
Iron is indispensable in mammalian metabolism because 
it is integral to the formation of haem and iron–sulphur 
clusters and functions as a cofactor in numerous meta-
bolic reactions. Without iron, erythrocytes would be 
unable to transport haemoglobin-bound oxygen to tis-
sues, and oxidative phosphorylation by the mitochon-
drial respiratory chain complexes, which contain twelve 
iron–sulphur clusters and seven haems, would not be 
possible. Understanding iron metabolism in the CNS 
is becoming increasingly important, as there is growing 
evidence that abnormalities in brain iron metabolism 
are involved in the pathogenesis of several degenerative 
brain diseases. However, owing to technological obsta-
cles (BOX 1), our understanding of brain iron metabolism 
continues to lag behind our knowledge about systemic 
iron metabolism. For example, iron metabolism probably 
differs between neurons, astrocytes, oligodendrocytes 
and microglia, as each of these cell types has distinct 
metabolic and architectural features, but the low reso-
lution of non-invasive techniques such as MRI do not 
permit the identification of specific cell types. In addi-
tion, much remains unknown about how iron crosses 
the blood–brain barrier (BBB) or the brain–cerebrospi-
nal fluid (CSF) barrier from the systemic circulation and 
how it traffics in the brain parenchyma to supply neu-
rons, oligodendrocytes, microglia and astrocytes with 
sufficient iron.

Brain imaging techniques such as MRI, which detects 
iron when certain magnetic pulse sequences are used dur-
ing imaging1, have enabled investigators to detect abnor-
mal brain iron accumulations in several previously known 
and newly described diseases, and this has led to the iden-
tification of several disease genes. These discoveries have 
been both exciting and frustrating, because they have not 
yet revealed insights into disease pathogenesis. For exam-
ple, it is often not known whether iron accumulation con-
tributes to disease progression or whether accumulation 
of iron occurs only after widespread neuronal death. In 
general, when iron accumulation is detected by MRI, it is 
often assumed to have a causal role in disease by enhanc-
ing free radical formation and contributing to oxidative 
stress and neuronal death in iron-overloaded cells2,3. 
However, it may not be correct to assume that any iron 
overload detected in specific brain regions on MRI scans 
reflects iron overload in neurons. Importantly, a better 
understanding of iron accumulation in neurodegenera-
tive diseases has therapeutic implications, as iron chelators 
are currently being used in the treatment of numerous 
diseases that affect the CNS, including Parkinson’s disease2 
and Friedreich’s ataxia4, even though the value of such 
chelation therapy remains unclear in most cases.

In this Review, I will first discuss basic aspects of brain 
iron metabolism, including how iron enters the CNS, 
how iron contents of the brain change during normal 
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Abstract | Abnormal accumulation of brain iron has been detected in various 
neurodegenerative diseases, but the contribution of iron overload to pathology remains 
unclear. In a group of distinctive brain iron overload diseases known as 
‘neurodegeneration with brain iron accumulation’ (NBIA) diseases, nine disease genes 
have been identified. Brain iron accumulation is observed in the globus pallidus and 
other brain regions in NBIA diseases, which are often associated with severe dystonia 
and gait abnormalities. Only two of these diseases, aceruloplasminaemia and neuroferri‑
tinopathy, are directly caused by abnormalities in iron metabolism, mainly in astrocytes 
and neurons, respectively. Understanding the early molecular pathophysiology of these 
diseases should aid insights into the role of iron and the design of specific therapeutic 
approaches.
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ageing and how brain iron overload might develop in 
diseases in which it has been observed. I will also briefly 
discuss several common diseases, such as Parkinson’s 
disease and Alzheimer’s disease, in which iron overload 
often correlates with pathology5, and then focus on a 
newer group of diseases, termed ‘neurodegeneration with 
brain iron overload accumulation’ (NBIA) diseases. In 
NBIA, iron overload is clearly present in discrete brain 
regions as judged by MRI and iron stains, and causal 
mutations have been identified in multiple, unrelated 
bona fide disease genes.

Systemic iron metabolism
Numerous proteins are involved in the uptake and distri-
bution of iron in mammals. Iron is acquired from food in 
the form of iron salts and haem, and dedicated transport-
ers — divalent metal transporter 1 (DMT1; also known 
as SLC11A2) and ferroportin 1 (FPN1; also known as 
SLC40A1) — aid iron to cross the duodenal mucosa and 
enter the systemic circulation6. Ferroportin-mediated 
export is aided by the membrane-bound ferroxidase 
hephaestin, which oxidizes exported ferrous iron (Fe2+) 
to ferric iron (Fe3+) and facilitates binding to transferrin, 

an abundant ferric iron-binding protein that circulates 
in the systemic bloodstream7 (FIG. 1). Transferrin usually 
binds two atoms of ferric iron per molecule to generate 
holo-transferrin. Duodenal iron uptake is regulated in 
several ways. Hepcidin, a peptide hormone secreted by 
iron-loaded hepatocytes, can bind to duodenal ferro-
portin, induce its intracellular degradation and thereby 
diminish duodenal iron uptake8. In addition, transcrip-
tional expression of DMT1 is regulated by hypoxia-
inducible factor 2α (HIF2α; initially named EPAS1), 
which coordinately regulates the transcriptional response 
to hypoxia and iron deficiency in the duodenal mucosa9. 
Most cells in tissues perfused by the systemic circulation 
acquire iron from holo-transferrin. Holo-transferrin 
binds to the surface cellular transferrin receptor 1 (TFRC; 
also known as TFR1), after which the complex undergoes 
endocytosis. Ferric iron is then reduced to ferrous iron 
by metalloreductase STEAP3 (REF. 10) and is transported 
across the membrane by DMT1 (FIG. 1a).

In the cytosol, iron may be transported by binding to 
chaperones that donate iron to specific target proteins11, 
or it may traffic to mitochondria and enter the mitochon-
drial matrix through the dedicated mitochondrial iron 
transporters mitoferrin 1 or mitoferrin 2 (REF. 12). Iron is 
also stored by cytosolic ferritin, a 24-subunit heteropoly-
mer composed of ferritin heavy and light chains, which 
co-assemble in varying ratios to form a hollow sphere into 
which iron atoms are deposited (FIG. 1). Storing up to 4,500 
iron atoms as an insoluble precipitate, ferritin effectively 
compartmentalizes iron in a non-reactive form without 
the aid of membranes, and it thereby prevents free iron 
from reaching high concentrations in the cytosolic and 
nuclear compartments13. Iron stored within cytosolic fer-
ritin can be released during lysosomal degradation14 or 
perhaps is released as needed from intact ferritin15. Within 
the CNS, the iron cycle involves the same proteins and 
mechanisms, with a few exceptions (see below).

Iron entry into the CNS
Cells in the CNS do not have direct access to nutrients, 
including iron, in the systemic circulation because the 
BBB and the blood–CSF barrier separate the CNS from 
the systemic circulation16–18. Therefore, receptors and 
transporters mediate uptake of iron across the lumi-
nal barrier membrane of polarized endothelial cells of 
the BBB and across the abluminal membrane into the 
CNS. On the luminal side of the BBB, TFRC mediates 
endothelial iron uptake19. FPN1, which transports iron 
out of the cell, has been detected in endothelia of the BBB 
in some studies20,21 but not others22 and may enable iron 
to cross the abluminal membrane to enter the interstitial 
fluid. Endothelial cells are ensheathed by astrocytic foot 
processes, which express a membrane-linked form of the 
ferroxidase ceruloplasmin. This protein may facilitate 
export activity of ferroportin on adjacent cells23 (FIG. 1b). 
Interestingly, like in duodenal mucosal epithelial cells, 
HIF2α is highly expressed in brain endothelial cells24. 
HIF proteins are oxygen- and iron-sensitive because of 
their degradation through the von Hippel–Lindau dis-
ease tumour suppressor (VHL)–prolyl hydroxylase path-
way25. The presence of HIF2α in the brain vasculature 

Box 1 | Detecting iron in the brain

Although the blood–brain and blood–cerebrospinal fluid barriers limit iron uptake in 
the CNS, the brain was recognized as a substantial repository of iron as long ago as 
1886, when whole-brain iron determinations and specific stains revealed that most 
brain iron existed in a non-haem, protein-bound, ferric-iron state42. Subsequently, high 
concentrations of non-haem iron were discovered in specific regions of the brain. These 
include the globus pallidus, where brain iron concentrations of up to 450 μg per g wet 
weight of brain were comparable to liver iron concentrations and, to lesser degrees, the 
substantia nigra, the red nucleus and the dentate nucleus of the cerebellum136. 
Standard procedures for staining for brain iron were developed. Perhaps the best 
known is the reaction of ferric iron with potassium ferrocyanide to form an intense blue 
precipitate, known as the Prussian blue reaction. To increase the sensitivity of the assay, 
the Prussian blue reaction was later modified by addition of diaminobenzidine 
tetrahydrochloride (DAB) and hydrogen peroxide137, which leads to the formation of a 
brown precipitate. This addition greatly enhanced the sensitivity of the staining 
procedure and allowed detection of iron (primarily ferritin iron) in neurons, astrocytes, 
microglia and oligodendrocytes throughout the brain. Correct preparation of samples 
is important, as iron can readily contaminate or leach out of tissues, yielding misleading 
results51.

Experiments using brain iron staining have shown that iron concentrations increase 
gradually with age in the globus pallidus and other iron-rich areas but that this 
accumulation levels off in early adulthood, after which brain iron concentrations remain 
fairly constant40. Interestingly, brain iron content remains constant even in adult 
individuals who experience iron deficiency that is sufficient to deplete the liver of 
iron17, suggesting that the CNS can retain the iron it has already acquired through 
efficient re-use to protect the brain from depletion. Radioactive uptake studies have 
demonstrated that iron fluxes through the brain, entering as transferrin-bound iron 
through the blood–brain barrier and actively contributing to the metabolism of CNS 
cells, before exiting through the venous circulation17,28.

MRI detects iron in the brain mainly as iron sequestered in ferritin, in ferritin 
degradation products or perhaps in other high-molecular-weight iron aggregates1,51 
such as those that develop in mitochondrial iron overload diseases112. As MRI studies 
have revealed brain iron accumulation in patients in whom such overload was not 
suspected, MRI studies are now an integral part of the early evaluation of patients with 
motor problems and movement disorders. MRI does not substitute for pathological 
samples, because the resolution is not high enough to distinguish individual cells, but it 
provides a way to detect abnormal iron accumulations non-invasively in patients, and 
distinctive patterns of iron deposition aid physicians to diagnose patients in the early 
stages of a neurodegeneration with brain iron accumulation disease.
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raises the possibility that regional blood flow is regulated 
both by hypoxia and by iron deficiency (in addition to its 
regulation by other metabolic factors that link perivascu-
lar astrocytes to brain chemosensing and its regulation 
in response to neuronal activity (reviewed in REF 26)). In 
the CNS, transferrin is mainly synthesized and secreted 
by oligodendrocytes and cells of the choroid plexus27.

