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Abstract

In the CNS, iron in several proteins is involved in many important processes such as oxygen
transportation, oxidative phosphorylation, myelin production, and the synthesis and metabolism of
neurotransmitters. Abnormal iron homoeostasis can induce cellular damage through hydroxyl
radical production, which can cause the oxidation and modification of lipids, proteins,
carbohydrates, and DNA. During ageing, different iron complexes accumulate in brain regions
associated with motor and cognitive impairment. In various neurodegenerative diseases, such as
Alzheimer’s disease and Parkinson’s disease, changes in iron homoeostasis result in altered
cellular iron distribution and accumulation. MRI can often identify these changes, thus providing a
potential diagnostic biomarker of neurodegenerative diseases. An important avenue to reduce iron
accumulation is the use of iron chelators that are able to cross the blood-brain barrier, penetrate
cells, and reduce excessive iron accumulation, thereby affording neuroprotection.

Introduction

Iron is involved in many fundamental biological processes in the brain including oxygen
transportation, DNA synthesis, mitochondrial respiration, myelin synthesis, and
neurotransmitter synthesis and metabolism.! Iron homoeostasis is needed to maintain

normal physiological brain function, whereas misregulation of iron homoeostasis can cause
neurotoxicity through different mechanisms. Homoeostatic mechanisms provide the
conditions for optimum cell function by maintaining an equilibrium of available iron
concentrations between cellular compartments and buffering molecules, and preventing toxic
effects caused by excessive concentrations of free iron.2:3 When iron concentrations exceed
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the cellular iron sequestration capacity of storage proteins or other molecules, the
concentration of iron in the labile iron pool (panel) can increase, which could be harmful
and lead to oxidative damage and cell death.*

In healthy ageing, selective accumulation of iron occurs in several brain regions and cell
types, with iron mainly bound within ferritin and neuromelanin (panel).>:6 However, the
accumulation of iron in specific brain regions, greater than that reported in healthy ageing,
occurs in many neurodegenerative diseases and is often associated with oxidative stress and
cellular damage. Whether the iron accumulation noted in neurodegenerative diseases is a
primary event or a secondary effect is unclear. Ageing is the major risk factor for
neurodegeneration. Age-related accumulation of iron might be an important factor that
contributes to neurodegenerative processes.

The development of diagnostic and therapeutic strategies involves the use of disease-specific
animal models and non-invasive imaging approaches, such as MRI and ultrasound imaging
(sonography). In this Review, we discuss the cellular and molecular distribution of iron in
healthy brains as they age, summarising factors that might be responsible for age-dependent
increases of iron in different areas of the human brain; dysregulation of iron homeostasis in
prevalent neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease,
and multiple sclerosis; iron accumulation in less prevalent disorders such as Friedreich’s
ataxia, aceruloplasminaemia and neuroferritinopathy (both categorically referred to as
neurodegeneration with brain iron accumulation), Huntington’s disease, and restless legs
syndrome; the use of iron chelators as a potential therapy for the aforementioned diseases
and disorders; and finally, discuss advances in mapping brain iron distributions with high-
field MRI.

Regulation of cellular iron

Peripheral iron uptake

Iron released as ferrous iron from specific cells (ie, macrophages, hepatocytes) via
ferroportin, is oxidised by ferroxidase ceruloplasmin and binds to circulating apo-transferrin
(panel); in enterocytes, hephaestin, a ceruloplasmin analogue, might have this role.”
Peripheral cellular iron uptake mainly involves endocytosis of the diferric transferrin—
transferrin receptor 1 (TFR1; panel) complex; iron is then transported from the endosomes
into the cell cytoplasm via the divalent metal ion transporter 1 (DMT1; panel). Iron enters
the intracellular labile iron pool, some of which will be incorporated into iron-containing
proteins (for energy metabolism in mitochondria) or stored in ferritin, as a soluble, non-
toxic, bioavailable form; additionally, iron can be stored in lysosomes within ferritin and
haemosiderin.1.2.8

Ferroportin transports ferrous iron out of some cells (eg, hepatocytes, enterocytes,
macrophages) to bind circulating apo-transferrin after oxidation by ceruloplasmin or other
related ferroxidases, such as hephaestin. Circulating hepcidin (panel) regulates systemic iron
homoeostasis by interacting with ferroportin when iron is abundant, which results in
ferroportin internalisation and degradation, thereby blocking iron exportation from cells.3 As
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circulating iron concentrations decrease, hepcidin synthesis decreases, and iron exportation
by ferroportin resumes. 910

In many mammalian tissues (eg, hepatocytes and macrophages), cellular iron homoeostasis
is regulated at the level of the translation of the mRNAS of proteins involved in iron
metabolism, such as TFR1, DMT1, ferritin, and ferroportin.11 Two cytosolic iron sensors,
the iron regulatory proteins (IRPs) IRP1 and IRP2 (panel; appendix), regulate iron
metabolism post-transcriptionally.12

Brain iron uptake

Figure 1 summarises present understanding of iron homoeostasis in the brain. Iron crosses
the vascular endothelial cells of the blood-brain barrier, mainly bound to transferrin via the
transferrin—-TFR1 system; TFR1 is highly expressed on the luminal side of endothelial
cells.20 Iron released into the cytoplasmic iron pool is thought to then be exported at the
abluminal membrane by unknown pathways, which might involve ferroportin or other
transporters. Iron released in the extracellular compartment could then be taken up by other
cells, such as astrocytes and neurons, either as low molecular weight complexes (eg, citrate,
ATP, ascorbate) or after binding to transferrin via the transferrin~TFR pathways in
neurons.18 [ron continually moves between neurons, microglia, and astrocytes, but how
these cells acquire and release iron is not fully understood.2!

Transferrin is synthesised in the brain by the choroid plexus and by oligodendrocytes, but is
only secreted in the choroid plexus.18 Neurons are thought to acquire most of their iron via
the transferrin—TFR system, and it is likely that they can export iron via ferroportin because
many neurons co-express TFR and ferroportin.?2 Iron needs to be transported down the
axons of neurons to synapses, although the mechanisms are unknown.23 IRPs and iron
responsive elements (IREs) regulators are present in the brain, although their role in brain
iron homoeostasis is unclear. Gene knock-out studies on mice have shown that IRP2 is
particularly important in cellular iron homoeostasis.?4

Because the perivascular end-foot processes of astrocytes ensheath the abluminal membrane
of the blood-brain barrier2® and form direct connections to neurons, astrocytes are thought
to play a key part in regulating brain iron absorption.1® Astrocytes do not express TFR, but
might take up iron at the blood-brain barrier via DMT1, which is expressed at the end-foot
processes associated with the blood-brain barrier.28 Ferroportin and glycophosp
hatidylinositol-anchored ceruloplasmin (the ferroxidase that oxidises ferrous iron) constitute
the major efflux pathway in astrocytes.2” An absence of ceruloplasmin can result in iron
accumulation in the brain and neurodegeneration.1’

