellular
function.

At present, there is evidence for the involvement of both
reactive oxygen and nitrogen species in mediating oxidative
stress. Free radicals are highly reactive and unstable;
therefore, they cannot be directly employed as a measure
of oxidative stress. Thus, other indices are used to demon-
strate its occurrence. Changes in the cellular antioxidant

Iron in Parkinson’s disease | 947

� 2011 The Authors
Journal of Neurochemistry � 2011 International Society for Neurochemistry, J. Neurochem. (2011) 118, 939–957



system are also employed as a marker for oxidative damage
(Jenner 1993).

It has been suggested that SNc normally exhibits high
levels of basal oxidative stress and this is augmented in PD.
Studies using postmortem brain tissue have provided com-
pelling evidence for the involvement of oxidative stress in
the pathogenesis of idiopathic PD (Fig. 2). The following
changes in the SN in PD have been documented.

Lipid peroxidation of cell membranes can be catastrophic
for cell viabilty. It can also result in the HNE production.
Indeed, immunocytochemistry of the SN in PD shows
elevated HNE concentrations (Yoritaka et al. 1996). Further-
more, increased levels of lipid peroxidation products (e.g.
malondialdehyde) and a corresponding reduction of the
substrate polyunsaturated fatty acids are found in the SN in
Parkinsonian patients (Dexter et al. 1989a; Montine et al.
2004). The presence of free reactive iron can continue the
propagation of lipid peroxidation. Iron can react with lipid
hydroperoxides to produce alkoxyl radical, which in turn
may react with polyunsaturated fatty acids, the substrate for
lipid peroxidation. Oxidative stress can produce denaturation
or aggregation of proteins and marked DNA damage.
Reactive oxygen or nitrogen species may also oxidise
proteins leading to some change in their structure and

consequent dysfunction or inactivation of enzymes. These
species may produce direct damage and consequent prote-
asomal dysfunction (Reinheckel et al. 1998).

Gene defects in familial PD associated with abnormal
proteins such as three-point mutations of a-synuclein causes
inheritable early onset PD (Olivares et al. 2009) or mutations
of enzymes related to ubiquitination (such as Parkin) has lead
to the notion of an altered UPS. This change in the UPS
system may play an integral role in the pathogenesis of the
disease. Oxidative stress may impair the UPS; this may in
turn accelerate the degenerative process. Indeed, processes
involved in oxidative damage such as lipid peroxidation may
affect the proteasome system. This concept is supported by
the modification of a-synuclein by acrolein (a product of
lipid peroxidation) in the dopaminergic neurons in SN in PD
(Shamoto-Nagai et al. 2007). This modification may result in
protein aggregation, impair the proteasome system and evoke
other cellular deleterious effects.

The ubiquitin system consists of the proteolytic enzyme,
26S proteasome. The 26S proteasome exerts ubiquitin-
dependent proteolysis of oxidised or nitrated proteins. In vitro
studies have demonstrated that iron released from NM may
induce oxidative stress, which in turn decreases the activity
of mitochondrial complex 1 activity. This would reduce ATP
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Fig. 2 Iron-mediated neuronal cell death in Parkinson’s disease.
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generated and the activity of ATP-dependent 26S proteasome
leading to the resultant protein aggregation in the neurons
(Shamoto-Nagai et al. 2004). These protein aggregates may
represent precursors for LB formation (McNaught et al.
2003). Thus, the failure to clear away proteins such as excess
a-synuclein may result in the formation of a-synuclein-
immunopositive LB and neuronal destruction.

Alternatively, protein aggregation may induce mitochon-
drial dysfunction and release of proapoptotic molecules that
orchestrate cell death (Shults 2006). The availability of free
iron (released from NM) may mediate oxidative damage,
resulting in the formation of the oxidative product, HNE.
Subsequently, HNE can also damage the 26S proteasome,
which in turn may lead to its dysfunction and production of
free radicals and oxidative and nitrative stress.