It is likely that iron enters the CNS not only through 
the endothelial cells of the BBB22,28 but also through the 
epithelial cells of the choroid plexus, using many of the 
same transporters that have been identified in the duode-
num28. Unlike the capillaries of the BBB, the capillaries of 
the choroid plexus are fenestrated, and holo-transferrin 
can readily cross endothelial cells to reach the basolateral 

Figure 1 | Cellular iron metabolism and transport in mammalian cells. a | Ferric iron (Fe3+) in the bloodstream binds 
to transferrin to form holo‑transferrin, with one or two atoms of ferric iron per transferrin. Holo‑transferrin binds to 
transferrin receptors on the cell surface. The transferrin receptor–holo‑transferrin complex undergoes endocytosis 
through clathrin pit formation. The endosome then acidifies, and the endosomal metalloreductase STEAP3 reduces 
ferric iron to ferrous iron (Fe2+)10, allowing iron, now released from transferrin, to be transported into the cytosol by 
divalent metal transporter 1 (DMT1). Iron can then bind to chaperones that donate iron to specific target proteins11 (not 
shown) or enter mitochondria through the dedicated mitochondrial iron transporters mitoferrin 1 or mitoferrin 2 
(REF. 12), where it is used for the synthesis of iron–sulphur clusters and haem. Iron can also be stored in cytosolic 
proteins such as ferritin, which can sequester up to 4,500 iron atoms. Ferritin sequestration of iron prevents free iron 
from reaching high concentrations in the cytosolic and nuclear compartments13. Degradation of ferritin in lysosomes 
leads to the formation of disorganized iron‑rich deposits known as haemosiderin14. b | Mechanism for iron to cross the 
blood–brain barrier. Holo‑transferrin circulates through brain capillaries, and luminal transferrin receptors internalize 
iron using the same mechanisms as described for non‑polarized cells. The iron exporter ferroportin may allow iron to 
cross the abluminal membrane of the endothelial cell to enter the interstitial fluid. Most transferrin in the brain 
interstitial fluid is synthesized and secreted by oligodendrocytes as apo‑transferrin. Astrocytes express the ferroxidase 
ceruloplasmin, which is linked to the membrane by glycosyl phosphatidylinisotol (GPI). Ceruloplasmin and hephaestin, 
another ferroxidase, are expressed differentially throughout the CNS. Neurons and glia probably acquire most iron 
through the transferrin receptor and holo‑transferrin that is present in interstitial fluid and cerebrospinal fluid. c | In the 
cytosol, iron regulatory protein 1 (IRP1) and IRP2 affect post‑transcriptional regulation of cellular iron metabolism by 
sensing iron levels in the cytosol and then binding to iron‑responsive elements (IREs) when iron levels are low. About 
nine genes contain functional IREs. Most transcripts contain IREs near the 5′ end of the transcript, where IRP binding 
interferes with the assembly of the translational machinery and prevents synthesis of the encoded protein. In the gene 
encoding transferrin receptor 1 (TFRC), and possibly in an alternatively spliced DMT1 transcript, IRP binding stabilizes 
the mRNA, leading to increased synthesis of the normally encoded protein. FPN1, ferroportin 1; FTH1, ferritin, heavy 
polypeptide 1; FTL, ferritin light polypeptide; HIF2A, hypoxia‑inducible factor 2α. 
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membrane of the polarized choroidal epithelium, where 
tight junctions between cells make it necessary for iron 
to traverse the epithelial cell.

Upon entry into the interstitial fluid or CSF in ven-
tricles, iron binds to transferrin synthesized in the CNS 
and diffuses through the CSF and interstitial fluid of the 
brain parenchyma as holo-transferrin17, delivering iron 
to cells within the CNS that express TFRC. Ultimately, 
apo-transferrin (that is, iron-free transferrin) and 
holo-transferrin probably return to the systemic circu-
lation by passing through the arachnoid villi into veins 
that return blood to the systemic circulation17,19.

Iron metabolism in the brain
Most cells in the body, including in the brain, express a full 
complement of iron proteins, including TFRC and DMT1 
for iron uptake, ferritin heavy and light chains for iron 
sequestration, the mitochondrial iron importers mitofer-
rin 1 and/or mitoferrin 2 to supply iron to mitochondria, 
the cytosolic iron exporter FPN1 to export iron and iron 
regulatory protein 1 (IRP1; also known as ACO1) and 
IRP2 (also known as IREB2) to regulate intracellular iron 
homeostasis (reviewed in REF. 29). However, the amount 
of each protein expressed varies greatly depending on 
the cell type and its iron status. In the brain, oligoden-
drocytes stain strongly for transferrin, whereas microglia 
stain most strongly for ferritin, and neurons stain quite 
strongly for TFRC; on the basis of expression levels, stains 
for each of these proteins were initially used as markers to 
distinguish different cell types30. The inability to identify 
TFRC on mature oligodendrocytes has led to the asser-
tion that oligodendrocytes acquire iron from the ferritin 
heavy chain31 rather than from circulating holo-transfer-
rin28, although immature oligodendrocytes do express 
TFRC31. Most brain cells acquire iron through TFRC and 
endosomal DMT1, store iron in ferritin and export iron 
through ferroportin.

The iron ferroxidases ceruloplasmin and hephaestin, 
which are almost 50% identical, facilitate ferroportin 
export activity and are widely expressed throughout the 
CNS32. Hephaestin encodes a transmembrane peptide 
sequence that attaches the ferroxidase component of the 
protein to the plasma membrane of cells. Soluble cerulo-
plasmin is detectable in the CSF at a low concentration 
(1.5 μg per ml), which is about 100-fold less than the 
concentration of serum ceruloplasmin33. In the CNS, 
most ceruloplasmin is synthesized by astrocytes, and 
alternative splicing of the ceruloplasmin transcript in 
astrocytes leads to attachment of glycosyl phosphati-
dylinisotol (GPI)34, which links ceruloplasmin to the 
outer leaflet of the plasma membrane. Soluble cerulo-
plasmin in the CSF may be released mainly by cleavage 
of the GPI linkage on astrocytes.

IRP1 and IRP2 regulate post-transcriptional iron 
homeostasis in most known cell types29,35,36 and both are 
expressed throughout the brain. Virtually all cells express 
both proteins, although IRP2 is more highly expressed 
in many brain cells37. Two of the most important targets 
for regulation by IRPs are transcripts that encode ferri-
tin and TFRC. In iron-depleted cells, IRPs bind to stem-
loop structures in transcripts to prevent translation of 

ferritin or to prevent degradation of the TFRC transcript. 
Through these actions, they increase iron availability by 
simultaneously increasing iron uptake through TFRC 
and preventing sequestration of iron in ferritin (FIG. 1c). 
In iron-replete cells, the iron-responsive element (IRE)-
binding form of IRP1 converts to an active cytosolic aco-
nitase that interconverts cytosolic citrate and isocitrate, 
whereas IRP2 is degraded by the ubiquitin proteasome 
system38. Thus, it appears likely that each resident CNS 
cell type regulates its own iron homeostasis, distributing 
and storing iron according to the particular needs and 
functions of each cell type28. Nevertheless, there is some 
specialization of iron metabolism within the brain: astro-
cytes synthesize GPI-linked ceruloplasmin, and oligo-
dendrocytes synthesize mainly hephaestin39. In addition, 
transferrin is synthesized and secreted into CNS inter-
stitial fluid primarily by oligodendrocytes. The secreted 
transferrin binds iron that has been imported into the 
CNS and newly constituted holo-transferrin redistributes 
iron to cells exposed to CSF and interstitial fluid. This 
is presumably aided by diffusion and bulk flow of the 
CSF through the ventricles and into interstitial spaces to 
flow back through the venous system into the systemic 
circulation each day.

Brain iron accumulation
Iron accumulation occurs in the brain in ageing animals, 
including humans, in areas primarily associated with 
motor activity, including the globus pallidus, red nucleus, 
dentate nucleus and substantia nigra40–43, but the factors 
that favour regional iron accumulation remain unknown. 
These brain regions become rich with ferritin iron (that 
is, iron stored inside ferritin), which tends to accumulate 
in humans by the third decade of life and to colocalize 
with iron, as detected by histopathology and immunohis-
tochemistry (reviewed in REFS 44,45). Levels of iron in the 
globus pallidus are as high as levels in the human liver, 
a known repository for iron46. It is not known why so 
much iron is stored in the globus pallidus and other basal 
ganglia, but it is possible that some specialized neurons 
in the globus pallidus and basal ganglia are programmed 
to transcribe high amounts of ferritin and thereby cre-
ate a ferritin-rich iron repository in the CNS — analo-
gous to the liver iron repository created by hepatocytes 
that serves the systemic circulation. Perhaps previously 
unknown cells types, such as those recently discovered in 
the globus pallidus47, are programmed to store iron and 
create a CNS iron reservoir.

The iron accumulation associated with ageing is 
not generally associated with pathology (most ageing 
individuals do not develop neurodegenerative disease). 
This suggests that the iron observed is contained in 
healthy ferritin-rich cells, which may include unique 
types of neurons and/or oligodendrocytes, astroglia 
and microglia in the iron-rich brain regions. Some 
cells can become ferritin-rich through high expres-
sion of ferritin transcripts; when ferritin transcrip-
tion increases, ferritin protein synthesis also increases, 
even though the IRE–IRP regulatory system superim-
poses its regulatory activity on the translation of target 
transcripts.
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The composition of cells and iron content of a brain 
region may change when an iron-rich area begins to 
degenerate. When a cell dies, microglia and/or mac-
rophages that invade from the peripheral circulation 
phagocytose debris released by degenerating cells48. 
When many cells die in an iron-rich brain area, these 
scavenger cells become iron-rich by virtue of having 
phagocytosed iron-rich cellular debris. Moreover, 
microglia express high amounts of ferritin upon acti-
vation49. Some diseases, including Parkinson’s disease, 
seem to specifically affect iron-rich areas such as the 
substantia nigra50,51. This makes it difficult to ascer-
tain whether the iron accumulation often observed in 
Parkinson’s disease is a cause or a consequence of the 
degeneration of substantia nigra neurons associated 
with this disease2. Similarly, in Huntington’s disease, 
microglial ferritin and iron accumulation occur early, 
raising the question of whether these changes result 
from or cause neuronal loss52. Whether iron overload 
occurs in Alzheimer’s disease is a subject of debate, as 
it is not detected in many studies53, but iron accumu-
lation as a cause has been proposed by many54,55 and 
is suggested by MRI results56. Careful analysis of the 
temporal progression and distribution of iron accu-
mulation in diseases complicated by abnormal brain 
iron accumulation may help to determine whether 
iron misregulation has a primary role in the patho-
genesis of some of the subtypes of these common 
diseases.

Brain iron accumulation in disease. Many papers have 
been written about iron overload in the brain and the 
possible contribution of brain iron overload to various 
human diseases. It has been proposed that iron over-
load develops in certain brain regions that are predis-
posed to mishandle iron because they are already very 
iron-rich and that diseases such as Parkinson’s disease, 
Friedreich’s ataxia and various other diseases associated 
with brain iron accumulation could be ameliorated by 
treatment with iron chelators, which would reduce 
harmful iron-dependent oxidations of DNA, proteins 
and lipids4,57,58 (reviewed in REF. 45). This issue has been 
much discussed in the context of Parkinson’s disease 
and Alzheimer’s disease without clear resolution (see 
REFS 2,54,55 for reviews). Here, I will focus mainly on a 
defined group of diseases termed NBIA diseases. These 
diseases are associated with mutations in identified 
genes and are characterized by movement dysfunc-
tion, gait problems, spasticity and motor and cognitive 
problems, as well as with iron accumulation in specific 
brain regions, as observed initially in autopsy studies 
and more recently in MRI studies. In NBIA diseases, 
iron accumulation occurs in defined areas of the brain, 
usually including the globus pallidus but sometimes 
extending to other areas such as cerebellum or sub-
stantia nigra, depending on the disease. Nine different 
NBIA diseases have so far been recognized (listed in 
TABLE 1), and more will probably be identified. However, 
of the mutated genes that cause NBIA diseases, only two 
encode proteins that are specifically involved in iron 
metabolism — ceruloplasmin and ferritin light chain. 