Large amounts of iron, needed for axon myelination, are present in oligodendrocytes.28:29
Oligodendrocytes might extract iron from adjacent blood vessels30 or uptake it from
interstitial ferritin through the ferritin receptor.18 Little is known about iron metabolism in
microglia but, in the course of microglial activation, iron uptake is thought to increase and
iron exportation is down-regulated.31:32 Iron is mostly found as ferritin and transferrin in
oligodendrocytes,28:33 whereas, in astrocytes and microglia the iron form remains
undefined.2°
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During neuroinflammation, glial cells are activated, which perturbs iron homoeostasis.34:3°
In-vitro studies show that short-term stimulation (by use of tumour necrosis factor a,
interleukin 6, or lipopolysaccharide) for up to 18 h increases iron accumulation in neurons
and microglia (assayed by atomic absorption spectroscopy) but not in astrocytes. This
accumulation is associated with changes in the two iron transporters, DMT1 and ferroportin;
stimulated hippocampal neurons showed substantial increases in DMT1 and decreased
concentrations of ferroportin, whereas microglia showed increased DMT1 protein
concentrations but no changes in ferroportin. No change in iron content was detected in
astrocytes, although DMT1 increased after stimulus, and only lipopolysaccharide induced a
small decrease in ferroportin concentrations.3® These results suggest that changes in
ferroportin concentrations do not necessarily change the efflux of iron from cells. Moreover,
hepcidin concentrations rapidly increased in astrocytes and microglia after activation with
the inflammatory stimuli, although hepcidin was undetectable in neurons. After 6 h, secreted
hepcidin provoked a decrease of ferroportin in astrocytes, microglia, and neurons and an
increase in DMTL1 in microglia. To summarise, inflammatory stimuli and hepcidin induced
iron accumulation in only neurons and microglia.3®

Iron changes in brain ageing

Increased concentrations of total iron with ageing might be caused by several factors that
include increased blood-brain barrier permeability, inflammation, redistribution of iron
within the brain, and changes in iron homoeostasis.3”38 Ageing processes might
compromise the iron homoeostatic system,3° leading to an excess of iron that is not
efficiently chelated by storage proteins or other molecules. The accumulation of iron in
neurons might induce damage by apoptosis. Glial iron accumulation can also induce an
inflammatory state through an increased release of pro-inflammatory cytokines*? and result
in a self-propelling cycle of neuroinflammation and neurodegeneration.*!

Total iron concentrations increase with age in the substantia nigra, putamen, globus pallidus,
caudate nucleus, and cortices®42-44 put why this increase is selective for some areas of the
brain is unclear. Regional distribution of total iron in a healthy adult brain is heterogeneous;
the highest iron concentrations were detected in the basal ganglia (putamen, globus pallidus,
and caudate nucleus), whereas low concentrations were detected in the cortical grey matter,
white matter, midbrain, and cerebellum, and the lowest iron concentrations were in the pons,
locus coeruleus, and medulla.843:45-47 Regional heterogeneity of brain iron and its change
with age have both been confirmed in vivo by MRI.48-51 Other changes that occur with age
include the distribution of iron between its various molecular forms (ferritin, neuromelanin,
transferrin, haemosiderin, and others) and the distribution between neurons and glial cells,
all of which are only partly understood.28

Detailed human studies on the effects of ageing on the accumulation of iron, neuromelanin,
and ferritin have been made in the substantia nigra and locus coeruleus.>8 These studies
provide an important base to investigate the role of iron in the neurodegenerative
mechanisms of Parkinson’s disease, which prinicipally involves substantia nigra and locus
coeruleus. In healthy individuals, total iron concentration in the locus coeruleus remains
stable throughout life and is lower than in the substantia nigra, in which there is a linear

Lancet Neurol. Author manuscript; available in PMC 2017 November 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ward et al.

Page 5

increase in total iron concentration with age.8:52 In the substantia nigra, ferritin heavy chain
and ferritin light chain concentrations increase with age, whereas these are constant in the
locus coeruleus; therefore iron could contribute to neurodegeneration in the substantia nigra
more than in the locus coeruleus.>8 Neuromelanin is present in neurons as neuromelanin-
iron complexes in which the iron content varies depending on the neurons in each brain
area.:53 Concentration of neuromelanin-iron complex, which is the dominant form of iron
in catecholaminergic neurons, increases with age in the substantia nigra and locus
coeruleus.® Iron histochemistry of healthy aged substantia nigra showed many deposits of
reactive ferric iron in glial cells and neuromelanin-free neurons by Perls’ staining. In
neuromelanin-containing neurons, reactive ferric iron deposits were not observed by Perls’
staining, because iron is sequestered by neuromelanin into a stable complex, as shown by
electron paramagnetic resonance and Méssbauer spectroscopy.>6:21 The amount of
neuromelanin-iron complexes increases with age in neurons of the premotor cortex,
putamen, and cerebellum, thus showing increased mobilisation of iron in these neurons
during ageing. However, the amount of intraneuronal iron bound to neuromelanin varies in
the neurons of different brain regions.>3

There is an increased pro-inflammatory state in the brains of the elderly. Glial cell numbers
increase in the normal ageing brain, and there is increased immunoreactivity of astrocytic
and microglial markers. At the same time, the permeability of the blood—brain barrier
increases with ageing. Such ageing-related changes can lead to region-specific increases in
brain iron,37:38.54

In the microglia and astrocytes of the cortex, cerebellum, hippocampus, basal ganglia, and
amygdala, iron deposits histochemically detected and ferritin concentrations generally
increase with age. Oligodendrocytes contain the largest amount of iron, stored mainly as
ferritin and transferrin, and concentration remains constant as people age.28 In the elderly
brain, there is a subpopulation of ferritin-positive microglia cells and most of these cells
have aberrant dystrophic-type morphology. Iron phagocytosed by the subpopulations of
ferritin-positive microglia cells probably becomes a source of toxic species that cause
cellular degeneration. Dystrophic and ferritin-positive microglia might contribute to the
pathogenesis of neurodegenerative disorders because of altered microglial function.>®
Although haem oxygenase 1 (HO-1) is considered to be cytoprotective, up-regulation of this
enzyme in glia might contribute to neurodegeneration: as brains age, the prolonged action of
HO-1 in astrocytes is likely to be involved in iron sequestration, intracellular oxidative
stress, and mitochondrial insufficiency.>®

