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Abstract

Iron accumulation in the brain and increased oxidative stress are consistent observations in many neurodegenerative

diseases. Thus, we have begun examination into gene mutations or allelic variants that could be associated with loss of

iron homeostasis. One of the mechanisms leading to iron overload is a mutation in the HFE gene, which is involved in iron

metabolism. The 2 most common HFE gene variants are C282Y (1.9%) and H63D (8.9%). The C282Y HFE variant is more

commonly associated with hereditary hemochromatosis, which is an autosomal recessive disorder, characterized by iron

overload in a number of systemic organs. The H63D HFE variant appears less frequently associated with hemochro-

matosis, but its role in the neurodegenerative diseases has received more attention. At the cellular level, the HFE mutant

protein resulting from the H63D HFE gene variant is associated with iron dyshomeostasis, increased oxidative stress,

glutamate release, tau phosphorylation, and alteration in inflammatory response, each of which is under investigation as a

contributing factor to neurodegenerative diseases. Therefore, the HFE gene variants are proposed to be genetic modifiers

or a risk factor for neurodegenerative diseases by establishing an enabling milieu for pathogenic agents. This review will

discuss the current knowledge of the association of the HFE gene variants with neurodegenerative diseases: amyotrophic

lateral sclerosis, Alzheimer’s disease, Parkinson’s disease, and ischemic stroke. Importantly, the data herein also begin to

dispel the long-held view that the brain is protected from iron accumulation associated with the HFE mutations. J. Nutr.

141: 729S–739S, 2011.

Introduction

Iron plays a significant role in many biological functions
essential for life. The citric acid cycle and electron transport
chain of mitochondria contain several iron-dependent enzymes
and complexes such as cytochromes, succinate dehydrogenase,
NADH-dehydrogenase, and aconitase. The activity of ribonu-
cleotide reductase, which catalyzes the essential step of DNA
synthesis, is dependent on iron (1). Iron is also an indispensable

component for neurotransmitter synthesis and myelinogenesis
(1,2). Iron deficiency affects the composition and the amount of
myelin in white matter by altering the proliferation and differ-
entiation of oligodendrocytes. In addition to brain morphology,
iron deficiency also causes an alteration in dopamine and norepi-
nephrine metabolism, which affects neurochemistry and may
delay central nervous system (CNS)4 development (3).

Though iron is an essential cofactor for many proteins in the
CNS, free or unbound iron can serve as a pro-oxidant. Ferrous
iron (Fe2+) catalyzes the conversion of reactive oxygen species
(ROS) to highly reactive hydroxyl radical (·OH) via Fenton
reaction, while ferric iron (Fe3+) can react with superoxide (O2

·-)
and generates Fe2+, leading to ·OH formation via the Heber-
Weiss reaction. Excess iron can cause protein peroxidation, lipid
peroxidation, and DNA oxidation, which eventually can lead to
cellular and neuronal damage or death (4,5). Therefore, iron
content in the body and in the CNS is strictly regulated via
expression of several proteins (6,7).

One iron regulatory protein that is receiving increased
attention in neuroscience is the HFE protein. Mutations in the
HFE gene are commonly associated with the iron overload
genetic disorder hereditary hemochromatosis (HH) (8,9). Be-
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cause of their association with iron accumulation, the HFE gene
mutations are being investigated as genetic risks for neurode-
generative disorders (4,7,9–11). In this review, we will discuss
iron physiology in the brain in relation to HFE structure and
function and describe the relationship between HFE gene
variants and 4 neurodegenerative disorders: amyotrophic lateral
sclerosis (ALS), Alzheimer’s disease (AD), Parkinson’s disease
(PD), and ischemic stroke.

Iron in the brain

The iron concentration in the brain is second to the liver among
the organs in the body (12). Iron is distributed heterogeneously
throughout the brain, with the highest concentration found in
the globus pallidus, followed by the red nucleus, substantia
nigra, putamen, and the dentate nucleus of the cerebellum
(12,13). In the cortical fields, the highest iron concentration was
found in the motor cortex, followed by the occipital cortex,
sensory cortex, and parietal cortex (12). Brain iron content
increases with advancing age (2,12,14) and iron content rapidly
increases in all brain regions except medulla oblongata during
the first 2 decades of life (12). It is noteworthy that functionally,
the regions of the brain that have the highest iron content are all
involved in motor functions. In addition to its high iron content,
the brain generates a large amount of ROS as a consequence of
its high oxygen consumption (20% of the body’s total resting
oxygen consumption) to meet its high metabolic rate (1,4).
Moreover, it is rich in lipids with unsaturated fatty acid and has
only a moderate amount of antioxidant enzymes (5). Therefore,
the brain is more vulnerable to iron- and ROS-induced toxicity.