Interestingly, cells treated with HNE produce a series of
events that implicate that the gathering of ubiquinated
proteins and dysfunction of proteasomal activity may
induce mitochondrial-dependent apoptotic dopaminergic cell
destruction. These events include a decrease in proteasomal
activity, a depletion of GSH and oxidative damage to lipids,
DNA and proteins and eventually apoptotic cell death (Hyun
et al. 2002). The HNE-mediated events bear a marked
similarity to the changes reported in the SN in PD and thus
support their involvement in the disease.

The hydroxyl radicals are associated with the formation of
8-hydroxy-2-deoxy-guanine from DNA and mark the occur-
rence of oxidative damage to DNA. Alternatively, this may
represent a change in the cellular redox state to a more
oxidising environment. Similarly, peroxynitrite can also
induce DNA damage and result in the production of 8-
hydroxy-2-deoxy-guanine (Byun et al. 1999).

The antioxidant GSH shows a marked depletion (40%) but
GSSG remained unaltered (Sian et al. 1991, 1994; Sofic
et al. 1992). The maintenance of GSH : GSSG ratio is vital
for the cell survival. This depletion of GSH mirrors a
compromised cellular protective capacity conferring a vul-
nerability of the dopaminergic nigral neurons to the cytotoxic
species produced from dopamine metabolism through either
autoxidation or deamination via monoamine oxidase. Fur-
thermore, the antioxidant capacity of SN in PD was found to
be lower compared with normal subjects (Sofic et al. 2006)
thus highlighting a compromised antioxidant cellular defence
system and thus accounting for a pre-dilection to oxidative
damage. The importance of GSH in the pathogenesis of PD is
illustrated as follows: (i) it is selectively found in the SN, that
bears the brunt of the disease, (ii) this change is disease-
specific and is not found in other basal ganglia disorders
(Sian et al. 1992) and finally (iii) a similar depletion in nigral
GSH content was found in asymptomatic PD (Sian et al.
1991), incidental Lewy body disease. Incidental Lewy body
disease occurs in 10–15% of the population above 60 years
that show no clinical features of PD. There were no changes
in iron and ferritin levels or mitochondrial dysfunction. This

reflects that the GSH deficit in SN represents an early event
in the progression of the disease. This antioxidant depletion
may represent a compromised state of a major cellular
defence system in the primary asymptomatic stages of the
disease, thereby increasing the vulnerability of dopaminergic
neurons to oxidative stress and propagating cell death
(Fig 1a).

The changes in other potential antioxidant enzymes such
as GSH peroxidase, superoxide dismutase and catalase in the
SN in PD remain discordant.

Interestingly, in a recent study depletion of GSH levels
(ca. 50%) in rat mid brain dopaminergic cells by buthionine
sulphoxamine (an inhibitor for GSH synthesis) treatment
resulted in an increase of cellular iron-labile pool, reactive
oxygen and nitrogen species (Kaur et al. 2009). Furthermore,
the elevation of iron was found to be dependent on hydrogen
peroxide and protein synthesis (via transferrin receptor
translation). Indeed, it has been suggested that nitric oxide
may inhibit GSH reductase resulting in changes in GSH
levels (Barker et al. 1996).

This may suggest that the early GSH reduction in SN in
asymptomatic PD (Sian et al. 1991) may ascribe (via
production of hydrogen peroxide) for the subsequent iron
elevation found in symptomatic PD (Dexter et al. 1994).
However, although these findings are striking, caution needs
to be exercised when translating in vitro findings, which may
provide a simplistic explanation of the sequence of processes
that occur in the isolated system. This is in gross contrast
with complex biochemical events occurring in vivo and more
importantly in the disease state. Indeed, in PD a significant
iron reduction was found in the globus pallidus (Dexter et al.
1994), whereas there were no changes in GSH in this area
(Sian et al. 1991).

The mismanagement of cellular iron resulting in the
enhanced availability of free iron may represent a key
mediator of oxidative stress in later symptomatic stage of PD.