Neurodegenerative mechanisms involving iron

Iron accumulation in brain cells needs to be tightly regulated to prevent toxic effects. Excess
iron can induce oxidative stress by generating reactive oxygen species (ROS), notably the
hydroxyl radical.31:57 ROS can damage DNA and mtDNA, 8 affect DNA expression by
epigenetic mechanisms,®? and oxidise proteins. Peroxidation of polyunsaturated fatty acids
in membrane lipids®9 by ROS can generate highly reactive aldehydes, such as 4-
hydroxynonenal, which irreversibly modify proteins by carbonylation.1.62 ROS can induce
the release of iron from mitochondrial iron—sulphur cluster proteins of the respiratory chain
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and other iron storage proteins, which will lead to further ROS production via Fenton’s
reaction (panel). Disruption of iron homoeostasis can interfere with mitochondrial functions
and as a result accelerate the progression of neurodegenerative mechanisms.%3:64 Such
increases in iron can induce neurodegenerative processes through mechanisms different from
Fenton’s reaction. Cathecolamines, such as dopamine, might be oxidised to highly reactive
or toxic quinones via the reduction of ferric iron or enzymatically.55-87 Ferric iron has been
shown to participate in the conversion of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (a
neurotoxin known to induce Parkinson’s disease-like symptoms) into the toxic metabolite 1-
methyl-4-phenylpyridinium ion.%8 Additionally, the neurodegenerative mechanisms leading
to cell death caused by the 1-methyl-4-phenylpyridinium ion are thought to involve iron and
changes in iron metabolism.59

The aggregation of proteins involved in neurodegenerative disorders (eg, a synuclein’® and
hyper-phosphorylated tau protein) have been shown in vitro to be triggered by elevated ferric
iron concentrations.”? Inclusion bodies containing damaged or aggregated proteins could
cause endoplasmic reticulum stress, which is a common feature of several neurodegenerative
diseases.”?

Neurodegeneration that results from iron toxicity can lead to apoptosis’ and ferroptosis, an
iron-specific form of non-apoptotic cell death.”

Iron in neurodegenerative disorders

Alzheimer’s disease

Defective homoeostasis of the redox-active metals iron and copper probably contributes to
the neuropathology of Alzheimer’s disease. High concentrations of zinc, copper, and iron
are present in the insoluble amyloid plaques and neurofibrillary tangles characteristic of
Alzheimer’s disease. Focal accumulation of zinc, copper, and iron might deprive other brain
tissues of these essential metals, leading to aberrant neuronal function.”® Abnormal
homoeostasis of zinc, copper, and iron metal ions has been implicated in the misfolding
process associated with the production of amyloid B (AB), from amyloid precursor protein
(APP), hyperphosphorylated tau (found in the plaques and tangles), and contributing to
neuronal oxidative stress.”® Tau accumulation in neurofibrillary tangles is associated with
the induction of HO-1, a potent antioxidant, which has an important role in metabolising
haem released from damaged mitochondria. Although the bilirubin that is generated in this
process is an antioxidant,”” ferrous iron is released too, which might participate in Fenton’s
reaction to produce hydroxyl radicals.

Most of the APP is cleaved by the non-amyloidogenic pathway: a secretase followed by -y
secretase, to release N-terminal fragment p3, leaving APP intracellular domain in the
membrane. Alternatively, APP can first be cleaved by B secretase and then y secretase to
produce AP (the neurodegenerative, amyloidogenic pathway).”8 Stimulation of the a
secretase pathway attenuates A formation and accumulation of this peptide in the brain.
The proteolytic activation of the inactive forms of a secretase and p secretase is modulated
by furin.”® Excessive amounts of total iron will decrease furin activity because transcription
of furin is modulated by cellular concentrations of iron, leading to decreased furin protein
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concentrations which thereby favours B secretase activity and enhances the amyloidogenic
pathway. By contrast, iron deficiency will increase furin activity, thereby enhancing a
secretase and stimulating the non-amyloidogenic pathway. 880

Iron might modulate APP processing through the interaction of IRPs with a putative IRE in
the 5’-untranslated region of its MRNA, located immediately upstream of an interleukin-1
responsive acute box domain.81 APP translation might therefore be up-regulated in
conditions of iron excess, increasing the amount of APP available to enter the amyloidgenic
pathway, which is favoured by decreased furin activity.’® Conversely, increases in
interleukin-1 production, increase IRP binding to APP 5’-untranslated region, thereby
decreasing APP production.8! IRP binding to IRE might interfere with APP translation and
translocation across the endoplasmic reticulum membrane; the interference could be
substantial because a secretase activity needs membrane-bound APP.8!

APP was suggested to have ferroxidase activity,32 but this has not been confirmed by in-
vitro studies with a peptide containing the iron-binding REXXE maotif and the full-length
protein.83:84 Microtubule-associated protein tau (MAPT) deficiency induces intracellular
iron accumulation, which causes degeneration of dopaminergic neurons, leading to
parkinsonism with dementia in mice.8% Tau deficiency impairs ferroportin iron export by
retaining APP in the endoplasmic reticulum so that it can no longer be trafficked to the
neuronal surface, where it can couple its ferroxidase activity to ferroportin.

Increased iron concentrations accompany AP aggregation in areas initially affected in
Alzheimer’s disease and offer an opportunity for a MRI-based diagnosis. MRI scans of post-
mortem human brains and a mouse model of Alzheimer’s disease show decreases in
hippocampal T,* MRI, which is sensitive to the magnetic properties of iron88:87 or its spatial
variance, attributed in part to iron in Ap plaques.88-20 Although MRI resolution is not
sufficient to detect individual plaques, T,* abnormalities that result from plaque aggregates
might be detected with MRI. When clearly distinguished from potential confounders
originating from haem iron, changes in hippocampal T,*-weighted MRI might be a valuable
accompaniment to morphological changes in the development of a biomarker for the early
stages of Alzheimer’s disease.%!

Increases of iron in animal brains produce pronounced cognitive defects.%2 Iron deposits in
presenilin/APP transgenic mice models of Alzheimer’s disease® colocalise with A
plagues,®*9° and increases in total brain iron coincide with early plaque formation.%
Overexpression of HO-1 in mice leads to iron loading and tau aggregation in the brain,
which are characteristic of Alzheimer’s disease.®” HO-1 is up-regulated in the hippocampus
and temporal cortex of patients with Alzheimer’s disease or mild cognitive impairment,
which further implicates this haem-degrading enzyme in the pathogenesis of Alzheimer’s
disease.98:99

disease

Several studies have shown increases of total iron concentration in the substantia nigra of
patients with Parkinson’s disease. Neuropathological studies that used accurate
spectroscopic methods to measure total iron concentrations in specific brain regions, such as
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substantia nigra pars compacta and reticulata showed that iron concentrations in these
regions increase with disease severity.190-103 |maging methods, such as MRI and
transcranial sonography, were not able to substantiate the relation between total iron
concentration and disease severity because of the absence of accurate quantification for the
iron content in different brain areas.194.105 The reason for total iron accumulation in the
substantia nigra of patients with Parkinson’s disease is unclear, but various factors have been
suggested: increased permeability or dysfunction of the blood-brain barrier;196.107 increased
pro-inflammatory state;3” increase of lactoferrin receptors in neurons and microvessels;108
increased expression of DMT1 in dopamine neurons;199 altered iron transport by
transferrin-TFR type 2;53 and mutations in genes relevant to iron transport and
binding.llollll