The other NBIA disease genes encode proteins with 
other functions, some of which are related to fatty acid 
metabolism or lysosomal activity59–61.

NBIA caused by defective iron metabolism
Aceruloplasminaemia. Aceruloplasminaemia was origi-
nally described in 1987. Up to 35 affected families have 
now been described in multiple Japanese kindreds62–64, 
and patients have been identified all over the world23. 
It is caused by mutations in CP, the gene that encodes 
ceruloplasmin, which result in loss of the functional pro-
tein. Symptoms of aceruloplasminaemia include a triad 
of adult-onset neurological disease, diabetes mellitus and 
retinal degeneration (reviewed in REF. 23), and its pathol-
ogy has been characterized in human autopsy samples64 
and in mice lacking Cp, which develop ataxia65,66.

Marked iron overload has been observed in astro-
cytes in the affected brain regions of patients with ace-
ruloplasminaemia, particularly in the basal ganglia34. 
These brain regions usually show loss of neurons and 
accumulation of large iron-rich globular structures that 
appear to represent astrocytic remnants67. The events 
that lead to neuronal loss remain somewhat unclear23. 
There is evidence for markedly increased levels of oxi-
dative stress, as indicated by increased lipid peroxida-
tion and protein carbonylation67. Loss of Purkinje and 
deep cerebellar neurons has been observed, but these 
cells do not manifest iron overload66. How might astro-
cytic iron overload occur in aceruloplasminaemia? As 
described above, ceruloplasmin is a ferroxidase that 
facilitates ferroportin-mediated cellular iron export and 
oxidizes ferrous iron (Fe2+) to ferric iron (Fe3+), generat-
ing the oxidized form of iron that can bind to extracel-
lular transferrin (FIG. 1c), and astrocytic ceruloplasmin 
is required for iron export from astrocytes34. Thus, in 
aceruloplasminaemia, iron entering the CNS as ferrous 
iron might not undergo oxidation, and cells exposed to 
the resulting excess ferrous iron could readily become 
iron-loaded through an unregulated pathway of non-
transferrin-bound iron uptake68. The unregulated uptake 
of ferrous iron coupled with an inability to export iron 
could produce the marked astrocytic iron overload that 
has been observed in this disease. It is possible that iron 
does not reach neurons, causing them to die as a result 
of both iron deficiency and exposure to toxins released 
from nearby astrocytes that are dying from iron over-
load. Marked astrocytic iron overload in conjunction 
with neuronal loss was recently observed not only in the 
basal ganglia but also in the cerebrum in a human case 
report69. Some mutant forms of ceruloplasmin may also 
accumulate in aggresomes and cause cell death through 
a non-iron related mechanism67,70.

Although astrocytes depend on GPI-linked cerulo-
plasmin for ferroxidase activity, other cells in the CNS, 
including oligodendrocytes, depend on hephaestin39. 
Mice lacking both ceruloplasmin and hephaestin develop 
abnormalities reminiscent of age-related macular degen-
eration and show retinal iron overload, increased retinal 
oxidative stress (probably caused by the iron overload in 
retinal pigment cells) and retinal degeneration32. The oral 
iron chelator deferiprone was reported to protect against 
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the iron overload-induced retinal oxidative stress and 
degeneration, to prevent accumulation of the fluorescent 
and reactive pigment lipofuscin (a product of protein deg-
radation in iron-overloaded cells)71, to reduce ataxia and 
to increase the lifespan of these mice71. This may suggest 
that iron chelation could be beneficial in patients with 
aceruloplasminaemia. However, in one recent report, iron 
chelation appeared to worsen symptoms in the patient69, 
which is consistent with the possibility that neurons are in 
fact iron-deficient in aceruloplasminaemia.

Neuroferritinopathy. A second form of iron metabolism-
related NBIA disease is neuroferritinopathy, an autosomal 
dominant neurodegenerative disease that affects the 
globus pallidus and other deep brain structures72. Seven 
distinct disease-causing mutations have been reported in 
this disease, but it is most commonly caused by the inser-
tion of an extra nucleotide in the fourth exon of the gene 
encoding the ferritin light chain, which causes a frame-
shift and synthesis of an abnormal C terminus73. When 
the ferritin light chain with this abnormal C terminus 
(which may constitute an important part of the iron entry 
pore72) is incorporated into the ferritin heteropolymer, the 
spherical ferritin no longer has an intact proteinaceous 
shell to protect sequestered iron, and as a result, it is likely 
that iron ‘leaks’ out of ferritin74 (FIG. 2). This could cause 

iron-dependent oxidation, particularly in cells that nor-
mally express high amounts of ferritin light chains73. The 
ferritin heavy and light chain gene promoters contain 
binding sites for nuclear factor erythroid 2-related fac-
tor 2 (NRF2; also known as NFE2L2), and its binding is 
induced by oxidative stress75,76; transcription of the abnor-
mal ferritin light chain may therefore further increase in 
response to the oxidative stress caused by iron leakage. 
Moreover, the failure to sequester iron and thereby reduce 
cytosolic iron levels may lead to further increased produc-
tion of abnormal ferritin, because IRE-binding proteins 
do not switch to the IRE-binding form when cytosolic 
iron levels remain high, and ferritin translation therefore 
continues unabated77. Thus, the initial failure to success-
fully sequester iron may lead to increased expression of 
the abnormal protein both through increased transcrip-
tion and reduced translational repression of the ferritin 
light chain transcript. The presence of one abnormal allele 
that encodes a truncated form of ferritin is sufficient to 
cause neuroferritinopathy associated with cognitive 
and behavioural impairments, which generally manifest 
between the third and sixth decades of life77.

A mouse model of neuroferritinopathy recapitulates 
many aspects of the disease78 and therefore can be used 
as a model for testing therapies. Crystal structures of fer-
ritin containing the mutant light chain have revealed that 

Table 1 | Neurodegeneration with brain iron accumulation diseases

Disease Disease gene Brain iron features Clinical features

Pantothenate 
kinase‑associated 
neurodegeneration 
(PKAN)

PANK2 Iron overload in the globus pallidus in >90% of 
patients; ‘eye of the tiger’ sign common 

Childhood‑onset dystonia and spasticity99

PLA2G6‑associated 
neurodegeneration (PLAN)

PLA2G6 Iron overload in the globus pallidus in <50% of 
patients138; iron overload observed in the substantia 
nigra

Infantile neuronal dystrophy associated with 
hypotonia, gait disturbances and cerebellar 
atrophy; onset in childhood and adulthood 
is associated with dystonia, spasticity and 
parkinsonism138

Mitochondrial mem‑
brane‑associated 
neurodegeneration 
(MPAN)

C19orf12 Iron in the globus pallidus and substantia nigra; 
abundant Lewy bodies113

Global developmental delay, cognitive 
and motor delay, dystonia, dementia and 
parkinsonism84

Fatty acid hydrox‑
ylase‑associated 
neurodegeneration (FAHN)

FA2H Leukodystrophy; iron deposition in the globus 
pallidus and, in some cases, in the substantia nigra

Dysarthria, gait abnormalities, dystonia and 
parkinsonism115

Neuroferritinopathy FTL Iron deposition in the dentate nuclei, globus pallidus, 
putamen, caudate, thalamus and red nuclei

Onset of dystonic gait late in disease, with 
preservation of cognition72

Aceruloplasminaemia CP Iron deposition in the dentate nuclei, globus pallidus, 
putamen, caudate, thalamus and red nuclei

Onset of cognitive impairment late in disease, 
with cerebellar ataxia, retinal degeneration 
and craniofacial dyskinesia23

Kufor–Rakeb disease ATP13A2 (also 
known as 
PARK9)

Often no brain iron accumulation86,139,140 Dystonia and dystonia and/or parkinsonism86

Woodhouse–Sakati 
syndrome

C2orf37 (also 
known as 
DCAF17)

Often no brain iron (iron in the globus pallidus and 
substantia nigra in some patients)141

Dystonia and deafness141

β-propeller 
protein‑associated 
neurodegeneration

WDR45 Iron deposition in the substantia nigra and globus 
pallidus85

Parkinsonism, dystonia, dementia85 and global 
developmental delay

ATP13A2, ATPase type 13A2; C2orf37, chromosome 2 open reading frame 37; C19orf12, chromosome 19 open reading frame 12; CP, ceruloplasmin; FA2H, fatty acid 
2‑hydroxylase; FTL, ferritin light polypeptide; PANK2, pantothenate kinase 2; PLA2G6, phospholipase A2, group VI; WDR45, WD repeat domain 45.
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the initial iron sequestration is impaired and that iron-
induced ferritin precipitation is enhanced77. It is not yet 
clear whether iron chelator treatments confer any thera-
peutic benefit in this disease79. A possible future treatment 
might involve degradation of the abnormal ferritin light 
chain transcript using RNAi80 or, potentially, antisense oli-
gonucleotides that bind specifically to the abnormal tran-
script (which contains the adenine insertion) to prevent its 
use as a template for new protein synthesis81.

Other NBIA diseases
A second group of NBIA diseases consists of rare genetic 
diseases in which the disease gene has been identified 
but is not involved in iron metabolism, and the molecu-
lar causes of brain iron overload and neuronal death in 
these diseases therefore remain unclear. They include 
pantothenate (also known as vitamin B5) kinase-asso-
ciated neurodegeneration (PKAN)82, phospholipase 
A2, group VI (PLA2G6)-associated neurodegeneration 
(PLAN)83, fatty acid hydroxylase-associated neurodegen-
eration (FAHN)83, mitochondrial membrane-associated 
neurodegeneration (MPAN)84 and several new or rare 
diseases, including the recently described β-propeller 
disease85 and several diseases in which iron accumula-
tion is not always present, such as Kufor–Rakeb disease86 
and Woodhouse–Sakati syndrome87 (TABLE 1).

PKAN. PKAN (previously known as Hallervorden–Spatz 
syndrome) is the best-known example of neuronal brain 
iron accumulation associated with neurological impair-
ments, including childhood-onset dystonia and spastic-
ity82. The gene associated with the disease was identified 
in 2001 as the gene that encodes pantothenate kinase 2 
(PANK2)88, an enzyme that occupies the mitochondrial 
inter-membrane space89,90 and is important for biosyn-
thesis of coenzyme A from pantothenate. Coenzyme A, 
a high-energy carrier of acetyl and fatty acid groups, is 
important in multiple metabolic pathways, including the 

citric acid cycle, fatty acid oxidation and synthesis, and 
cholesterol and sphingolipid synthesis.

PANK2 dysfunction is compatible with life, and two 
functional homologues, PANK1 and PANK3 (REF. 91), 
encode isoforms that are located in the cytosol and may 
compensate for the loss of PANK2. There is also a PANK4 
protein, which is fairly dissimilar from PANK1, PANK2 
and PANK3 and apparently lacks enzymatic activity92.