Because both iron overload and iron deficiency cause neuronal
dysfunction, the brain expresses several iron management pro-
teins, which are involved in the uptake, export, storage, and
utilization of iron (11), to regulate its iron content. The proteins
involved in the brain iron homeostasis system include HFE (9),
ferritin, transferrin (Tf), transferrin receptor (TfR) (15), iron reg-
ulatory protein, divalent metal transporter 1, and cerruloplasmin
(4,7,10,16,17). The expression of these ironmanagement proteins
can be altered in accordance with iron availability in an attempt
to maintain the iron content in the brain. For example, iron de-
ficiency results in decreased expression of iron storage protein,
ferritin, and increased expression of iron transport protein, TfR
(18). The end result would be to reduce iron storage and at the
same time increase iron uptake during iron deficiency. When iron
is in excess, ferritin expression would be increased, while TfR
expression would be decreased, resulting in limiting iron uptake
and increasing iron storage (6,10).

Traditionally, the brain was thought to be protected from
iron overload by the blood brain barrier (BBB), which separates
and restricts the exchange of iron and iron management proteins
between the brain tissue and the blood. Thus, a paradigm
became established that the brain was protected from iron-
related genetic disorders such as HH. This traditional notion
came from the histochemical stains for iron in late 1930s and
1940s (19,20). However, these studies did report that besides
circumventricular regions, where the BBB is absent, the depo-
sition of iron was observed in other brain regions, including the
cerebral cortex, hypothalamus, lentiform nucleus, and the
dentate nucleus that are behind the BBB (19,20). More recently,
MRI studies have reported an iron accumulation in the basal
ganglia of patients with HH (21–23) as well as in the substantia
nigra, the red nucleus (21), and the dentate nucleus (21,23).
However, the notion that the brain is protected from iron
overload in HH somehow became established in neuroscience
despite evidence to the contrary. Iron overload observed in HH is

primarily caused by mutations in the HFE gene (8). The HFE
protein resides on the brain microvasculature and choroid
plexus where it can affect iron uptake by the brain (24);
therefore, it should not be surprising that HFE mutations are
associated with increased brain iron and have recently been
proposed to be the genetic modifiers for risk of developing
neurodegenerative disorders (7,9,25).

The HFE gene

Simon et al. (26) first demonstrated in the late 1970s that the
gene responsible for HH is closely linked to the human leukocyte
antigen (HLA) locus on a short arm of chromosome 6. Twenty
years later, this gene was identified and termed as HLA-H gene
by Feder et al. (27). The HLA-H gene, now renamed as the HFE
gene, is comprised of 7 exons and is expressed widely or at low
level in most tissues, including brain.

Two common polymorphisms in the HFE gene

associated with HH

AG-to-A transition at nucleotide 845 changes cysteine to tyrosine
at amino acid 282 (C282Y) and a C-to-G transition at nucleotide
187 results in a histidine to aspartic acid substitution at amino
acid 63, i.e., H63D (27). Eighty-five to 90% of HH patients are
homozygous for the C282Y variant and 5% of patients are
compound heterozygous for the C282Yand H63D variants (27–
29). HH is an autosomal recessive disorder characterized by an
excessive absorption of dietary iron leading to abnormal iron
accumulation, with secondary tissue damage in various organs
such as liver, pancreas, and heart. The clinical consequences of
HH include cirrhosis, hepathomegaly, diabetes mellitus, and
cardiomyopathy (30,31). HH is the most common inherited
disorder in individuals of Northern European descent (1 in every
200–400 individuals), with even higher prevalence in Ireland
(1:100) (28). Although the C282Y HFE variant is more com-
monly associated with HH, the H63D HFE variant (8.1%) is
more frequently present in the general population than the
C282Y variant (1.9%). Similar to the distribution of HH, the
C282Y HFE variant is more abundantly present in those of
Northern European descent. The H63D HFE variant has a more
general and broader distributionwith a higher frequency in Europe
(14.9%) and moderate frequency in Asia, Africa, Middle East,
and America (28,32). The product of theHFE gene is a 343 residue
type 1 transmembrane glycoprotein named HFE (27,33,34).