In patients with Parkinson’s disease, semi-quantitative histochemical methods showed that
iron deposits were present in the neurons and glia of the substantia nigra, putamen, and
globus pallidus, with an increase of ferritin-loaded microglia cells in the substantia nigra.112
Ferric iron can, in vitro, catalyse the conversion of a-synuclein from the a-helix to the p-
sheet conformation that is present in Lewy bodies.113:114 Redox-active iron accumulates in
Lewy bodies in the substantia nigra of individuals with Parkinson’s disease.11® Increases of
iron and a decrease of ferritin in the substantia nigral01-116-119 are jndicative of high iron
loading of ferritin.120 Reduced ferritin production might be caused by sustained IRP1
activity, noted in post-mortem Parkinson’s disease brains, which would reduce ferritin
synthesis.12! Investigations have shown an increase in redox-active iron associated with
neuromelanin in substantia nigra neurons of patients with Parkinson’s disease, probably as a
result of decreased ferritin synthesis. Increased redox-active iron is higher in patients with
the most severe neuronal loss and is absent in neurons without neuromelanin 122-124

High concentrations of iron detected in the substantia nigra of individuals with Parkinson’s
disease might exceed the iron-buffering capacity of complexes, such as neuromelanin and
ferritin, and could induce neurotoxicity.124 Intense microgliosis around extraneuronal
neuromelanin (released by dying neurons) has been identified in the substantia nigra of
patients with Parkinson’s disease.125126 |n-vitro and in-vivo studies have confirmed the
ability of neuromelanin to activate microglia and induce death of dopamine neurons, 127128

Increased total iron content, detected by MRI, was reported in the red nuclei of patients with
Parkinson’s disease and dyskinesia.129 In the temporal cortex and globus pallidus of patients
with Parkinson’s disease, a decrease of total iron concentration was detected by inductively
coupled plasma mass spectrometry,101.117,130

A contributing factor to the increased iron accumulation in Parkinson’s disease might be
increased DMT1 activity or decreased ferroxidase activity of ceruloplasmin, both of which
would increase total intracellular iron, as reported in an animal model of Parkinson’s
diseasel09 and in patients.131-134 Ceruloplasmin dysfunction might be associated with
Parkinson’s disease.135136 Reduced ferroxidase activity of ceruloplasmin was noted in the
CSF of patients with Parkinson’s disease together with increased CSF copper concentrations
by comparison with controls, 231 a condition which could contribute to the increased
mobilisation of reactive iron and oxidative stress reported in Parkinson’s disease. Several
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missense variations in the gene encoding ceruloplasmin, which could affect the mobilisation
of reactive iron, have been reported in a few patients with Parkinson’s disease.137

Despite the aforementioned increases of total and reactive iron content in brain areas of
patients with Parkinson’s disease, increased concentrations of total serum iron are causally
associated with a decreased risk of developing Parkinson’s disease, thus showing a
potentially protective effect of peripheral iron.138.139 Studies have shown that reduced
concentrations of systemic iron are associated with an increased risk of Parkinson’s
disease.140-142 This increased risk is likely to be due to the need for adequate supplies of
iron for the synthesis of neurotransmitters, such as dopamine, because iron is a cofactor of
tyrosine hydroxylase (the key enzyme of dopamine synthesis). Moreover, low iron
concentrations can reduce the neuronal deposits of ferritin, generating a condition in the
substantia nigra neurons of patients with Parkinson’s disease.117:119

The characteristic iron accumulation in the substantia nigra of individuals with Parkinson’s
disease can be detected in vivo with MRI143 (figure 2). MRI measures generally have been
found to correlate with disability and thus might be used to monitor disease
progression.104.144.145 Fyrthermore, the study of morphological and iron concentration
changes in the midbrain and cerebellum might help to distinguish Parkinson’s disease from
other disorders with similar symptoms, such as multiple system atrophy and progressive
supranuclear palsy.146.147

Preliminary reports state that identification of neuromelanin (rather than iron) by MRI might
be feasible in patients with Parkinson’s disease.148.149 Neuromelanin loss in the locus
coeruleus and substantia nigra, together with the associated loss in the ability to sequester
iron, might be a characteristic sign of Parkinson’s disease.150.151

Transcranial sonography might be a helpful technique in the diagnosis of Parkinson’s
disease, Friedreich’s ataxia, Huntington’s disease, and restless leg syndrome and might be
useful to differentiate between idiopathic Parkinson’s disease and atypical parkinsonian
syndromes.152 An area of increased echogenicity (ie, propensity to generate ultrasound
echo) in the substantia nigra can be visualised in about 90% of patients with Parkinson’s
disease.10% Ultrasound investigation of post-mortem brains from healthy individuals showed
a positive correlation between the echogenic area of the substantia nigra and concentration
of iron and heavy and light chain ferritin, and a negative correlation between echogenicity
and neuromelanin content of the substantia nigra. In Parkinson’s disease, loss of
neuromelanin and an increase in iron concentration is noted in the substantia nigra. A
positive association between iron and ferritin concentrations, and a negative association of
neuromelanin content with the area of echogenicity of the substantia nigra could therefore
provide a basis for diagnosis and therapeutic follow-up studies in patients with Parkinson’s
disease.1®3 However, echogenicity is affected by other factors such as low spatial resolution,
restricted field of view (ie, brain coverage), and non-specific echogenicity generated by
inflammatory conditions.

Increased amounts of iron were assayed in the brains of both the 6-hydroxydopamine and
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine animal model of Parkinson’s
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disease, 109154 consistent with the increased expression of a DMT1 isoform (+IRE) reported
in the substantia nigra of patients with Parkinson’s disease. Overexpression of DMT1 and
iron accumulation was noted in the mesencephalon of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine animal models of Parkinson’s disease.109 Moreover, in the 6-
hydroxydopamine model of Parkinson’s disease the degeneration of nigrostriatal
dopaminergic neurons is associated with increased iron accumulation.1%5