Iron mediates oxidative stress primarily via reactive
oxygen species. Animal studies have shown furnished
support for the iron released from NM and its cellular toxic
role in the brain. Intranigral administration of iron in adult
rats leads to neuronal dopaminergic loss in the SN and
depletion of striatal dopamine content (Wesemann et al.
1995). Consequently, this confirms the role of free iron as a
neurotoxin via oxidative stress in the disease process. Thus,
any mechanism(s) that reduce(s) or impair(s) a major
antioxidant system like GSH-GSSG cycle and augments
free reactive iron precipitates iron-mediated processes and
will amplify oxidative stress.

Further evidence for the involvement of free radicals in the
cascade of dopaminergic cell death is furnished by the two
neurotoxins 6-OHDA and MPTP (MPP+, the toxic metab-
olite). They execute dopaminergic neuronal death primarily
via free radical-mediated mitochondrial dysfunction. More
importantly, they mimic many pathobiochemical processes
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and behaviour observed in the PD and have therefore proved
to serve as a valuable model for the disease.

Mitochondrial dysfunction in PD marked by the signifi-
cant reduction in complex I activity in SN (Reichmann and
Riederer 1989), may also contribute to oxidative stress. The
involvement of nitric oxide is highlighted, because it
produces reversible/irreversible inhibition of complex 1 of
the mitochondrial respiratory chain (Bolanos et al. 1997). A
reduction of complex 1 would result in the decrease of ATP
production. In turn, this ATP depletion may consequently
disturb other ATP -dependent mechanisms, for instance, the
high levels of plasma membrane ATP-dependent sodium/
potassium transporter present in the mid brain dopaminergic
neurons, particularly the SN (Seutin et al. 1996). Other
potential ATP dependent sites may be within the mitochon-
dria include aconitase.

Aconitase is involved in iron and citric acid handling.
Thus, the mitochondrial dysfunction may itself contribute to
the overall disturbance in iron homeostasis in the mid brain.
Alternatively, iron-generated reactive species may inhibit
mitochondrial complex 1 activity (Harley et al. 1993;
Shamoto-Nagai et al. 2004). In view of the absence of any
nigral changes of iron in incidental Lewy body disease
(Dexter et al. 1994), the elevated iron levels are unlikely to
initiate oxidative stress and mitochondrial dysfunction, but
may nevertheless magnify them.

The destruction of the dopaminergic neurons may elicit
some inflammatory response that assigns for the active
microgliosis detected in the SN in PD (McGeer and McGeer
2004; Consequences of increased iron in Parkinson’s disease
section). Indeed, cyclo-oxygenase, Cox-2 appears to be
expressed by SN neurons, therefore, suggesting that dying
dopaminergic neurons may trigger gliosis. Cox-2 produces
prostagladins that may evoke an inflammatory response and
thus gliosis. Subsequently, microglia activation may in turn
mediate oxidative-induced neurotoxicity through the produc-
tion of reactive-free radicals and indirectly via the release of
iron from ferritin (Fig 1b). Indeed, glial activation produces
an increase of immunoreactivity for nitric oxide synthase in
the SN in PD (Hunot et al. 1996). Therefore, although
microgliosis may present a secondary event in the degener-
ative process, it may nevertheless exacerbate the cellular-
destructive cascade. Strikingly, patients with MPTP-induced
Parkinsonism show continual degeneration long after the
dopaminergic toxin has been cleared away (this may be due
to the MPP+ binding to NM). Therefore, microglial activa-
tion could contribute to this pathway of ongoing cell death.
More importantly, this activated glia can be detected by
imaging techniques, which would serve as a vital tool for
development of selective anti-inflammatory therapies in PD
(Block et al. 2007).

The microgliosis occurring mainly in the SNc may decrease
the binding capacity of NM or ferritin for iron, resulting in the
release of free iron which in turn elicits oxidative damage.