The structure of HFE protein

The HFE protein is a member of the major histocompatibility
complex class-1 (MHC-1)-like family. Like other MHC class-I
like molecules, a single polypeptide HFE protein contains a
transmembrane region, short cytoplasmic tail, and 3 extracellular
domains (a1, a2, and a3) (27,34). Two peptide-binding domains
(a1 and a2) consist of 8 antiparallel b strands and 2 antiparallel
a helices, and are positioned on the top of an immunoglobulin-
like domain (a3) (34). The HFE protein contains 4 cysteine
residues forming a disulphide bridge in a2 and a3 domains (27),
which is 1 of the important conserved features of theMHC class-I
family required for noncovalent interactingwithb2 microglobulin
(35) and for a transport from the endoplasmic reticulum to the cell
surface (36,37). However, the peptide binding groove in the HFE
protein is narrower by the translation of a1 helix toward a2 helix
and the HFE protein has only 2 of 4 tyrosine residues in the
peptide-binding region, which are important for peptide binding.
Therefore, unlike other MHC-1 proteins, the HFE protein does
not function as an antigen-presenting molecule (27,33).
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Function of HFE protein

The major function of the HFE protein is to regulate iron
homeostasis. The HFE protein interacts with b2 microglobulin
in the endoplasmic reticulum and is transported to the plasma
membrane (37,38) where the HFE protein forms a stable
complex with the TfR (39). The binding of the HFE protein to
the TfR is pH dependent, with a tight interaction at pH 7.5 but
very weak or no binding at acidic pH (33,40). The HFE-TfR
interaction lowers the affinity of the TfR for holotransferrin, i.e.
Fe-Tf (39). Lebrón et al. (41) later reported that HFE bound to
TfR at or near the Fe-Tf binding site where it could competi-
tively inhibit Tf binding to the TfR. In the absence of the HFE,
TfR homodimers bind 2 Fe-Tf molecules, while HFE-bound TfR
binds only 1 Fe-Tf molecule by forming a ternary complex con-
sisting of 1 HFE, 2 TfR polypeptide chains, and 1 Fe-Tf (33,41).
Therefore, the HFE protein functions in the regulation of iron
homeostasis by binding to the TfR and reducing the transport of
Fe-Tf molecules.

The cysteine residue in a3 domain that is altered in the
C282Y HFE variant is one of the conserved residues important
for forming disulphide linkages and interacting with b2-micro-
globlulin for cell surface expression (27,37,38). Therefore, the
C282Y HFE variant is located primarily intercellular (37,38)
and does not bind to the TfR to limit transferrin-mediated iron
uptake (39). The functional consequence of the H63D HFE
variant was first reported by Feder et al. (39). Similar to the wild-
type HFE protein, the H63D HFE interacts with b2-microglob-
ulin and is transported to the plasma membrane (37,38);
however, the interaction of the H63D HFE with the TfR does
not limit transferrin-mediated iron uptake (39). Because the
H63D mutation is present in the a1 domain of the peptide-
binding region (27,41), the functional consequence of this
variant is reduction of the affinity of the H63D protein for TfR.
Thus, both C282Y and H63D HFE are associated with an
increased iron accumulation compared with expression of the
wild-type HFE.

In addition to its important role in iron homeostasis, the HFE
protein affects a range of cellular functions, including innate
immunity (42,43). Lee et al. (44) developed stable human
neuroblastoma cell lines (SH-SY5Y) carrying the wild-type,
C282Y, or H63D HFE and demonstrated that HFE mutations
were associated with iron accumulation and increased oxidative
stress. Neuroblastoma cells carrying HFE mutations, in partic-
ular the H63D HFE, also increase intracellular calcium levels,
have greater glutamate secretion and reduced uptake (45), and
increase production of monocyte chemoattractant protein-1, i.e.
MCP-1 (46). Each of the above mechanisms, including oxidative
stress and iron accumulation, has been considered as an under-
lying mechanism contributing to the pathogenesis of neurode-
generative disorders (2,4,5,10,47).