Multiple sclerosis

Friedreich’s

Increased iron concentrations occur in specific brain regions in multiple sclerosis, most
prominently in the deep grey matter structures, often with bilateral presentation. In white
matter, iron deposits are usually located at sites of inflammation that are associated with
blood vessels. Iron concentrations increase in many deep grey matter structures as multiple
sclerosis progresses.196:157 The origins of iron accumulation are unexplained, but might be
linked to inflammatory processes that alter the permeability of the blood—brain barrier
thereby allowing iron-rich macrophages into the brain, and to disturbed axonal ion
homoeostasis and aberrant expression of glutamate receptors, sodium channels, and voltage-
gated calcium channels, leading to axonal calcium accumulation and degeneration.1>8 The
inflammatory milieu associated with multiple sclerosis includes the activation of microglia
and subsequent release of proinflammatory cytokines and ROS, inducing oxidative stress.40
Such an inflammatory milieu might cause the excessive breakdown of oligodendrocytes
associated with demyelination, releasing additional redox-active ferrous iron into the brain
and further enhancing oxidative stress.1®® Microglia and macrophages take up the released
ferrous iron (which is oxidised to ferric iron within the channels of heavy chain ferritin and
stored within the light chain ferritin) and upregulate the concentration of ferritin, which can
be seen at the edges of chronic white matter lesions and might be detectable in vivo with
MRI.159-161 HO-1 is overexpressed in spinal cord astroglia in multiple sclerosis, which
might lead to the induction of increased mitochondrial iron deposition in human multiple
sclerosis plaques. In-vitro studies of rat astroglial cultures showed that proinflammatory
cytokines (ie, interleukin 1p and tumour necrosis factor a.) increased HO-1 expression after
6 days of incubation. Increased HO-1 expression promoted the sequestration of non-
transferrin iron into the astroglial mitochondrial compartment, as assayed by >°Fe
incorporation. Incubation with interferon f reverted the cytokine-dependent induction of
HO-1 and the subsequent incorporation of iron into mitochondria.162

ataxia

Several neurodegenerative disorders are the result of mutations in proteins that directly
affect iron metabolism. Friedreich’s ataxia is the most common of the hereditary ataxias,
with a prevalence of one case in 50 000 individuals in the white population. In Friedreich’s
ataxia there is reduced expression of the mitochondrial protein frataxin caused by the
expansion of unstable nucleotide repeats in a non-coding region of FXN. The severity is
dependent on the number of nucleotide repeats.163 The most common mutation in XN is an
expanded GAA trinucleotide repeat in intron 1, which occurs in around 96% of patients with
Friedreich’s ataxia. The highest concentrations of frataxin are in the heart, spinal cord, and
dorsal root ganglia.>” The essential role of frataxin in mitochondrial iron metabolism is only
partly understood, but frataxin probably regulates iron handling in mitochondria, and
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prevents iron from generating oxidative stress. Frataxin might act as an iron chaperone for
the biosynthesis of iron-sulphur clusters and haem.>’

The major consequences of frataxin deficiencies include the impairment of mitochondrial
biosynthesis of proteins containing iron—sulphur clusters (eg, aconitase), deficiency of
respiratory chain electron transporters on complexes I-I11, iron overload in mitochondria,
oxidative stress, and free radical accumulation leading to changes in cellular iron
metabolism.164.165 Histological studies and MRI suggest that in human brains the highest
iron accumulation occurs in the dentate nuclei of the cerebellum.166.167

Aceruloplasminaemia and neuroferritonopathy

The class of diseases known as neurodegeneration with brain iron accumulation
encompasses a wide range of genetically distinct adult and paediatric neurological
diseases.168-170 Aceruloplasminaemia and neuroferritinopathy are caused by mutations that
target proteins directly implicated in iron metabolism. In other rare genetic diseases of this
group, such as pantothenate kinase-associated neurodegeneration, phospholipase A2G6-
associated neurodegeneration, and Kufor-Rakeb disease, mutations disrupt proteins with
cellular functions different from iron metabolism, and the mechanisms that result in brain
iron overload are undefined.16%-173 pantothenate kinase-associated neurodegeneration is
characterised by an excess of iron especially in the globus pallidus, leading to a typical MRI
pattern called eye of the tiger, and to a lesser extent, and later in the disease, in the substantia
nigra.1’4175 pantothenate kinase—associated neurodegeneration results from mutations in
PANKZ, which encodes the mitochondrial enzyme pantothenate kinase that is implicated in
coenzyme A biosynthesis and is important in many metabolic pathways (ie, lipids synthesis,
citric acid cycle).176 Phospholipase A2G6-associated neurodegeneration is characterised by
mutations in PLA2G6, which encodes a calcium-independent group V1 phospholipase A2
that is important for homoeostatic membrane phospholipid metabolism.1?” Typical iron
accumulation in phospholipase A2G6-associated neurodegeneration often occurs in the
globus pallidus and might affect the substantia nigra.1”® Fatty acid hydroxylase-associated
neurodegeneration leads to iron accumulation in the globus pallidus, with the substantia
nigra possibly less affected.172 Fatty acid hydroxylase-associated neurodegeneration is
caused by mutations in FAZH, which encodes fatty acid-2-hydroxylase, the enzyme that
catalyses hydroxylation of free fatty acids in the sphingolipid biosynthesis pathway.1"®
Kufor-Rakeb disease is associated with mutated A7P13A2, which encodes a lysosomal type
5 P-type ATPase, 80 whose physiological role remains to be elucidated. MRI iron patterns in
Kufor-Rakeb disease are controversial, with iron deposition in the putamen and caudate
nucleus in some cases, 181 or without discernible iron deposition in other individuals.182 p-
propeller protein-associated neurodegeneration is a X-linked disorder associated with a
mutation in WDR45, which encodes a protein involved in autophagy. Brain imaging shows
iron accumulation in the substantia nigra and globus pallidus of patients with 3-propeller
protein-associated neurodegeneration.183

The absence of functional multicopper oxidase ceruloplasmin in aceruloplasminaemia
impairs cellular iron efflux and leads to iron accumulation in most parenchymal tissues,
including the brain and particularly in the basal ganglia. In these iron overloaded areas of the
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brain, up to a ten-times increase was recorded in neurons and microglia, but widespread
brain iron deposition can occur.170:175 The excessive iron accumulation results from the
inability of astrocytes to mobilise their iron to be used by neurons.184

Neuroferritinopathy, a rare adult-onset condition presenting with a range of extrapyramidal
movement disorders, is caused by mutations in light-chain—ferritin18° (the principal iron
storage protein) resulting in loss of function and accumulation of iron in the globus pallidus,
putamen, and dentate nuclei of the cerebellum.186 Mouse models of neuroferritinopathy
show iron overload, neurodegeneration, and DNA damage. 187188

Neurodegeneration with brain iron accumulation is associated with excess iron accumulation
in deep grey matter nuclei.189 MRI studies of neuroferritinopathy have suggested that the
greatest accumulation of iron is in the basal ganglia and dentate nuclei, but thalamus and red
nuclei can also be affected.185.189.190 | cases of severe neuroferritinopathy, the putamen and
globus pallidus might have focal spots of low iron concentrations (eg, judged from increased
T,*); this is attributed to increased tissue water content and cystic accumulation from
inflammatory processes. By contrast, a more general involvement of deep grey matter nuclei
(and grey matter in general) with respect to iron accumulation is seen in
aceruloplasminaemia, but without evidence of cystic processes.191