Mice lacking Pank2 (Pank2−/− mice)93 did not develop 
brain iron accumulation or apparent neurological diffi-
culties as expected, but they developed retinal problems 
and had a lack of viable sperm93. A subsequent study 
showed that neurological symptoms occurred only when 
Pank2−/− mice were deprived of dietary pantothenic 
acid94. Fly PANK2 homologue (fumble) hypomorphs did 
not show CNS iron overload, although they developed 
neurodegeneration and had diminished coenzyme A 
levels95,96. Interestingly, both effects could be prevented 
by providing pantethine in the diet, which may allow 
bypass of the mutant enzyme and may be a possible 
approach for the treatment of human subjects97–99.

Notably, patients with PKAN have increased serum 
levels of lactic acid and pantothenate, and an analysis 
of fibroblasts from these patients suggested that cho-
lesterol levels and fatty acid synthesis were decreased100. 
Moreover, an analysis of mitochondria from Pank2−/− 
mice found that there were reductions in mitochondrial 
potential, oxygen consumption and ATP generation, and 
that numerous mitochondria were swollen and contained 
disrupted cristae90.

In the absence of an animal model that develops overt 
brain iron overload that is attributable to a loss of PANK2, 
it is difficult to explore why PANK2 deficiency is associ-
ated with profound iron overload specifically in the glo-
bus pallidus. Abnormal ferroportin expression has been 
described in PANK2-deficient cell lines101. Perhaps the 
globus pallidus is particularly affected in PKAN because 
the expression levels of PANK1 and/or PANK3 are too 
low to compensate for the loss of PANK2. At present, the 
relative PANK expression profiles of the various cells of 
the globus pallidus in healthy individuals are not known. 
If PANK2 deficiency causes frank PANK deficiency in 
the globus pallidus, then cellular energy failure might be 
expected to be a primary problem in PKAN pathogen-
esis. Specialized MRI techniques102 might reveal dimin-
ished mitochondrial respiration in the globus pallidus of 
patients with PKAN, even at very early stages of disease.

Some early descriptions of pathological changes in 
PKAN were based on subjects who were not genetically 
classified, but more recent studies of genetically confirmed 
patients with PKAN have shown diffuse iron staining of 
the neuropile in the globus pallidal areas103. Here, increased 
deposits of iron were detected in perivascular regions, 
where astrocytic processes are usually found. Importantly, 
iron was also increased in the cytoplasm of degenerating 
neurons, implying that neurons manifest iron overload 
before their demise and that iron overload may there-
fore contribute to neuronal loss in PKAN103. Astrocytes 
showed marked iron overload in the globus pallidus of 
patients with PKAN, but there was no substantial iron 
accumulation in microglia or oligodendrocytes103.

Figure 2 | The proteinaceous ferritin shell is porous in neuroferritinopathy. a | A 
three‑dimensional view of ferritin demonstrates the spherical protein surface composed 
of two different ferritin peptides (the heavy subunit and the light subunit) shown in blue 
and purple, respectively, and the stored iron within, which is oxidized and insoluble. 
Normal ferritin stores thousands of iron atoms inside the central cavity. b | The crystal 
structure of normal ferritin is shown in cross‑section, and there are no discontinuities 
present on the surface. c | In neuroferritinopathy, the spherical protein shell of ferritin 
(shown in cross‑section and coloured green) has discontinuities that allow iron to leak 
out, perhaps in the form of oxidized iron oxide aggregates. The crystal structure of 
ferritin from patients with neuroferritinopathy revealed that the truncated C terminus of 
the light ferritin peptide leaves an opening to the cytosol77. Images courtesy of R. Vidal, 
Indiana University, Bloomington, USA.
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These findings provided a histological explanation 
for a characteristic MRI finding known as the ‘eye of 
the tiger’ — a region of hyperintensity surrounded by an 
area of hypointensity (characteristic of iron accumula-
tion). In a recent pathological study, the ‘eye of the tiger’ 
was identified as an ovoid region in the globus pallidus 
that was markedly depleted of viable neurons but rich in 
large spheroids that consisted of degenerating neurons, 
and smaller spheroids composed of dystrophic axons103. 
This region was also remarkably devoid of intact syn-
apses, which probably contributed to the diminished 
tissue density (known as rarefaction). Serial MRI stud-
ies of presympomatic patients with PKAN104 may sup-
port the possibility that neuronal loss precedes iron 
accumulation and that iron accumulation may be a sec-
ondary effect83, although earlier diagnosis and further 
serial MRI studies will be needed to clarify the precise 
order of events (FIG. 3).

PLAN. After PANK2 sequencing became available, many 
patients who had previously been grouped together diag-
nostically turned out to have mutations in different genes. 
The first disease to be recognized as a distinctive non-
PKAN type of NBIA disease was PLAN83. Some older 
patients with PLAN develop dystonia and spasticity, but 
(unlike in PKAN) infantile neuronal dystrophy and cer-
ebellar atrophy with hypotonia and gait abnormalities 
are common presentations of PLAN, and abnormal iron 
accumulation in the globus pallidus is observed only in 
approximately 50% of cases83. The PLA2G6 gene encodes a 
calcium-independent phospholipase that may play a criti-
cal part in cell membrane homeostasis105 and may thereby 

contribute to the axonal pathology of these patients. Mice 
that lack PLA2G6 have disorganized mitochondrial inner 
membranes106, which are distinctive because they contain 
large amounts of cardiolipin, a unique phospholipid that 
consists of two phosphatidyl groups bridged by a glyc-
erol107. The flexible structure of cardiolipins enables them 
to envelop respiratory chain complexes, tether these com-
plexes to the inner mitochondrial membrane and protect 
proteins from free radical damage by donating electrons 
from the unsaturated fatty acid side-chains of cardiolipin. 
The role of PLA2G6 may be to remove saturated fatty acid 
side-chains from newly synthesized cardiolipins so that 
they can be replaced with unsaturated linoleic fatty acids 
(which are characteristic of cardiolipins108) and also to 
remove fatty acids damaged by oxidative stress. Although 
PLA2G6 may be important in deacylation (removal of 
fatty acid side-chains from phospholipids), the pathway 
for reacylation in the brain is not yet known106. However, 
a study in mice revealed that one of the first pathologi-
cal signs of PLA2G6 deficiency is disorganization of the 
mitochondrial inner membrane cristae, followed by mito-
chondrial rupture, release of cytochrome c and formation 
of swollen axons as the disease progresses. Presynaptic 
membranes were also abnormal in PLA2G6-deficient 
mice, perhaps because mitochondria at these sites 
require PLA2G6-mediated phospholipid remodelling to 
maintain integrity106. Because some patients with PLAN 
develop parkinsonism, the gene has been categorized as 
a Parkinson’s disease gene and is also known as PARK14 
(REF. 109). Iron accumulation is found in macrophages and 
in aggregates in the globus pallidus in patients with the 
parkinsonian presentation110.

Figure 3 | MRI, pathology and potential molecular basis of PKAN. a | MRI of a patient with pantothenate kinase 
deficiency‑associated neurodegeneration (PKAN) shows the classical ‘eye of the tiger’ sign on axial T2 fast spin‑echo 
imaging. Hyperintense (white) signals indicative of tissue rarefaction are seen (centre of red rectangle) surrounded by 
areas of hypointensity (black areas) attributable to iron accumulation. b | Pathological changes in the globus pallidus (GP) 
of patients with PKAN showing iron (Fe) accumulation and increased ferritin that are not present in the GP of a healthy 
control subject. Prussian blue staining in a patient with PKAN to detect ferric iron (top row) demonstrates that iron 
accumulates in perivascular areas, diffuse neuropile, some intact neurons (arrows) and some astrocytes (short arrows in 
middle panel and intensely blue stained accumulations in right panel, where arrows point to degenerating neurons). 
Normal controls do not show iron accumulation (middle row). High ferritin was detected in neuronal and astrocytic 
remnants in patients with PKAN (bottom row, left and middle) but not in controls (bottom row, right)103. Part b is 
reproduced, with permission, from REF. 103 © (2011) Oxford University Press. Image in part a courtesy of S. Hayflick, 
Oregon Health & Science University, Portland, USA. 
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The fact that the phenotypes of PKAN and PLAN have 
common features may be related to the possibility that 
the enzymes affected in the two diseases may contribute 
to the synthesis of cardiolipin in the mitochondrial inner 
membrane, either by synthesizing coenzyme A to activate 
fatty acids required for cardiolipin remodelling and repair 
(in the case of PKAN), or by supplying an enzyme that 
facilitates deacylation and remodelling of mature cardi-
olipin (in the case of PLAN) (FIG. 4a). Notably, a recent 
study showed that mitochondrial inner membranes are 
highly disorganized in Pank2−/− mice90, similar to the 
mitochondrial inner membrane abnormalities observed 
in mouse models of PLAN106 (FIG. 4b). Moreover, as the 
mitochondrial inner membrane is the anchor site of 
respiratory chain complexes, energy failure has been 
observed in PKAN90 and has been suggested to occur in 
PLAN106. Notably, recent studies in Saccharomyces cer-
evisiae demonstrated that loss of cardiolipin synthase 
results in diminished synthesis of iron–sulphur clusters 
and mitochondrial iron overload111, a complication that 

is frequently observed in human diseases caused by dys-
functional assembly of iron–sulphur clusters (reviewed in 
REF. 112). Thus, it is worth examining whether mitochon-
drial iron overload occurs in the early stages of PKAN and 
PLAN — that is, before cells die — and whether mito-
chondrial iron accumulation contributes to the iron over-
load observed on MRI scans and histological stains. In 
PKAN and PLAN, astrocytes might increase iron uptake 
through the BBB (FIG. 1) to compensate for deficient iron–
sulphur cluster assembly, a possibility that is consistent 
with the build-up of iron in perivascular regions and 
within intact astrocytes of the globus pallidus in both 
diseases.

MPAN and FAHN. Another common form of NBIA 
syndromes is the recently described MPAN caused by 
mutations in chromosome 19 open reading frame 12 
(C19orf12)84,113,114, which encodes a mitochondrial pro-
tein of unknown function that is co-expressed with 
genes involved in fatty acid metabolism and branched 

Figure 4 | Potential effects of PANK2 and PLA2G6 mutations on mitochondria. Mutations in pantothenate kinase 2 
(PANK2) and phospholipase A2, group VI (PLA2G6) may interfere with synthesis and remodelling of the mitochondrial 
inner membrane lipid cardiolipin (panel a), giving rise to characteristic loss of cristae as seen in electron micrographs of 
Pank2‑knockout mice90 and Pla2g6‑knockout mice106 (panel b). a | PANK2 is needed for the formation of coenzyme A (CoA) 
from pantothenate . CoA condenses with fatty acids to form acyl‑CoA, which crosses into the mitochondrial matrix using 
the carnitine carrier system (not shown). Acyl‑CoA in the mitochondrial matrix either delivers fatty acids for incorporation 
into complex intra‑mitochondrial lipids such as cardiolipin or may alternatively undergo oxidation by the mitochondrial 
respiratory chain to generate ATP (not shown). The matrix membrane contains cardiolipin, a flexible molecule in which 
two fatty acid‑bearing glycerol molecules are bridged by a single glycerol. Cardiolipins enable the inner membrane to 
bend and turn. PLA2G6 may remove damaged fatty acids to allow incorporation of flexible unsaturated fatty acids, such as 
linoleic acid, from the acyl‑CoA pool in the matrix. b | The mitochondrial inner membranes form convoluted structures 
known as cristae, and loss of cristae is characteristic of mouse models of PANK2 and PLA2G6 loss. Enzymes involved in 
maturation of mammalian cardiolipins are incompletely characterized, and ‘new players and functions’ are needed to 
understand how cardiolipins are synthesized107. Part b reproduced, with permission, from REF. 106 © (2011) Society for 
Neuroscience.
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chain amino acid degradation113. Interestingly, patients 
with MPAN have Lewy bodies containing abnormal 
α-synuclein in the globus pallidus and midbrain areas, 
whereas Lewy bodies do not occur in PKAN84. In addi-
tion, iron deposits were increased in perivascular regions 
of patients with MPAN, similar to a distribution previ-
ously observed in patients with PKAN84.