Indeed, nitric oxide (released by inflammation) has been
shown to displace iron from ferritin (Reif and Simmons 1990).
Pro-inflammatory cytokines, hydrogen peroxide (products of
dopamine metabolism) may stimulate the expression of glial
heme oxygenase-1 (Schipper 2004). This enzyme degrades
heme to free iron. This is in accordance with the increased
staining of heme oxygenase-1 in LB of nigral astrocytes in PD
(Schipper 2000). Consequently, an over expression of this
enzyme would contribute to the marked iron deposition found
in PD, which may mediate cellular damage. Additionally, the
free iron itself can activate microglia and release cytokines and
nitric oxide (Zecca et al. 2004).

Lipocalin-2 is a neutrophil gelatinase-related lipocalin
(ligand-binding protein). Its main role appears to be cellular
protection by virtue of sequestrating iron through human
siderophore and thereby preventing it from producing toxic
oxygen radicals. Strikingly, oxidative stress and inflamma-
tion can induce its expression and serve as a protective
response. Thus, the nigral gliosis in PD may also serve as a
compensatory protective response (Weizer-Stern et al. 2006;
Hu et al. 2009).

A recent study has suggested that the extracellular NM
remaining after the loss of melanised dopaminergic neurons
in PD may also activate microglia, thereby contributing to
the inflammatory reaction resulting in further cell destruction
(Wilms et al. 2003). This may be of particular significance in
the early phase of the disease, when there is a rapid loss of
pigmented neurons. Consequently, the release of NM from
the dying cells may evoke some cellular destructing inflam-
matory process(es) (Orr et al. 2002). Thus, the humoral
immune response to NM in PD (Orr et al. 2005; Double
et al. 2009), may reflect a primary role of inflammation in the
cascade of nigral degeneration. Consequently, this may
confer to the characteristic susceptibility of pigmented
neurons to destruction observed in the disease. However, in
the later stages of the disease, it seems unlikely that NM
remaining in the ‘sick neurons’ plays a major contributor role
in the inflammatory cascade. Indeed, the nigral NM content
was found to be decreased in PD and this is exhibited by the
pale appearance of the SN in PD.

Interestingly, there are biological associations of PD with
inflammation, diabetes and cancer (Moran and Graeber
2008). The development of cancer may contain an element of
inflammation. This notion is endorsed by the reduction of the
incidence (40%) of colon cancer in the prophylactic use of
aspirin. Similarly, regular intake of aspirin or other non-
steroidal inflammatory drugs has shown to significantly
reduce the risk for PD (Chen et al. 2003).This may provide
vital insights in the aetiology and pathogenesis underlying
the progressive neuronal destruction in PD. In turn, this
would provide valuable direction in potential treatment
aimed at halting or hindering the progression of neuronal
destruction. The fundamental pathological characteristics of
PD are a marked dopaminergic cell loss (> 70%) coupled
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with the presence of LB in the remaining surviving neurons
in the SN.

Lewy body formation
Lewy bodies are eosinophilic inclusions that are observed in
all areas exhibiting neuronal loss, such as dopamine neuron
synapses and axons of SN, LC, basal nucleus of Meynert and
dorsal motor nucleus of the vagus. Although they seem to be
protective in early phases of PD they are considered as
pathological hallmark for PD. Their presence in the SN is
imperative for the diagnosis PD at postmortem. Nevertheless,
they are not exclusive to PD and are observed in other
disease, such as diffuse Lewy body disease and neurode-
generation with brain iron accumulation.

These large intracytoplasmic inclusions lack an outer
membrane and thus appear to have a ‘halo’ outside its inner
core. LB is highly ubiquinated and primarily consists of a-
synuclein (particularly in the halo). The lipoprotein a-
synuclein is involved in the intracellular transport of many
lipids and proteins (Perez and Hastings 2004). It is localised
in close vicinity to synaptic vesicles (Spillantini and Goedert
2000) and may therefore be associated to neurotransmitter
release. The a-synuclein gene (PARK1) has been identified
in a small numbers of families presenting with familial PD
(Polymeropoulos et al. 1997).