Huntington’s disease

Huntington’s disease is a neurodegenerative disorder characterised by progressive motor,
cognitive, and psychiatric deterioration. It is the most common of the polyglutamine
diseases, affecting about one in 10 000 individuals worldwide. Huntington’s disease is
caused by CAG trinucleotide repeats within exon 1 of H77, the gene that encodes
huntingtin. People with Huntington’s disease have between 36 and 121 CAG trinucleotide
repeats, compared with between six and 34 in the wild type gene.1%2 The dominant
polyglutamine expansion within the N-terminus of the huntingtin protein initiates events that
lead to neuronal loss primarily within the striatum and cerebral cortex. In embryonic stem
cells, huntingtin is iron-regulated and also involved in iron homoeostasis regulation.193
Alterations in brain iron metabolism with increased iron accumulation were identified by
MRI in the striata of patients with Huntington’s disease1% and in particular the basal ganglia
(caudate nucleus, putamen, and globus pallidus).195.196

Restless legs syndrome

Restless legs syndrome is characterised by reduced iron function. Autopsy and MRI
investigations show decreased iron concentrations in the substantia nigra of patients with
restless leg syndrome that are associated with disease severity.197:198 |ron misregulation is
implicated in the pathology of restless leg syndrome, so that concentrations of TFR, IRP1,
DMT1, ferroportin, and heavy-chain ferritin are decreased in dopaminergic neurons of the
substantia nigra.198-200 |ron deficit conditions worsen symptomatology, whereas iron
replacement therapy improves symptoms.198.201
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Developments in MRI for brain iron detection

Development of high-field (7 T and above) MRI has great relevance to the study of brain
iron. High-field MRI amplifies the paramagnetic effect of iron on T,* relaxation, leading to
improved sensitivity, resolution,292 and a better resolution of confounding factors. For
example, the confounding effect of tissue water content seen on T,* is minor at high-field
strength. Additionally, studies at high-field strength show that the confounding effect of
myelin on T,* can be accounted for by including frequency information, which is normally
discarded.51:203.204 Myelin and iron decrease To*, but have an opposing effect on frequency
owing to the diamagnetic properties of myelin (as opposed to iron’s paramagnetic
properties).294 This use of frequency to better quantify iron development will probably
translate to clinical studies at lower MRI field strengths.

High-field MRI has great potential for the study of subtle variations in iron at low spatial
resolution, even outside the regions of deep grey matter nuclei with high iron concentrations.
For example, in a study of healthy brains substantial iron concentration variations were
shown in the different cortical layers (figure 3). In-vivo and post-mortem investigations
suggest focal iron accumulation in the white matter in multiple sclerosis60.161.206 and focal
iron accumulation in the cortex in amyotrophic lateral sclerosis2%” co-localise with microglia
(appendix).160.207 Combined with other biochemical and structural tissue parameters derived
from MRI, such measurements might help us to understand the complex pathophysiological
processes underlying neurological disorders. For example, the sensitivity of MRI to tissue
myelin content and integrity298.209 might help to establish the temporal relation between
iron accumulation and the demyelinating process in multiple sclerosis.

Iron chelation as a potential therapy

Overview

The potential therapeutic use of iron chelators to remove excess iron from specific brain
regions affected by neurodegenerative diseases has received much attention. To be effective,
an iron chelator should be able to penetrate both cellular membranes and the blood-brain
barrier, target the region of iron accumulation without depleting transferrin-bound iron from
the plasma, and be able to remove chelatable iron from the site of accumulation or to
transfer it to other biological proteins, such as circulating transferrin.210 Since most patients
with neurodegenerative diseases will have normal systemic iron homoeostasis, low doses of
the chelator need to be used to minimise side-effects. Furthermore, whether iron chelators
can remove iron from conjugated iron containing proteins and molecules, such as
neuromelanin, is unknown; the chelators in clinical use were developed to remove iron from
ferritin and haemosiderin in grossly iron overloaded tissues, such as the liver and spleen, and
to a lesser extent the heart. MRI is a promising technique to assess the efficacy of a
treatment, although the quantitative accuracy of MRI might be dependent on the type and
molecular distribution (eg, cluster size and oxidation state) of iron.211
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Parkinson’s disease

Alzheimer’s

The efficacy of iron chelation in the treatment of Parkinson’s disease has been studied in an
animal model. Genetic (with transgenic expression of ferritin) or pharmacological (by
clioquinal) iron chelation resulted in the reduction of reactive iron protecting mice from the
toxic effects derived from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.212

A patient with moderate parkinsonism, who had a range of symptoms including dysarthria
and orofacial dystonia, had iron accumulation in internal globi pallidi, dentate nuclei,
substantia nigra, and red nuclei seen with To*-weighted MRI. Deferiprone 30 mg/kg per day
was given orally for 32 months. After 6 months many of the symptoms had improved, and
after 1 year an improvement was recorded in the Unified Parkinson’s Disease Rating Scale
score. To*-weighted MRI showed a rapid decrease in iron accumulation in the bilateral
dentate nuclei, with a milder and later reduction in the substantia nigra, but no significant
changes in the red nuclei.23 From the initial findings of the beneficial effect of deferiprone,
two clinical trials have investigated the safety and efficacy of deferiprone in double-blind
placebo-controlled studies.?14-216 T,*.weighted MRI, Unified Parkinson’s Disease Rating
Scale motor scores, and ferritin (the iron storage protein) in the blood were analysed.
Preliminary data from one of these studies suggested deferiprone, 30 mg/kg per day, slightly
improved motor signs after 6 months of treatment, decreased motor handicap progression
(mean change in Unified Parkinson’s Disease Rating Scale motor score=-2), and the
substantia nigra iron content substantially decreased on To*-weighted MRI after 1 year.
Three of the 40 patients in the first study developed neutropenia or agranulocytosis, which
were resolved rapidly with cessation of deferiprone.?14:215 |n the second clinical trial of
deferiprone, patients with Parkinson’s disease received 20 mg/kg per day or 30 mg/kg per
day for 6 months; both doses were well tolerated, there were minimum toxic effects, and
decreases in iron in specific brain regions were detected by T,*-weighted MRI.216

disease

Crapper McLachlan and colleagues?!’ showed a substantial reduction in the rate of
deterioration of daily living skills in 48 patients with Alzheimer’s disease who were given
deferrioxamine (125 mg intramuscular two times a day, five times per week for 24 months)
when compared with patients with Alzheimer’s disease given placebo. Despite such positive
results, no other clinical studies of deferrioxamine have been reported.