Another NBIA syndrome, FAHN, is caused by muta-
tions in the gene encoding fatty acid-2-hydroxylase 
(FA2H)115. FAHN is characterized initially by spasticity, 
a mixed movement disorder, ataxia, dystonia, optic atro-
phy and oculomotor abnormalities, and later by progres-
sive intellectual impairment and seizures83,116. As FA2H 
produces the 2-hydroxylated fatty acids that are incor-
porated into sphingolipids117, FA2H deficiency leads to 
abnormal myelination (up to 15% of myelin lipids con-
tain the product of FA2H118). Indeed, axonal function is 
compromised in mice lacking FA2H119. Interestingly, in 
mouse models of FAHN, regions of pronounced white 
matter degeneration showed accumulation of microglia-
like cells119. MRI studies in patients with FAHN have 
detected iron accumulation not only in the globus pal-
lidus but also in the substantia nigra and subcortical and 
periventricular regions83, a distribution that readily dis-
tinguishes FAHN from PKAN. Migration of microglial 
cells into areas of tissue degeneration has been observed 
in mouse models119, and these microglia may accumulate 
iron-loaded ferritin. Thus, it would be interesting to cor-
relate iron overload detected by MRI with iron stains of 
pathological samples obtained at autopsy from patients 
with FAHN.

New forms of NBIA are being discovered every year, 
and characteristics of three diseases that are not discussed 
here are summarized in TABLE 1. Notably, the cause and 
clinical significance of the iron accumulation may differ 
in each case.

Diseases characterized by mitochondrial iron overload. 
In some diseases, such as Friedreich’s ataxia, mito-
chondrial iron misregulation contributes to neuronal 
death112,120. In Friedreich’s ataxia, a defect in iron–sulphur 

cluster assembly leads to mitochondrial failure and mito-
chondrial iron overload in a specific subset of neurons, 
including the large neurons of the dentate nucleus of the 
cerebellum and the sensory neurons of the dorsal root 
ganglia121. Friedreich’s ataxia has also occasionally been 
classified as a brain iron overload syndrome based on 
the discovery of high iron levels in the cerebellar den-
tate nucleus with enhanced Prussian blue staining122. 
However, further analysis of autopsy material suggested 
that in Friedreich’s ataxia iron-rich neurons in the den-
tate nucleus die, and this is followed by the appearance of 
iron-rich glial cells that do not occupy the same anatomi-
cal position as the intact neurons occupied before the 
onset of disease123,124. Thus, it seems that neuronal death 
precedes the accumulation of iron that has been reported 
in this disease, and Friedreich’s ataxia therefore does not 
fit well into the NBIA classification scheme. However, 
it raises an interesting question about whether mito-
chondrial iron overload occurs in the NBIA syndromes 
discussed above. Although ultrastructural pictures do 
not show the characteristic black iron deposits associ-
ated with mitochondrial iron overload in Friedreich’s 
ataxia and several related diseases112, dense particles of 
unknown composition are reported in the mitochondria 
of Pla2g6-deficient mice106, and highly sensitive iron-
staining procedures such as Perls’ DAB (diaminoben-
zidine tetrahydrochloride) could reveal subtle iron 
accumulations in the PKAN and PLAN mouse models. 
Specialized microscopic techniques for high-resolution 
iron detection125 might also yield interesting findings 
about mitochondrial iron overload in the PANK and 
PLAN mouse models.

Brain iron overload is attributable to the accumulation 
of iron-rich microglia. Another category of neurodegen-
erative disease associated with abnormal iron metabo-
lism involves diseases in which the primary cause of 
neuronal death is unknown but in which visible iron 
overload occurs as a secondary phenomenon — namely, 
when microglia catabolize cell debris and express large 
amounts of iron-rich ferritin. This type of iron-related 

Figure 5 | MRI detection of iron — is iron accumulation a cause or consequence of disease? MRI has revealed iron 
overload in the motor cortices of patients with amyotrophic lateral sclerosis (ALS) on R2* maps of 7T MRI scans, raising the 
possibility that iron overload is important in disease pathogenesis. In a recent MRI and autopsy study, an iron overload 
signal was detected by MRI in the motor cortex (white arrows) of a patient with ALS (panel b, red box), whereas the signal 
was absent in the motor cortex of a normal control (panel a). Histochemical staining of the iron‑rich area obtained at 
autopsy revealed that motor neurons were absent or shrunken in the cortical motor strip (panel b), and the iron signals 
were caused by infiltration of iron‑rich microglia (panel c, arrowheads)126. Figure is reproduced from REF. 126.

R E V I E W S

10 | ADVANCE ONLINE PUBLICATION  www.nature.com/reviews/neuro

© 2013 Macmillan Publishers Limited. All rights reserved



brain disease is exemplified by amyotrophic lateral scle-
rosis (ALS). A recent combined MRI and pathological 
study of ALS detected iron accumulation in activated 
microglia in the motor cortex area of several autopsied 
patients, specifically in the region occupied by upper 
motor neuron cell bodies before death126 (FIG. 5). This 
finding may be relevant in light of studies that have sug-
gested that primary iron overload is an important factor 
in the pathogenesis of Parkinson’s disease and related 
diseases of the basal ganglia. Chelator therapy is unlikely 
to be valuable after neurons have died and been replaced 
by microglia.

A cautionary tale from a mouse model. Recent stud-
ies in Irp2−/− mice demonstrated that the main cause of 
neuronal dysfunction and neuron death in these mice 
is probably neuronal iron deficiency and concomitant 
failure of the mitochondrial respiratory chain rather 
than iron overload127. Neuronal iron deficiency devel-
ops concurrently with iron overload in glial cells, such 
as oligodendrocytes and microglia, as detected by histo-
pathology128,129 (although these changes were disputed 
in a comparable mouse model130). The iron ‘overload’ 
reported in earlier studies that was visible in Irp1−/− ani-
mals in many brain regions reflected increased ferritin 
— the storage form of iron that can be readily detected 
by both MRI and immunostaining. As loss of IRP2 
de-represses ferritin translation29 (FIG. 1c), Irp2-deficient 
animals have high levels of ferritin and therefore misal-
locate their iron to a storage protein rather than to the 
many metabolic proteins that need iron for their func-
tioning, including proteins of the mitochondrial respir-
atory chain131. Moreover, loss of Irp2 leads to reduced 
expression of TRFC (FIG. 1c) and the iron transporter 
DMT1, which further exacerbates intracellular iron 
deficiency29. In the Irp2−/− animals, it appears that the 
death of motor neurons is the most prominent cause of 
disability and that motor neuron dysfunction and death 
probably stem from intracellular iron deficiency and 
mitochondrial dysfunction127.

Although no human counterpart of Irp2 loss has yet 
been discovered, the phenomenon that staining meth-
ods can implicate iron overload under certain condi-
tions, even when neurons are prone to death from iron 
deficiency may also apply to human patients in whom 
cellular iron levels have so far only been assessed using 
traditional histochemical methods.

Conclusions and future directions
Abnormal iron metabolism in the brain has been une-
quivocally identified as a heritable cause of two rare dis-
eases, aceruloplasminaemia and neuroferritinopathy. Iron 
accumulation may also have a causal role in many other 
diseases (TABLE 1). Interestingly, among the NBIA diseases, 
PLA2G6 is also classified as PARK14 (REF. 109) because 
mutations cause some patients to present with Parkinson’s 
disease, and parkinsonian features are frequently present 
in the other NBIA diseases (TABLE 1).

Importantly, iron overload detected in specific brain 
regions in MRI scans does not necessarily reflect iron 
overload in neurons, as the current scale of imaging 

does not permit identification of specific cell types. In 
human diseases, few studies have matched MRI scans 
with pathology specimens to identify iron-overloaded 
cells or to determine whether the iron is extracellular. 
Serial MRI may help to define whether iron overload 
becomes a problem early in the course of disease. It is 
possible that much of the iron overload detected in a 
region of diseased brain is sequestered within reactive 
microglia, which express high amounts of the iron-rich 
protein ferritin132 and its degradation product, hae-
mosiderin, when they are activated133. Thus, in some 
NBIA diseases, iron accumulation may be the result of a 
microglial response to neuronal death and may not have 
a causal role in disease.

If iron overload is a primary cause of NBIA diseases, 
as appears to be the case in aceruloplasminaemia, it 
would be reasonable to expect that iron chelation 
might ameliorate symptoms. Indeed, iron chelation 
therapy prevented retinal degeneration in mice lacking 
both ceruloplasmin and hephaestin71. Even if the iron 
overload is not a primary driving force in pathophysi-
ology, secondary iron overload can have serious con-
sequences, which might be mitigated by iron chelation 
with deferiprone, which crosses the BBB (summarized 
in REF. 134). Chelation therapy has received considerable 
attention as a potential treatment for human diseases 
in which iron accumulation has been observed, such 
as Parkinson’s disease and Alzheimer’s disease, which 
are not classified as NBIA diseases (reviewed in REF. 45). 
However, these therapies have not been tested in a large 
enough number of patients to generate statistically 
meaningful results135.

In the future, clinical studies will determine whether 
iron chelation therapy is helpful in PKAN and other 
NBIA diseases. As MRI has revolutionized diagnostics 
and gene discovery, further imaging combined with 
DNA sequencing and gene identification in familial 
diseases will probably reveal more types of rare and 
distinctive brain iron overload diseases. The relation-
ship between movement disorders and abnormal CNS 
iron metabolism probably relates to a basic aspect of 
brain iron physiology in the basal ganglia that is not yet 
understood. It is possible that some neurons in the basal 
ganglia are programmed to transcribe high amounts of 
ferritin, which in turn leads to high sequestration of iron, 
and this may enable these cells to serve as a brain iron 
reservoir and to buffer the CNS against iron deficiency. 
In many cases of brain iron detection, iron accumula-
tion may be a consequence of the disease process, and 
iron chelation may not help because it is a secondary 
phenomenon that develops after the disease is well under 
way. More work on the primary pathophysiology of these 
apparently disparate diseases may generate more treat-
ments that focus on correcting dysfunction early in the 
course of disease. Identification of primary events may 
reveal whether antisense RNA directed at an abnormal 
allele (such as the ferritin light polypeptide allele of neu-
roferritinopathy), replacement in loss-of-function dis-
eases such as PKAN and PLAN through gene therapy, 
dietary intervention in PKAN or other disease-specific 
interventions will benefit patients. 