Protein aggregation is a common characteristic of many
neurodegenerative disorders and therefore this process may
play a key role in their pathogenesis (Irvine et al. 2008).
Although the precise mechanisms involved in LB formation
is unclear, nevertheless it appears to be associated to protein
aggregation. Interestingly, Goetz et al. (2004) have found
that lipid peroxidation can produce protein aggregation. In
fact, this might be protective for neurons until a threshold is
reached at which LBs become toxic. Iron has shown to
promote a-synuclein aggregation that can be blocked by the
addition of an iron chelator (Hashimoto et al. 1999). It has
been postulated that free iron released from NM affects the
mitochondrial UPS resulting in a failure to clear away
proteins such as a-synuclein. Consequently, this leads to its
aggregation into a-synuclein immunopositive LB and cell
death (McNaught et al. 2003).

The highly toxic peroxynitrite radical derived from nitric
oxide may be involved in the formation of LB. Indeed, the
marker for peroxynitrite, 3-nitrotyrosine, has been detected
in LB (Giasson et al. 2000). The association of a-synuclein
with iron in PD is based on their presence in LB. Iron has
been found to accumulate within LB found in PD (Castel-
lani et al. 2000). Furthermore, iron has been implicated in
the polymerisation of a-synuclein. Therefore, aggregation of
a-synuclein (associated with LB formation) may lead to
accumulation of redox active iron in the cystosol; conse-
quently, iron-generated free radicals may be released via
Fenton reaction. This concords with the view that iron-
mediated oxidative damage may be mediated via a-synuc-

lein oligomerisation which occurs during development of
PD pathology (Olivares et al. 2009). Also, the depleted
ferritin content may represent a ‘deficiency’ of iron
sequestrant processes, leading to the accumulation of free
iron. Indeed, the free iron present in LB of SN in PD has
been shown to exist in a state suitable to elicit oxidative
stress (Castellani et al. 2000). However, at the present time
the mechanism as to how mutant a-synuclein may cause
dopaminergic cell death remains to be resolved. What is the
role of wild-type a-synuclein in sporadic PD? Furthermore,
a-synuclein is a common protein not exclusive to LB or PD
only. Indeed, it is found in other neurodegenerative
disorders (such as MSA, dementia with LB) for which
there must be different pathogenic mechanisms involved
(Spillantini and Goedert 2000). The increase in free iron in
the SN in PD is associated with the generation of toxic-free
radicals derived from hydrogen peroxide (Fenton reaction)
which in turn may mediate lipid peroxidation and secondary
dopaminergic cell destruction (Stankiewicz et al. 2007).
Furthermore, BE-M17 neuroblastoma cells that over-express
either the wild-type or mutated form of a-synuclein, exhibit
a marked susceptibility to iron-mediated cell damage
(Ostrerova-Golts 2000). It has therefore been postulated
that interaction of iron with a-synuclein induces aggregate
formation and production of advanced glycosylation end
products, which are associated with the cross-linking of LB
(Muench et al. 2000). It has been hypothesised from in vitro
studies (Volles et al. 2001) that before formation of large
aggregates, a-synuclein produces small oligomers called
protofibrils that can be stabilised by dopamine-quinone.
Dopamine quinones and semi-quinones are present in NM.
This would implicate an involvement of some NM-derived
reactive dopamine with a-synuclein. The association of NM
in the pathological events occurring in PD is further
demonstrated by preservation of the non-NM containing
dopaminergic neurons of the ventral tegmental area in
contrast to the marked loss of NM containing dopaminergic
in the SN in PD. Interestingly, two dopaminergic neurotox-
ins, MPTP and paraquat that mimic many of the changes
observed in PD, also produce a-synuclein aggregation.
Thus, protein aggregation may be involved in the patho-
genesis of PD. The role of LB in PD remains unclear,
whether it contributes to the pathogenesis of the illness or if
it simply represents a consequence of the neurodegenerative
process. It is unlikely that it represents a cause of the
disease as it is absent in PARK2 autosomal recessive
inherited juvenile PD. However, it is present in the
asymptomatic phase (in incidental Lewy body disease),
and thus represents an early change in the course of the
disease. Interestingly, a-synuclein has been detected in CSF
and plasma in PD patients. This has lead to the suggestion
that a-synuclein may be released from degenerating dopa-
minergic neurons and therefore may be employed as marker
for the illness (Olivares et al. 2009).
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Iron changes in PD; a cause or consequence of
oxidative stress