Presently, only one family of metal-binding agents, PBT2 (5,7-dichloro-2-[(dimethylamino)-
methyl]-8-hydroxyquinoline), is being tested in clinical trials for the treatment of
Alzheimer’s disease and Huntington’s disease. PBT2 binds excesses of copper and zinc and
possibly iron in the brain, thereby diminishing the amount of amyloid plaque formation and
relocating these metal ions to depleted cellular and neuronal compartments.218 In a clinical
trial of 78 patients with Alzheimer’s disease, 29 patients received PBT2 250 mg/day, 20
patients were given a lower dose of PBT2 (50 mg/day), and the remaining 29 patients were
given placebo. Patients receiving 250 mg/day showed a substantial reduction in CSF of Ap
concentration, and some cognitive improvement (executive function) was noted.219
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Friedreich’s ataxia

Boddaert and colleagues?10 were the first to investigate the efficacy of deferiprone in
patients with Friedreich’s ataxia. Treatment with 20 mg/kg per day or 30 mg/kg per day
deferiprone for 6 months in nine patients with Friedreich’s ataxia aged between 14 and 23
years reduced the iron content in the dentate nuclei. This reduction was associated with
neurological improvements in manipulative dexterity, speech fluency, and a reduction in
neuropathy and ataxia gait, particularly in the youngest patients. A reduction in iron content
was seen after 2 months of treatment and the effect was proportional to the concentration of
initial accumulated iron. Boddaert and colleagues?1® suggested that the form of iron chelated
was a labile iron pool, with iron possibly being bound to enzymes, such as hydroxylases,
and to ferritin. None of the other brain regions investigated (ie, pallidal nuclei, the thalamus,
and cerebellar white matter region) showed any substantial changes in iron accumulation as
detected by To*-weighted MRI throughout chelation therapy. Velasco-Sanchez and
colleagues?20 administered deferiprone (20 mg/kg per day) and the antioxidant idebenone
for 11 months to 20 patients with Friedreich’s ataxia aged between 8 and 25 years. MRI
values in the dentate nuclei of participants showed a significant reduction of iron that was
associated with significant recovery of kinetic functions, although gait and posture scores
worsened.

Aceruloplasminaemia and neuroferritonopathy

Subcutaneous infusion of deferoxamine was reported to be effective in patients with
aceruloplasminaemia.22! After 10 months of deferoxamine treatment in a 63-year-old patient
with aceruloplasminaemia, Miyajima and colleagues?22 showed decreases in brain iron by
MRI, which were associated with a slight improvement in neurological symptoms. The oral
chelator deferasirox was effective in a 59-year-old man to treat left-side choreoathetosis and
an unsteady gait.223 Comparisons of deferiprone and deferoxamine treatments in a woman
with aceruloplasminaemia, who showed marked MRI hypointensity, reduced T,* MRI
signal in the dentate and red nuclei, thalamus, pulvinar, neostriatum, and putamen, showed
that deferoxamine (20 mg/kg per day for 5 days a week for 8 months by subcutaneous bolus
injection) evoked an increase in urinary iron excretion, a decrease in serum ferritin
concentrations, and decreases in haemoglobin iron and serum iron.224 By contrast,
deferiprone 75 mg/kg per day for 6 months had no effect; no MRI changes were seen in the
brain regions after either chelation therapy.224

Chelation therapy has been reported to provide improvements, notably with deferiprone, and
particularly for other neurodegeneration with brain iron accumulation diseases, but no
improvement was seen in two patients with neuroferritinopathy.185

Conclusions and future directions

How the different brain regions maintain iron concentrations under normal circumstances,
and the changes that occur with ageing and after an inflammatory insult, are not known. In
peripheral iron-loading diseases, such as thalassaemias and haemochromatosis, no evidence
has been reported of an increased incidence of neurodegeneration, nor of elevated
concentrations of brain iron, despite the massive iron deposition in parenchymal tissues. We

Lancet Neurol. Author manuscript; available in PMC 2017 November 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ward et al.

Page 16

therefore suggest that the brain represents a privileged body compartment, which in normal
circumstances does not respond to peripheral variations in iron status. Neurodegenerative
diseases might be caused by changes in brain iron from compartments where iron is
quiescent to other parts of the brain where iron is neurotoxic. The future challenge is to
establish the mechanisms involved in brain iron changes on a disease by disease basis. We
expect MRI to have an important role, possibly in a quantitative or a semi-quantitative
manner. If brain iron patterns are characteristic of disease or disease stage, this might have a
great effect on a diagnosis. Although total iron measures might be dominated by biologically
inert forms sequestered in ferritin, neuromelanin, and other molecules, they might be
predictive for bioactive iron species and, as such, have relevance for the study of disease.
High-field MRI developments might advance the ability to map distributions of iron
quantitatively, increasing knowledge of the pathogenesis of neurological disorders.
Unfortunately, it is difficult to relate tissue iron concentrations to those in specific cell types,
for which we presently rely on scarce information from studies done many years ago.
Despite increases in the resolution of MRI images of iron distribution, MRI cannot measure
concentrations of specific iron molecules in particular cells.

Processes involved with age-related and disease-related accumulation of iron and iron-
induced inflammation in specific brain regions and cells are poorly understood. Future
research should focus on the accurate mapping of iron in healthy brains, at different ages,
and in neurodegenerative disorders to begin to interpret regional variations in brain iron.
Because much of our present knowledge about iron homoeostasis relies on studies on young
healthy rodents (whose iron pathways have some important differences to elderly human
brains), valuable information might be gleaned from experiments on human induced
pluripotent stem cells, primates, and in ex-vivo human brain tissues.
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Panel: Glossary of terms

Ceruloplasmin

A multicopper ferroxidase that oxidises ferrous iron (Fe2*) into the ferric form (Fe3*).
Ceruloplasmin can exist as a soluble form in plasma and other fluids or as a membrane
bound form (the glycophosphatidylinositol-anchored form of ceruloplasmin, which is highly
expressed at the end-foot of astrocytes in the mammalian CNS).

Divalent metal ion transporter 1 (DMT1)
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The major transmembrane transporter of ferrous iron and other divalent metal cations into
cells (eg, enterocytes). DMT1 has an important role in the efflux of ferrous iron from
endosomes during the transferrin cycle.

Ferritin

The major iron storage protein in which iron is stored in as a soluble, non-reactive, or bio-
available form. In mammals, ferritin is a heteropolymer composed of two types of subunits,
ferritin heavy chain and ferritin light chain; the ratio of heavy to light chain is tissue specific.
The heavy chain shows ferroxidase activity, and converts ferrous iron to ferric iron before
being stored inside the iron core, whereas the light chains have no ferroxidase activity but
play an important part in the nucleation of the iron core inside the protein.

Fenton’s reaction
Ferrous iron (Fe2*) reacts with hydrogen peroxide producing hydroxyl radicals, a highly
reactive oxygen species (ROS).

Ferroportin

The major exporter of iron out of some cells. Iron is exported in the form of ferrous iron
therefore the catalytic activity of ferroxidase is needed. The associated ferroxidase oxidises
exported ferrous iron into ferric iron and this function is mainly accomplished by hephaestin
in the gut or by ceruloplasmin.

Hepcidin

A small peptide secreted mainly by the liver and possibly other cell types, such as glial cells;
secretion is dependent on the iron loading and inflammatory status, and controls the quantity
of iron translocated by ferroportin out of cells. When hepcidin binds to ferroportin, this
induces internalisation followed by degradation of the complex in lysosomes.

Hephaestin

A membrane bound ceruloplasmin analogue that participates in iron export from
enterocytes. Hephaestin acts as a multicopper ferroxidase, oxidising ferrous iron exported
from enterocytes through ferroportin to ferric iron that can then be rapidly bound to
circulating transferrin or other iron carrier proteins.