R E V I E W S

NATURE REVIEWS | NEUROSCIENCE  ADVANCE ONLINE PUBLICATION | 11

© 2013 Macmillan Publishers Limited. All rights reserved



1. Duyn, J. H. Study of brain anatomy with high-field 
MRI: recent progress. Magn. Reson. Imaging 28, 
1210–1215 (2010).
This review discusses the rapid evolution of MRI 
since the technique was introduced three decades 
ago. Tissue iron composition is important because 
of its paramagnetic effects and contribution to 
high-resolution imaging.

2. Sian-Hulsmann, J., Mandel, S., Youdim, M. B. & 
Riederer, P. The relevance of iron in the pathogenesis 
of Parkinson’s disease. J. Neurochem. 118, 939–957 
(2011).

3. Weinreb, O., Amit, T., Mandel, S., Kupershmidt, L. & 
Youdim, M. B. Neuroprotective multifunctional iron 
chelators: from redox-sensitive process to novel 
therapeutic opportunities. Antioxid. Redox Signal. 13, 
919–949 (2010).

4. Boddaert, N. et al. Selective iron chelation in 
Friedreich ataxia: biologic and clinical implications. 
Blood 110, 401–408 (2007).

5. Gröger, A. & Berg, D. Does structural neuroimaging 
reveal a disturbance of iron metabolism in Parkinson’s 
disease? Implications from MRI and TCS studies. 
J. Neural Transm. 119, 1523–1528 (2012).

6. Fuqua, B. K., Vulpe, C. D. & Anderson, G. J. Intestinal 
iron absorption. J. Trace Elem. Med. Biol. 26,  
115–119 (2012).

7. Steere, A. N., Byrne, S. L., Chasteen, N. D. & 
Mason, A. B. Kinetics of iron release from transferrin 
bound to the transferrin receptor at endosomal pH. 
Biochim. Biophys. Acta 1820, 326–333 (2012).

8. Ganz, T. & Nemeth, E. Hepcidin and iron 
homeostasis. Biochim. Biophys. Acta 1823,  
1434–1443 (2012).

9. Mastrogiannaki, M. et al. HIF-2α, but not HIF-1α, 
promotes iron absorption in mice. J. Clin. Invest. 119, 
1159–1166 (2009).

10. Lambe, T. et al. Identification of a Steap3 endosomal 
targeting motif essential for normal iron metabolism. 
Blood 113, 1805–1808 (2009).

11. Philpott, C. C. Coming into view: eukaryotic iron 
chaperones and intracellular iron delivery. J. Biol. 
Chem. 287, 13518–13523 (2012).

12. Chen, W. et al. Abcb10 physically interacts with 
mitoferrin-1 (Slc25a37) to enhance its stability and 
function in the erythroid mitochondria. Proc. Natl 
Acad. Sci. USA 106, 16263–16268 (2009).

13. Arosio, P., Ingrassia, R. & Cavadini, P. Ferritins: a 
family of molecules for iron storage, antioxidation and 
more. Biochim. Biophys. Acta 1790, 589–599 
(2009).

14. Cohen, L. A. et al. Serum ferritin is derived primarily 
from macrophages through a nonclassical secretory 
pathway. Blood 116, 1574–1584 (2010).

15. De Domenico, I. et al. Ferroportin-mediated 
mobilization of ferritin iron precedes ferritin 
degradation by the proteasome. EMBO J. 25,  
5396–5404 (2006).

16. Brightman, M. W., Klatzo, I., Olsson, Y. & Reese, T. S. 
The blood–brain barrier to proteins under normal and 
pathological conditions. J. Neurol. Sci. 10, 215–239 
(1970).

17. Bradbury, M. W. Transport of iron in the blood–brain–
cerebrospinal fluid system. J. Neurochem. 69,  
443–454 (1997).

18. Ballabh, P., Braun, A. & Nedergaard, M. The blood–             
brain barrier: an overview: structure, regulation, and 
clinical implications. Neurobiol. Dis. 16, 1–13 (2004).

19. Moos, T. Brain iron homeostasis. Dan. Med. Bull. 49, 
279–301 (2002).

20. Wu, L. J. et al. Expression of the iron transporter 
ferroportin in synaptic vesicles and the blood–brain 
barrier. Brain Res. 1001, 108–117 (2004).

21. McCarthy, R. C. & Kosman, D. J. Ferroportin and 
exocytoplasmic ferroxidase activity are required for 
brain microvascular endothelial cell iron efflux. J. Biol. 
Chem. 288, 17932–17940 (2013).

22. Moos, T., Rosengren Nielsen, T., Skjorringe, T. & 
Morgan, E. H. Iron trafficking inside the brain. 
J. Neurochem. 103, 1730–1740 (2007).

23. Kono, S. Aceruloplasminemia. Curr. Drug Targets 13, 
1190–1199 (2012).
An updated review of aceruloplasminaemia, 
covering pathophysiology and clinical presentation.

24. Tian, H., McKnight, S. L. & Russell, D. W. Endothelial 
PAS domain protein 1 (EPAS1), a transcription factor 
selectively expressed in endothelial cells. Genes Dev. 
11, 72–82 (1997).

25. Majmundar, A. J., Wong, W. J. & Simon, M. C. 
Hypoxia-inducible factors and the response to hypoxic 
stress. Mol. Cell 40, 294–309 (2010).

26. Verkhratsky, A. et al. Neurological diseases as primary 
gliopathies: a reassessment of neurocentrism. ASN 
Neuro 4, e00082 (2012).

27. Zakin, M. M., Baron, B. & Guillou, F. Regulation of the 
tissue-specific expression of transferrin gene. Dev. 
Neurosci. 24, 222–226 (2002).

28. Rouault, T. A. & Cooperman, S. Brain iron metabolism. 
Semin. Pediatr. Neurol. 13, 142–148 (2006).

29. Rouault, T. A. The role of iron regulatory proteins in 
mammalian iron homeostasis and disease. Nature 
Chem. Biol. 2, 406–414 (2006).

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

31. Todorich, B., Zhang, X. & Connor, J. R. H-ferritin is the 
major source of iron for oligodendrocytes. Glia 59, 
927–935 (2011).

32. Hadziahmetovic, M. et al. Ceruloplasmin/hephaestin 
knockout mice model morphologic and molecular 
features of AMD. Invest. Ophthalmol. Vis. Sci. 49, 
2728–2736 (2008).

33. Paradowski, M., Lobos, M., Kuydowicz, J., 
Krakowiak, M. & Kubasiewicz-Ujma, B. Acute phase 
proteins in serum and cerebrospinal fluid in the course 
of bacterial meningitis. Clin. Biochem. 28, 459–466 
(1995).

34. Jeong, S. Y. & David, S. Glycosylphosphatidylinositol-
anchored ceruloplasmin is required for iron efflux from 
cells in the central nervous system. J. Biol. Chem. 278, 
27144–27148 (2003).

35. Hentze, M. W., Muckenthaler, M. U., Galy, B. & 
Camaschella, C. Two to tango: regulation of 
mammalian iron metabolism. Cell 142, 24–38 
(2010).

36. Anderson, C. P., Shen, M., Eisenstein, R. S. & 
Leibold, E. A. Mammalian iron metabolism and its 
control by iron regulatory proteins. Biochim. Biophys. 
Acta 1823, 1468–1483 (2012).

37. Meyron-Holtz, E. G. et al. Genetic ablations of iron 
regulatory proteins 1 and 2 reveal why iron regulatory 
protein 2 dominates iron homeostasis. EMBO J. 23, 
386–395 (2004).

38. Ruiz, J. C., Walker, S. D., Anderson, S. A., 
Eisenstein, R. S. & Bruick, R. K. F-box and leucine-rich 
repeat protein 5 (FBXL5) is required for maintenance 
of cellular and systemic iron homeostasis. J. Biol. 
Chem. 288, 552–560 (2012).

39. Schulz, K., Vulpe, C. D., Harris, L. Z. & David, S. Iron 
efflux from oligodendrocytes is differentially regulated 
in gray and white matter. J. Neurosci. 31,  
13301–13311 (2011).

40. Hallgren, B. & Sourander, P. The effect of age on the 
non-haemin iron in the human brain. J. Neurochem. 3, 
41–51 (1958).

41. Hill, J. M. & Switzer, R. C. The regional distribution 
and cellular localization of iron in the rat brain. 
Neuroscience 11, 595–603 (1984).

42. Koeppen, A. H. The history of iron in the brain. 
J. Neurol. Sci. 134 (Suppl.), 1–9 (1995).

43. Gelman, N. et al. MR imaging of human brain at 3.0 T: 
preliminary report on transverse relaxation rates and 
relation to estimated iron content. Radiology 210, 
759–767 (1999).

44. Koeppen, A. H. A brief history of brain iron research. 
J. Neurol. Sci. 207, 95–97 (2003).

45. Zecca, L., Youdim, M. B., Riederer, P., Connor, J. R. & 
Crichton, R. R. Iron, brain ageing and 
neurodegenerative disorders. Nature Rev. Neurosci. 5, 
863–873 (2004).
This review discusses the role of iron overload in the 
pathogenesis of Parkinson’s disease and 
Alzheimer’s disease through a proposed oxidative 
stress pathway, and discusses the potential benefits 
of iron chelator therapy in these common diseases.

46. Sullivan, E. V., Adalsteinsson, E., Rohlfing, T. & 
Pfefferbaum, A. Relevance of iron deposition in deep 
gray matter brain structures to cognitive and motor 
performance in healthy elderly men and women: 
exploratory findings. Brain Imaging Behav. 3,  
167–175 (2009).

47. Vicente, A. M. & Costa, R. M. Looking at the trees in 
the central forest: a new pallidal-striatal cell type. 
Neuron 74, 967–969 (2012).

48. Garden, G. A. & Möller, T. Microglia biology in health 
and disease. J. Neuroimmune Pharmacol. 1,  
127–137 (2006).

49. Cheepsunthorn, P., Radov, L., Menzies, S., Reid, J. & 
Connor, J. R. Characterization of a novel brain-derived 
microglial cell line isolated from neonatal rat brain. 
Glia 35, 53–62 (2001).

50. Gerlach, M., Double, K. L., Youdim, M. B. & 
Riederer, P. Potential sources of increased iron in the 
substantia nigra of parkinsonian patients. J. Neural 
Transm. 70 (Suppl.), 133–142 (2006).

51. Hare, D. J., Gerlach, M. & Riederer, P. Considerations 
for measuring iron in post-mortem tissue of 
Parkinson’s disease patients. J. Neural Transm. 119, 
1515–1521 (2012).

52. Simmons, D. A. et al. Ferritin accumulation in 
dystrophic microglia is an early event in the 
development of Huntington’s disease. Glia 55,  
1074–1084 (2007).

53. Schrag, M., Mueller, C., Oyoyo, U., Smith, M. A. & 
Kirsch, W. M. Iron, zinc and copper in the 
Alzheimer’s disease brain: a quantitative meta-
analysis. Some insight on the influence of citation 
bias on scientific opinion. Prog. Neurobiol. 94,  
 296–306 (2011).

54. Ayton, S., Lei, P. & Bush, A. I. Metallostasis in 
Alzheimer disease. Free Radic. Biol. Med. http://dx.
doi.org/10.1016/j.freeradbiomed.2012.10.558 
(2012).