HFE and neurodegenerative disorders

In order for the HFE protein to affect brain iron accumulation, it
should be found in the brain. Indeed the HFE protein is
expressed in choroid plexus epithelial cells, endothelial cells of
the microvasculature, and ependymal cells lining the ventricle
in the brain alongwith TfR, where it can influence iron uptake into
the brain (24,48). Nevertheless, the relationship between HFE
mutations and CNS diseases has not received much attention
until recently. Because brain iron concentration increases with
age (2,12) and HFE gene mutations are associated with excess
iron accumulation (49–51) in different organs, it is logical that
individuals who carry a HFE variant are at higher risk for brain
iron accumulation and the accompanying neurological sequelae

(31). A recent study of Bartozokis et al. (52) demonstrated that
the presence of the H63D HFE gene variant and/or C2 allele of
transferrin gene was associated with increased brain ferritin iron
in older men compared with noncarriers. Given the presence and
location of the HFE protein at the interface between the brain
and the vasculature and the cerebrospinal fluid (CSF) where it
can influence brain iron uptake (24,48), it is not a surprise that
the mutant forms of HFE could contribute to iron overload in
neurodegenerative disorders (4,10,17,53–56). Thus, it was a
logical quest to examine HFE genotypes and how they influence
the course of neurodegenerative disorders.

HFE and ALS. The H63D HFE was present in as many as 30%
of ALS patients (57), which was higher than that reported for the
superoxide dismutase (SOD1) mutation (58) and represented the
second most frequent genetic variation found in ALS (57). Four
other groups in the UK (59), Italy (60), The Netherlands (61),
and most recently China (62) have also reported an increased
incidence of the H63D HFE in patients with ALS. There is 1
study that did not find the association between the H63D HFE
and ALS (63). This study was limited by a low number of ALS
patients and ;10% of those ALS patients represented ethnic
backgrounds in which HFE mutations are absent or present at
lower frequency than the control population (32). Ameta-analysis
including 66,000 cases revealed that homozygosity for the H63D
HFE was associated with a 4-fold risk of developing ALS (25). In
contrast to the H63D HFE, the C282Y HFE has not been iden-
tified as being associated with ALS (25,57,59,61,63) (Table 1).

Iron misregulation caused by mutations in the HFE gene is
likely to contribute to the relationship between the H63D HFE
and ALS. A number of studies have reported increased iron
levels in the CNS of ALS patients (53,54,64,65). In the ALS
animal model, Jeong et al. (66) recently reported that iron
chelation treatment extended survival by 5 wk, suggesting iron
contributed to the disease process. Sporadic ALS patients have
elevated serum ferritin (67), which was even more increased
in ALS patients with the H63D gene variant (68). Current hy-
potheses for the underlying mechanisms contributing to motor
neuron degeneration in ALS include glutamate excitotoxicity,
oxidative stress, dysregulation of iron homeostasis, mitochon-
dria dysfunction, cytoskeletal abnormalities, and protein aggre-
gation (69,70). Cell culture models developed to identify the
relationship of HFE gene variants to pathogenic factors in ALS
have also identified oxidative stress (44), glutamate release and
uptake (45), increased MCP-1 secretion suggesting an alteration
in innate immunity (46), and increased tau phosphorylation (71)
in H63D carrying cells compared with the wild-type. It is
probable that these mechanisms converge to mediate motor
neuron toxicity in ALS and we have proposed that the H63D
HFE gene variant creates a permissive milieu for ALS pathogenic
factors.

In addition to being a risk factor for ALS, the HFE gene
variant could also affect treatment of ALS. For example, dys-
phagia is a common symptom in ALS patients, leading to in-
creased risk of malnutrition, weight loss, and dehydration;
therefore, patients will receive an enteral nutrition treatment
(69,72). The iron content of enteral formulas ranges from 13 to
24 mg/L and most patients will receive at least 1 L/d, which is
higher than the recommended daily iron intake (10 mg/d) (73).
Because the HFE mutation is associated with iron overload, the
long-term enteral nutrition treatment in ALS patients with HFE
mutations may worsen iron accumulation. Thus, stratification
by HFE genotypes should be considered before initiating the
long-term enteral nutrition treatment in ALS patients.

HFE, iron, and neurodegenerative diseases 731S
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Moreover, ALS patients with HFE mutations may respond
differently to therapeutic interventions compared with those
without HFE mutations. For example, minocycline, an antibi-
otic with iron chelation, antioxidant, antiinflammatory, and
mitochondria-protective properties, had no benefit in ALS
patients (74) despite its beneficial effect in rodent ALS models
(75–78). Mitchell et al. (46) demonstrated that minocycline
reduced MCP-1 release in H63D, but not in wild-type HFE,
expressing neuroblastoma cell lines (SH-SY5Y). Therefore,
patients’ heterogeneity for HFE alleles may explain the lack of
benefit of minocycline in ALS patients. Because the H63D HFE
variant is present in ~30% of ALS patients (57), HFE genotypes
should be considered when assessing treatment strategies or
therapeutic interventions for ALS. We have recently found that a
mouse line carrying the H67D HFE gene variant (the equivalent
of the human H63D variant) when crossed with the SOD1
mouse model for ALS results in a shorter life span and shorter
disease duration (W. Nandar, E. Neely, Z. Simmons, and J.
Connor, unpublished data). This exciting observation extends
the cell culture observations to an in vivo model.