Monkeys treated with MPTP (neurotoxic metabolite MPP+),
have shown an elevation of iron content to be a secondary
event (He et al. 2003). Similarly, there is an absence of
significant increase in iron content in the SN in the early
asymptomatic stage of PD (incidental Lewy body disease;
Dexter et al. 1994) in contrast to the marked elevation of
nigral iron in symptomatic PD. This suggests that the iron
changes observed in SN in PD are most likely to represent a
secondary event in the neuronal degeneration cascade,
nevertheless it may (via oxidative stress-mediated pathways)
exacerbate and contribute to the overall cellular destructive
process prevalent in the disorder.

The final pathway leading to cell death may be apoptotic
‘programmed’ cell death. This mechanism has been strongly
implicated in experimental PD models. Above all, the up-
regulation of anti-apoptotic proteins has been shown to block
MPTP-mediated cell death (Przedborksi and Vila 2001). The
involvement of calcium-mediated cell death is illustrated by
the sparing of the highly calbindin (calcium-binding protein)
expressed dopaminergic neurons in the ventral tegmental
area (Iacopino et al. 1992). However, recent publications
also point iron as an inducer of apoptotic mechanisms (Miwa
et al. 2010; Yu et al. 2010).

Overall, the activity of free or poorly liganded iron in
combination with hydrogen peroxide or superoxide under-
pins its cytotoxic role in a spectrum of diseases, such as
degenerative disorders (e.g. PD), chronic inflammatory and
vascular disease (Kell 2009). Alterations in levels of iron and
GSH in the SN endorse the involvement of oxygen reactive
species in the mediation of oxidative stress. Interestingly,
expression of a PARK7 gene related to early onset familial
PD appeared to be protective against oxidative stress and
regulate stroke-induced damage (Aleyasin et al. 2007). This
would suggest to non-oxidative stress-mediated degeneration
in this form of PD.

Although at the present time it remains unresolved as to
whether iron represents a cause or consequence of dopami-
nergic neuronal cell death, nevertheless iron executes its
cytotoxic effects via oxidative damage. In view of the radical
role of oxidative stress in the pathogenesis of PD, the
overload of iron may serve as a mediator that can evoke
many distressing sequelae via generating free radicals.
Indeed, lesions of the rat median forebrain resulted in the
consequent deposition of iron in the SNc similar to that
observed in PD (Oesterreicher et al. 1994). The marked
decrease of nigral GSH in incidental Lewy body disease
(Sian et al. 1991) suggests the occurrence of oxidative stress
in the asymptomatic phase of the disease. However, it is
unclear whether oxidative stress is an initiator of neuronal
degeneration or a consequence of it. In fact, it has been
questioned whether pre-clinical or incidental Lewy body

disease, such as Braak stages I and II reflect early stages of
PD at all. Nevertheless, in the later stages of the disease it is
most likely to exert cumulative and irreversible cytotoxic
effects in the cascade of events leading to the dopaminergic
degeneration characteristic of PD.

Although dopaminergic neurons present the main area of
focus in PD, nevertheless gliosis or activation of glia may
serve an integral role in the progression of dopamine cellular
destruction. Indeed, most of the biochemical changes (GSH,
complex 1 and 26S proteasomal activity) found in PD is most
likely to occur in glial cells. This concept is supported by
histochemical studies that demonstrate cellular localisation of
GSH (Sian et al. 1994a,b), and iron (Morris and Edwardson
1994) in the glia. Similarly, the reduction of mitochondrial
complex 1 activity (Mizuno et al. 1989; Reichmann and
Riederer 1989; Schapira et al. 1989) is most likely to occur
in glial cells as opposed to ‘sick neurons’ (Benzi et al. 1991).
Also the magnitude of these alterations is 30–40% in
homogenates of SN, which is far too great to represent
changes occurring in the few remaining neurons (1–2%).
They are most likely to occur in glial cells. The occurrence of
oxidative stress in these glia cells would result in their
activation and release of cytokines, reactive oxygen and
nitrogen species and propagate oxidative damage to the
dopaminergic neurons.