Iron regulatory proteins (IRPs) and iron responsive or regulatory elements (IRES)
IRP1 and IRP2 are cytoplasmic proteins that specifically bind to IREs in mMRNAs when iron
is in low concentrations. IRPs do not bind to IREs at high iron concentrations. IREs are
characteristic stem and loop structures of some mRNAs, with a defined secondary structure
at their untranslated regions (UTRs). When IRPs are bound to IREs at the 5’-UTR of
mRNAs translation is prevented, whereas when IRPs are not bound translation can proceed:;
by contrast, when IRPs are bound to 3’-UTR they stabilise mMRNA allowing translation,
whereas when IRPs are not bound nuclease degradation of the mRNA occurs.

Neuromelanin

A complex polymeric molecule present in the human CNS, which is located in organelles
surrounded by a double membrane. Neuromelanin pigment is able to accumulate different
metals, mainly iron. Neuromelanin seems to be the most effective system for scavenging
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iron, which results in a long-term immobilisation of iron inside neurons. Pigmented neurons
of the substantia nigra and locus coeruleus have the highest levels of neuromelanin in the
brain.

Transferrin

A high-affinity iron-binding protein (apo-transferrin or iron-free transferrin) that binds two

ferric iron atoms, holo-transferrin or diferric transferrin, and is present in plasma, transports
iron in serum, lymphatic system, and CSF, and delivers iron to cells via the transferrin cycle.

Transferrin receptor (TFR)

TFR1, expressed on the membrane of most cells, is the main receptor for transferrin and
selectively binds diferric transferrin to internalise it through receptor-mediated endocytosis
(transferrin cycle). TFR2, the function of which is not well understood but is distinct from
TFR1, is an iron sensor in the regulation of hepcidin expression.

Labile iron pool
Chelatable and redox-active iron in complexes of low stability.
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Search strategy and selection criteria

We searched PubMed for articles published from Jan 1, 1958 to Aug 31, 2013, in English
with the terms “iron in brain ageing”, “iron neurotoxicity”, “iron in neurodegenerative
diseases” separately and each in combination with all the pathologies included in this
review (Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, Friedreich’s ataxia,
aceruloplasminaemia, neuroferritonopathy, Huntington’s disease, and restless legs
syndrome,), “magnetic resonance imaging of brain iron”, “animal models of iron
neurotoxicity”, and “iron chelation therapy”. We also identified papers through searches

of the authors’ personal files.
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Figure 1. Brain iron metabolism
Iron enters the endothelial cells of the blood-brain barrier as a low molecular weight

complex, or via transferrin receptor-1 mediated endocytosis of transferrin, or independently
as non-transferrin-bound iron.13-16 Transferrin receptors line the lumen of the brain and
bind circulating differic—transferrin facilitating iron uptake into brain vascular endothelial
cells via receptor-mediated endocytosis. Whether there is a DMT1-ferroportin-independent
pathway to release ferric iron or differic-transferrin by exocytosis of recycling endosomes is
unclear (vesicular export pathway, left side in brain vascular endothelial cells). Transferrin is
synthesised by the choroid plexus or oligodentrocytes so that any ferric iron released from
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the abluminal side of the endothelial cells can form complexes with transferrin or
alternatively low molecular weight molecules (eg, ascorbate, citrate, or ATP) to form non-
transferrin-bound iron. Citrate and ATP can be released from the astrocytes. Whether there is
a DMT1-ferroportin-dependent (non-vesicular export, right side in brain vascular
endothelial cells) pathway to release ferrous iron, which would be rapidly converted to ferric
iron via ceruloplasmin in the abluminal membranes, is also unknown. The
glycosylphosphatidylinositol-anchored form of ceruloplasmin is highly expressed by
astrocytes in the mammalian CNS and is physically associated with ferroportin.1” Astrocytes
are ideally positioned to take up iron from the circulation and distribute it to other cells in
the CNS. Astrocytes have the iron influx and efflux mechanisms needed for cell-to-cell
transport of iron. DMT1 is expressed by astrocytes and probably mediates iron influx into
these glial cells.1” Iron can be stored as ferritin in astrocytes and exported by a mechanism
that involves ferroportin and ceruloplasmin.8 Oligodentrocytes might take up iron via the
ferritin receptor Tim-2, or non-transferrin-bound iron via DMTL, or other non-vesicular iron
import mechanisms. Neurons and microglia can influx iron via transferrin—transferrin
receptor mediated uptake and efflux iron via ferroportin. IRPs (1 and 2), DMT1, and —-IRE
DMT1 (non-IRE form of DMT1 protein) are expressed mostly by astrocytes. Increased iron
regulatory proteins expression might lead to increased expression of the +IRE form of
DMT1.19 The role of hepcidin in orchestrating the regulation of egress from cells via
ferroportin in different brain cells remains unclear. Neuron axons are wrapped with the
myelin sheath, which is made of oligodendrocytes in an iron-dependent manner. Microglia
form an association with neurons via CD200/CD200R to maintain the quiescent state.
Microglia might take up iron via transferrin receptor and release iron via ferroportin. Dashed
lines represent unknown regulation of iron. Solid arrows show iron movement. Reproduced
and adapted from Mills and colleagues,8 by permission of Future Science. BBB=blood-
brain barrier. TFR=transferrin receptor. Tf=transferrin. FeZ*=ferrous iron. Fe3*=ferric iron.
BVEC-=Dbrain vascular endothelial cells. Cp=ceruloplasmin. Fpn=ferroportin.
DMT1=divalent metal ion transporter 1. Ft=ferritin. IRP=iron regulatory protein. IRE=iron
responsive or regulatory element. Hepc=hepcidin. N=nucleus. MS=myelin sheath. ?
=unknown pathway or mechanism. CD200=0X-2 membrane glycoprotein.
CD200R=CD200 receptor.
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Figure 2. MRI of iron in Parkinson’s disease
To*-weighted MRI of midbrain in a patient with early onset Parkinson’s disease. Substantia

nigra and red nucleus, naturally high in iron, seem darker because of reduced To*. In
Parkinson’s disease, further iron accumulations44145 and morphological changes43 are
seen in substantia nigra; both are associated with disability. Reproduced from Cho and
colleagues!#3 by permission of John Wiley & Sons.
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Figure 3. MRI detection of fine-scale spatial variation in iron content in healthy brain tissue
(A) Laminar variations shown in luxol fast blue myelin stain. Laminar patterns seem specific

to functional areas V1 and V2. (B) Laminar patterns shown in Perls’ 3,3’-diaminobenzidine
iron stain. (C) R2* (=1/T»*) obtained from 7T post mortem MRI. The dashed line indicates
calcarine sulcus. Solid arrows, open arrows, and arrowheads show areas of increased iron in
central and deep layers, and subcortical white matter. Reproduced from Fukunaga and
colleagues?9° with permission of Proceedings of the National Academy of Sciences.
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