55. Bush, A. I. The metal theory of Alzheimer’s disease. 
J. Alzheimers Dis. 33, S277–S281 (2013).

56. House, M. J. et al. Correlation of proton transverse 
relaxation rates (R2) with iron concentrations in 
postmortem brain tissue from alzheimer’s disease 
patients. Magn. Reson. Med. 57, 172–180 (2007).

57. Gerlach, M., Ben-Shachar, D., Riederer, P. & 
Youdim, M. B. Altered brain metabolism of iron as a 
cause of neurodegenerative diseases? J. Neurochem. 
63, 793–807 (1994).

58. Halliwell, B. Role of free radicals in the 
neurodegenerative diseases: therapeutic implications 
for antioxidant treatment. Drugs Aging 18, 685–716 
(2001).

59. Dusek, P., Jankovic, J. & Le, W. Iron dysregulation in 
movement disorders. Neurobiol. Dis. 46, 1–18 (2012).

60. Dusek, P. & Schneider, S. A. Neurodegeneration with 
brain iron accumulation. Curr. Opin. Neurol. 25,  
499–506 (2012).

61. Prohaska, R. et al. Brain, blood, and iron: perspectives 
on the roles of erythrocytes and iron in 
neurodegeneration. Neurobiol. Dis. 46, 607–624 
(2012).

62. Miyajima, H., Takahashi, Y. & Kono, S. 
Aceruloplasminemia, an inherited disorder of iron 
metabolism. Biometals 16, 205–213 (2003).

63. McNeill, A., Pandolfo, M., Kuhn, J., Shang, H. & 
Miyajima, H. The neurological presentation of 
ceruloplasmin gene mutations. Eur. Neurol. 60,  
200–205 (2008).

64. Gonzalez-Cuyar, L. F. et al. Redox active iron 
accumulation in aceruloplasminemia. Neuropathology 
28, 466–471 (2008).

65. Patel, B. N. et al. Ceruloplasmin regulates iron levels 
in the CNS and prevents free radical injury. 
J. Neurosci. 22, 6578–6586 (2002).

66. Jeong, S. Y. & David, S. Age-related changes in iron 
homeostasis and cell death in the cerebellum of 
ceruloplasmin-deficient mice. J. Neurosci. 26,  
9810–9819 (2006).

67. Kono, S. & Miyajima, H. Molecular and pathological 
basis of aceruloplasminemia. Biol. Res. 39, 15–23 
(2006).

68. Brissot, P., Ropert, M., Le Lan, C. & Loreal, O. Non-
transferrin bound iron: a key role in iron overload and 
iron toxicity. Biochim. Biophys. Acta 1820, 403–410 
(2012).

69. Kaneko, K. et al. Extensive brain pathology in a 
patient with aceruloplasminemia with a prolonged 
duration of illness. Hum. Pathol. 43, 451–456 (2012).

70. Kono, S. et al. Biochemical features of ceruloplasmin 
gene mutations linked to aceruloplasminemia. 
Neuromolecular Med. 8, 361–374 (2006).

71. Hadziahmetovic, M. et al. The oral iron chelator 
deferiprone protects against iron overload-induced 
retinal degeneration. Invest. Ophthalmol. Vis. Sci. 52, 
959–968 (2011).
This paper studies the effects of iron chelation on 
retinal integrity in ferroxidase-deficient mice and 
finds a beneficial effect, with implications for the 
treatment of human disease.

72. Burn, J. & Chinnery, P. F. Neuroferritinopathy. Semin. 
Pediatr. Neurol. 13, 176–181 (2006).
This paper summarizes the discovery of neuroferri-
tinopathy caused by mutations in the gene 
encoding ferritin light chain. 

73. McNeill, A. & Chinnery, P. F. Neurodegeneration with 
brain iron accumulation. Handb. Clin. Neurol. 100, 
161–172 (2011).

R E V I E W S

12 | ADVANCE ONLINE PUBLICATION  www.nature.com/reviews/neuro

© 2013 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1016/j.freeradbiomed.2012.10.558
http://dx.doi.org/10.1016/j.freeradbiomed.2012.10.558


74. Friedman, A., Arosio, P., Finazzi, D., Koziorowski, D. & 
Galazka-Friedman, J. Ferritin as an important player in 
neurodegeneration. Parkinsonism Relat. Disord. 17, 
423–430 (2011).

75. Pietsch, E. C., Chan, J. Y., Torti, F. M. & Torti, S. V. Nrf2 
mediates the induction of ferritin H in response to 
xenobiotics and cancer chemopreventive 
dithiolethiones. J. Biol. Chem. 278, 2361–2369 
(2003).

76. Hintze, K. J., Katoh, Y., Igarashi, K. & Theil, E. C. 
Bach1 repression of ferritin and thioredoxin 
reductase1 is heme-sensitive in cells and in vitro and 
coordinates expression with heme oxygenase1, 
β-globin, and NADP(H) quinone (oxido) reductase1. 
J. Biol. Chem. 282, 34365–34371 (2007).

77. Baraibar, M. A., Muhoberac, B. B., Garringer, H. J., 
Hurley, T. D. & Vidal, R. Unraveling of the E-helices and 
disruption of 4-fold pores are associated with iron 
mishandling in a mutant ferritin causing 
neurodegeneration. J. Biol. Chem. 285, 1950–1956 
(2010).
This paper describes the structural basis for neu-
roferritinopathy by solving the structure of 
ferritin molecules that contain the mutant ferritin 
light chain and discovering discontinuities that 
result in formation of the proteinaceous ferritin 
shell.

78. Vidal, R. et al. Expression of a mutant form of the 
ferritin light chain gene induces neurodegeneration 
and iron overload in transgenic mice. J. Neurosci. 28, 
60–67 (2008).

79. Keogh, M. J. & Chinnery, P. F. Current concepts and 
controversies in neurodegeneration with brain iron 
accumulation. Semin. Pediatr. Neurol. 19, 51–56 
(2012).

80. Kole, R., Krainer, A. R. & Altman, S. RNA therapeutics: 
beyond RNA interference and antisense 
oligonucleotides. Nature Rev. Drug Discov. 11,  
125–140 (2012).

81. Prakash, T. P. An overview of sugar-modified 
oligonucleotides for antisense therapeutics. Chem. 
Biodivers. 8, 1616–1641 (2011).

82. Kruer, M. C. et al. Neuroimaging features of 
neurodegeneration with brain iron accumulation. 
AJNR Am. J. Neuroradiol. 33, 407–414 (2012).

83. Gregory, A. & Hayflick, S. J. Genetics of 
neurodegeneration with brain iron accumulation. Curr. 
Neurol. Neurosci. Rep. 11, 254–261 (2011).

84. Hogarth, P. et al. New NBIA subtype: genetic, clinical, 
pathologic, and radiographic features of MPAN. 
Neurology 80, 268–275 (2013).
This paper describes clinical and pathological 
findings in a large cohort of patients with 
mutations in C19orf12, a recently discovered NBIA 
disease gene of unknown function that associates 
with mitochondria and is co-regulated with 
proteins involved in fatty acid biogenesis and 
branched chain amino acid degradation. 
Perivascular haemosiderin deposition and 
neuronal loss in the globus pallidus develop in this 
NBIA disease.

85. Haack, T. B. et al. Exome sequencing reveals de novo 
WDR45 mutations causing a phenotypically distinct, 
X-linked dominant form of NBIA. Am. J. Hum. Genet. 
91, 1144–1149 (2012).

86. Kruer, M. C. et al. Analysis of ATP13A2 in large 
neurodegeneration with brain iron accumulation 
(NBIA) and dystonia-parkinsonism cohorts. Neurosci. 
Lett. 523, 35–38 (2012).

87. Ben-Omran, T. et al. Phenotypic heterogeneity in 
Woodhouse–Sakati syndrome: two new families with a 
mutation in the C2orf37 gene. Am. J. Med. Genet. A 
155A, 2647–2653 (2011).

88. Zhou, B. et al. A novel pantothenate kinase gene 
(PANK2) is defective in Hallervorden–Spatz syndrome. 
Nature Genet. 28, 345–349 (2001).
This study identified the first NBIA gene. After 
PANK2 mutations were identified, numerous 
patients with brain iron accumulation were 
recognized to have mutations in other genes, which 
were subsequently identified by positional cloning 
and exome sequencing. 

89. Leonardi, R., Rock, C. O., Jackowski, S. & Zhang, Y. M. 
Activation of human mitochondrial pantothenate 
kinase 2 by palmitoylcarnitine. Proc. Natl Acad. Sci. 
USA 104, 1494–1499 (2007).

90. Brunetti, D. et al. Pantothenate kinase-associated 
neurodegeneration: altered mitochondria membrane 
potential and defective respiration in Pank2 knock-out 
mouse model. Hum. Mol. Genet. 21, 5294–5305 
(2012).

Analysis of Pank2-knockout mice revealed 
mitochondrial defects, including defective 
respiration and loss of intact cristae. This paper 
begins to dissect the molecular pathophysiology of 
PKAN.

91. Johnson, M. A. et al. Mitochondrial localization of 
human PANK2 and hypotheses of secondary iron 
accumulation in pantothenate kinase-associated 
neurodegeneration. Ann. NY Acad. Sci. 1012,  
282–298 (2004).

92. Zhang, Y. M. et al. Chemical knockout of pantothenate 
kinase reveals the metabolic and genetic program 
responsible for hepatic coenzyme A homeostasis. 
Chem. Biol. 14, 291–302 (2007).

93. Kuo, Y. M. et al. Deficiency of pantothenate kinase 2 
(Pank2) in mice leads to retinal degeneration and 
azoospermia. Hum. Mol. Genet. 14, 49–57 (2005).

94. Kuo, Y. M., Hayflick, S. J. & Gitschier, J. Deprivation of 
pantothenic acid elicits a movement disorder and 
azoospermia in a mouse model of pantothenate 
kinase-associated neurodegeneration. J. Inherit. 
Metab. Dis. 30, 310–317 (2007).

95. Bosveld, F. et al. De novo CoA biosynthesis is required 
to maintain DNA integrity during development of the 
Drosophila nervous system. Hum. Mol. Genet. 17, 
2058–2069 (2008).

96. Wu, Z., Li, C., Lv, S. & Zhou, B. Pantothenate kinase-
associated neurodegeneration: insights from a 
Drosophila model. Hum. Mol. Genet. 18, 3659–3672 
(2009).

97. Rana, A. et al. Pantethine rescues a Drosophila model 
for pantothenate kinase-associated 
neurodegeneration. Proc. Natl Acad. Sci. USA 107, 
6988–6993 (2010).

98. Siudeja, K. et al. Impaired Coenzyme A metabolism 
affects histone and tubulin acetylation in Drosophila 
and human cell models of pantothenate kinase 
associated neurodegeneration. EMBO Mol. Med. 3, 
755–766 (2011).

99. Hartig, M. B., Prokisch, H., Meitinger, T. & 
Klopstock, T. Pantothenate kinase-associated 
neurodegeneration. Curr. Drug Targets 13,  
1182–1189 (2012).

100. Leoni, V. et al. Metabolic consequences of 
mitochondrial coenzyme A deficiency in patients with 
PANK2 mutations. Mol. Genet. Metab. 105, 463–471 
(2012).