Recent findings strongly support the involvement of the
UPS in the pathogenesis of PD. Elevated iron (released from
NM) in SN may affect the UPS in mitochondria resulting in
the accumulation of proteins such as a-synuclein. Altered
proteolysis is associated with dopaminergic cell death and
Lewy body formation in both idiopathic and familial PD
(Fornai et al. 2005). Furthermore, a reduction in activity of
three proteasomal enzymes in the SNc was found in sporadic
PD (McNaught et al. 2003).

Conclusions

The pathogenesis of PD appears to be labyrinth, which most
probably involves a myriad of pathogenic factors operating
in concert. Additionally, the complexity is further illustrated
by the extensive distribution of pathology in other non-
dopaminergic areas, such as noradrenaline neurons of the
LC, 5-hydroxtryptamine neurons of the dorsal raphe,
cholinergic neurons of the nucleus basalis of Meynert and
the peripheral autonomic nervous system. However, the loss
of dopaminergic neurons in the SNc leading to the degen-
eration of the nigrostriatal pathway and resulting in the
marked reduction in striatal dopamine appears to be pivotal
in the presentation of the clinical features of the disease. This
is demonstrated by the remarkable response of most of
the motoric symptoms to dopamine replacement therapy.
Furthermore, the importance of SNc in PD has been
challenged (Braak et al. 2004) by findings that suggest that
PD pathology begins in the brain stem and olfactory areas
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and eventually observed in other brain regions. Nevertheless,
this concept of the operation of different pathogenic mech-
anisms is reflected by difference in symptoms and pathology
of patients within the same family and with the same
mutation (Zimprich et al. 2004). Thus, PD may represent a
spectrum of related diseases with a constellation of a number
of potential pathogenic pathways. Indeed, this concept of PD
as a spectrum disease is illustrated by the absence of changes
in SN iron levels in some asymptomatic PD subjects (Dexter
et al. 1994), in contrast to the elevated nigral iron content
reported by others in such subjects (Berg et al. 1999). Thus,
the occurrence of the elevated nigral iron content in the
course of the disease progression (Fig 1a and b) may be
dependent on the PD sub-group involved with possible
variation in phenotypes, disease progression and therapeutic
strategies. Furthermore, the alterations of brain iron levels are
most likely to be attributed to a dysfunction in its homeo-
stasis or metabolism. The regulation of iron storage in NM-
pigmented SN neurons involves a dual system, NM and L-
ferritin operated (Tribl et al. 2009). In PD, the loss of NM
cells in SN coupled with the alteration of NM structure itself
may compromise its ability to sequester the redox active
metal, leading to the augmented iron levels in this area.
Additionally, the reduced ferritin levels reported by some
groups (Dexter et al. 1991; Faucheux et al. 2002) may
further compromise the iron storage mechanisms, conse-
quently resulting in more free iron. Subsequently, this excess
free iron may elicit oxidative or nitrative stress via produc-
tion of reactive-free radicals and trigger the cascade of cell
destruction. These series of events could evoke and propa-
gate further cellular degeneration. Indeed, superoxide and
nitric oxide radicals may induce the release of iron from
ferritin (Gerlach et al. 2006), thereby contributing to the
raised iron levels. Consequently, the excess iron could
initiate the pro-oxidant role of NM, resulting in the formation
of more reactive oxygen species and precipitating oxidative/
nitrative stress (Lopiano et al. 2000). These cyclic sequences
of events are so closely inter-linked that it is difficult to
ascertain the initiator/inducer of neuronal degeneration.

Nevertheless, the role of iron either in the mediation or/and
in contribution to oxidative stress induced neuronal degen-
eration in the pathogenesis of PD is well supported.
Furthermore, the nigral changes in iron probably work in
concert with other factors in executing neuronal cell death.
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