101. Poli, M. et al. Pantothenate kinase-2 (Pank2) silencing 
causes cell growth reduction, cell-specific ferroportin 
upregulation and iron deregulation. Neurobiol. Dis. 
39, 204–210 (2010).

102. Chaumeil, M. M. et al. Hyperpolarized 13C MR 
spectroscopic imaging can be used to monitor 
Everolimus treatment in vivo in an orthotopic rodent 
model of glioblastoma. Neuroimage 59, 193–201 
(2012).

103. Kruer, M. C. et al. Novel histopathologic findings in 
molecularly-confirmed pantothenate kinase-
associated neurodegeneration. Brain 134, 947–958 
(2011).
This research paper correlates histological iron 
stains with MRI results in the globus pallidus. 
Perivascular iron accumulations were detected in 
macrophages and also as diffuse ‘iron dust’ in the 
neuropile. Iron-loaded astrocytes were prevalent, 
whereas iron-loaded neurons were rare and 
appeared to be degenerating.

104. Hayflick, S. J. et al. Cranial MRI changes may precede 
symptoms in Hallervorden–Spatz syndrome. Pediatr. 
Neurol. 25, 166–169 (2001).

105. Zhao, Z. et al. Protection of pancreatic β-cells by group 
VIA phospholipase A2-mediated repair of 
mitochondrial membrane peroxidation. Endocrinology 
151, 3038–3048 (2010).

106. Beck, G. et al. Neuroaxonal dystrophy in calcium-
independent phospholipase A2β deficiency results 
from insufficient remodeling and degeneration of 
mitochondrial and presynaptic membranes. 
J. Neurosci. 31, 11411–11420 (2011).
In this paper, the authors analysed a mouse with 
PLA2G6 deficiency, and they detected 
disorganization of mitochondrial cristae and loss of 
membrane potential, which could be central to the 
pathogenesis of disease.

107. Claypool, S. M. & Koehler, C. M. The complexity of 
cardiolipin in health and disease. Trends Biochem. Sci. 
37, 32–41 (2012).

108. Zachman, D. K. et al. The role of calcium-independent 
phospholipase A2 in cardiolipin remodeling in the 
spontaneously hypertensive heart failure rat heart. 
J. Lipid Res. 51, 525–534 (2010).

109. Paisan-Ruiz, C. et al. Characterization of PLA2G6 as a 
locus for dystonia-parkinsonism. Ann. Neurol. 65, 
19–23 (2009).

110. Paisan-Ruiz, C. et al. Widespread Lewy body and tau 
accumulation in childhood and adult onset dystonia-
parkinsonism cases with PLA2G6 mutations. 
Neurobiol. Aging 33, 814–823 (2012).

111. Patil, V. A., Fox, J. L., Gohil, V. M., Winge, D. R. & 
Greenberg, M. L. Loss of cardiolipin leads to 
perturbation of mitochondrial and cellular iron 
homeostasis. J. Biol. Chem. 288, 1696–1705 (2013).

112. Rouault, T. A. Biogenesis of iron-sulfur clusters in 
mammalian cells: new insights and relevance to 
human disease. Dis. Model. Mech. 5, 155–164 
(2012).

113. Hartig, M. B. et al. Absence of an orphan mitochondrial 
protein, c19orf12, causes a distinct clinical subtype of 
neurodegeneration with brain iron accumulation. Am. 
J. Hum. Genet. 89, 543–550 (2011).

114. Panteghini, C. et al. C19orf12 and FA2H mutations 
are rare in Italian patients with neurodegeneration 
with brain iron accumulation. Semin. Pediatr. Neurol. 
19, 75–81 (2012).

115. Kruer, M. C. et al. Defective FA2H leads to a novel 
form of neurodegeneration with brain iron 
accumulation (NBIA). Ann. Neurol. 68, 611–618 
(2010).

116. Pierson, T. M. et al. Exome sequencing and SNP 
analysis detect novel compound heterozygosity in fatty 
acid hydroxylase-associated neurodegeneration. Eur. 
J. Hum. Genet. 20, 476–479 (2012).

117. Dan, P., Edvardson, S., Bielawski, J., Hama, H. & 
Saada, A. 2-Hydroxylated sphingomyelin profiles in 
cells from patients with mutated fatty acid 
2-hydroxylase. Lipids Health Dis. 10, 84 (2011).

118. Hama, H. Fatty acid 2-Hydroxylation in mammalian 
sphingolipid biology. Biochim. Biophys. Acta 1801, 
405–414 (2010).

119. Potter, K. A. et al. Central nervous system dysfunction 
in a mouse model of Fa2h deficiency. Glia 59,  
1009–1021 (2011).

120. Martelli, A., Napierala, M. & Puccio, H. Understanding 
the genetic and molecular pathogenesis of Friedreich’s 
ataxia through animal and cellular models. Dis. 
Model. Mech. 5, 165–176 (2012).

121. Pandolfo, M. Friedreich ataxia: the clinical picture. J. 
Neurol. 256 (Suppl. 1), 3–8 (2009).

122. Waldvogel, D., van Gelderen, P. & Hallett, M. 
Increased iron in the dentate nucleus of patients with 
Friedrich’s ataxia. Ann. Neurol. 46, 123–125 (1999).

123. Koeppen, A. H. Friedreich’s ataxia: pathology, 
pathogenesis, and molecular genetics. J. Neurol. Sci. 
303, 1–12 (2011).

124. Koeppen, A. H., Morral, J. A., McComb, R. D. & 
Feustel, P. J. The neuropathology of late-onset 
Friedreich’s ataxia. Cerebellum 10, 96–103 (2011).

125. Zhang, P. et al. Electron tomography of 
degenerating neurons in mice with abnormal 
regulation of iron metabolism. J. Struct. Biol. 150, 
144–153 (2005).

126. Kwan, J. Y. et al. Iron accumulation in deep cortical 
layers accounts for MRI signal abnormalities in ALS: 
correlating 7 Tesla MRI and pathology. PLoS ONE 7, 
e35241 (2012).

127. Jeong, S. Y. et al. Iron insufficiency compromises 
motor neurons and their mitochondrial function in 
Irp2-null mice. PLoS ONE 6, e25404 (2011).

128. LaVaute, T. et al. Targeted deletion of the gene 
encoding iron regulatory protein-2 causes 
misregulation of iron metabolism and 
neurodegenerative disease in mice. Nature Genet. 27, 
209–214 (2001).

129. Grabill, C., Silva, A. C., Smith, S. S., Koretsky, A. P. & 
Rouault, T. A. MRI detection of ferritin iron overload 
and associated neuronal pathology in iron regulatory 
protein-2 knockout mice. Brain Res. 971, 95–106 
(2003).

130. Galy, B. et al. Iron homeostasis in the brain: complete 
iron regulatory protein 2 deficiency without 
symptomatic neurodegeneration in the mouse. Nature 
Genet. 38, 967–969 (2006).

131. Rouault, T. A. & Tong, W. H. Iron-sulfur cluster 
biogenesis and human disease. Trends Genet. 24, 
398–407 (2008).

132. Kaneko, Y., Kitamoto, T., Tateishi, J. & Yamaguchi, K. 
Ferritin immunohistochemistry as a marker for 
microglia. Acta Neuropathol. 79, 129–136 (1989).

133. Foroutan, P. et al. Progressive supranuclear palsy: 
high-field-strength MR microscopy in the human 
substantia nigra and globus pallidus. Radiology 266, 
280–288 (2012).

R E V I E W S

NATURE REVIEWS | NEUROSCIENCE  ADVANCE ONLINE PUBLICATION | 13

© 2013 Macmillan Publishers Limited. All rights reserved



134. Zorzi, G., Zibordi, F., Chiapparini, L. & Nardocci, N. 
Therapeutic advances in neurodegeneration with brain 
iron accumulation. Semin. Pediatr. Neurol. 19, 82–86 
(2012).

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

136. Hardy, P. A. et al. Correlation of R2 with total iron 
concentration in the brains of rhesus monkeys. 
J. Magn. Reson. Imaging 21, 118–127 (2005).

137. Nguyen-Legros, J., Bizot, J., Bolesse, M. & 
Pulicani, J. P. “Diaminobenzidine black” as a new 
histochemical demonstration of exogenous iron 

(author’s transl). Histochemistry 66, 239–244 (1980) 
(in French).

138. Kurian, M. A. et al. Phenotypic spectrum of 
neurodegeneration associated with mutations in the 
PLA2G6 gene (PLAN). Neurology 70, 1623–1629 
(2008).

139. Chien, H. F., Bonifati, V. & Barbosa, E. R. 
ATP13A2-related neurodegeneration (PARK9) without 
evidence of brain iron accumulation. Mov. Disord. 26, 
1364–1365 (2011).

140. Schneider, S. A. & Bhatia, K. P. Syndromes of 
neurodegeneration with brain iron  
accumulation. Semin. Pediatr. Neurol. 19, 57–66 
(2012).

141. Alazami, A. M. et al. C2orf37 mutational spectrum in 
Woodhouse–Sakati syndrome patients. Clin. Genet. 
78, 585–590 (2010).

Acknowledgements
The author thanks S. Hayflick and R. Vidal for generously 
sharing images. The author gratefully acknowledges that the 
intramural programme of the Eunice Kennedy Shriver 
National Institute of Child Health and Human Development 
supported this work.

Competing interests statement
The author declares no competing financial interests.

R E V I E W S

14 | ADVANCE ONLINE PUBLICATION  www.nature.com/reviews/neuro

© 2013 Macmillan Publishers Limited. All rights reserved


	Abstract | Abnormal accumulation of brain iron has been detected in various neurodegenerative diseases, but the contribution of iron overload to pathology remains unclear. In a group of distinctive brain iron overload diseases known as ‘neurodegeneration 
	Box 1 | Detecting iron in the brain
	Systemic iron metabolism
	Iron entry into the CNS
	Figure 1 | Cellular iron metabolism and transport in mammalian cells. a | Ferric iron (Fe3+) in the bloodstream binds to transferrin to form holo‑transferrin, with one or two atoms of ferric iron per transferrin. Holo‑transferrin binds to transferrin rece
	Iron metabolism in the brain
	Brain iron accumulation
	Table 1 | Neurodegeneration with brain iron accumulation diseases
	Figure 2 | The proteinaceous ferritin shell is porous in neuroferritinopathy. a | A three‑dimensional view of ferritin demonstrates the spherical protein surface composed of two different ferritin peptides (the heavy subunit and the light subunit) shown i
	NBIA caused by defective iron metabolism
	Other NBIA diseases
	Figure 3 | MRI, pathology and potential molecular basis of PKAN. a | MRI of a patient with pantothenate kinase deficiency-associated neurodegeneration (PKAN) shows the classical ‘eye of the tiger’ sign on axial T2 fast spin-echo imaging. Hyperintense (whi
	Figure 4 | Potential effects of PANK2 and PLA2G6 mutations on mitochondria. Mutations in pantothenate kinase 2 (PANK2) and phospholipase A2, group VI (PLA2G6) may interfere with synthesis and remodelling of the mitochondrial inner membrane lipid cardiolip
	Figure 5 | MRI detection of iron — is iron accumulation a cause or consequence of disease? MRI has revealed iron overload in the motor cortices of patients with amyotrophic lateral sclerosis (ALS) on R2* maps of 7T MRI scans, raising the possibility that 
	Conclusions and future directions