HFE and AD. Excessive iron accumulation in neuritic plaques
and neurofibrillary tangles (NFT) and oxidative stress (9,10,
24,79–82) are consistent observations in the pathogenesis of
AD. Pathological features associated with AD such as senile
plaque formed by amyloid b peptide, NFT, and hyperphosphor-
ylation of tau protein can be influenced by iron. For example,
iron modulates the ability of a-secretase to cleave amyloid
precursor protein (APP) (83), promotes A-b toxicity (84) and
aggregation, and can directly regulate the synthesis and expres-
sion of APP via the iron responsive element at 59 untranslated
region of APP mRNA (82,85,86).

Given the involvement of the HFE protein in iron regulation
and oxidative stress, mutations in the HFE gene can be expected
to affect AD pathogenesis. This statement is supported by
studies demonstrating that the HFE protein is expressed in glial
and neuronal cells associated with neuritic plaques and NFT
(9,24). In addition, HFE can be induced by stress factors such as
serum deprivation and b-amyloid in mouse microglia BV-2 cells.
Induction of HFE decreases the labile iron pool, which may be a
protective response to limit iron uptake during cellular stress
(87). The mutant forms of HFE protein, however, may not
effectively limit iron uptake, which would result in intracellular
iron overload and increased cell vulnerability to oxidative stress.

Recent studies by Hall et al. (88) suggest an association
between the H63D HFE with tau phosphorylation and Prolyl-
peptidyl isomerase (Pin1), an enzyme responsible for phospho-
rylation of APP and tau. The expression of the H63D HFE
upregulated the tau phosphorylation in neuroblastoma cell lines
by decreasing Pin1 activity (88) and increasing glycogen syn-
thase kinase-3b activity. The H63D effect appears to be asso-
ciated with iron and subsequent oxidative stress, because iron
exposure increased tau phosphorylation while antioxidant
Trolox, a vitamin E analogue, treatment decreased tau phos-
phorylation (71). Iron chelation with desferroxamine and
Trolox exposure decreased Pin1 phosphorylation. Consistent
with the cell model study, a H67D knockin mouse line (mouse
homologous to H63D in human population) also exhibited
increased Pin1 phosphorylation (88). All of the above data sug-
gest that the basic biochemistry of cells is altered in the presence
of the H63D variant and provide a compelling proposition that
HFE gene variants are modifying risk factors for AD.

During the past 10 y, multiple studies have addressed the
association of the HFE gene mutations with AD (Tables 2, 3).
Moalem et al. (89) were the first to report that the HFE mu-
tations were overrepresented in males with familial AD (FAD)
and among noncarriers of the ApoE«4 allele, a well-known
genetic risk factor for AD. The HFE mutations predisposed
males to FAD but were somewhat protective in females. A study
conducted by Percy et al. (90) found that in a folate-supplemented
Ontario population, the presence of both ApoE«4 and H63D
HFE predisposed females, but not males, to AD. Robson et al.
(91) showed that bi-carriers of C282Y HFE and C2 allele of
transferrin, both involved in iron metabolism, had a 5 times
greater risk of AD. Pulliam et al. (92) included individuals with
mild cognitive impairment (MCI) and nondemented controls
with AD-like pathology (HPC) in addition to AD patients
in their study and reported that the proportion of homozygous
or compound heterozygous for HFE mutations was higher in
AD/MCI and HPC patients. They extended their study by
evaluating the ventricular (CSF) fluid F2-isoprostane level,
which hallmarks brain lipid peroxidation, and found an
association of HFE mutations with increased oxidative stress
in AD patients (92).

Sampietro et al. (93) examined the effect of HFE mutations
on age at onset in patients with sporadic AD and found that
patients who were either heterozygous or homozygous for the
H63DHFE developed AD on average 5 y earlier than those with

TABLE 1 Association between HFE mutations and ALS

Participants, n Location ALS,1 % Control, % Comments References

51: ALS

47: Control

Texas H63D: 25.5

C282Y: 3.9

H63D: 23.4

C282Y: 4.3

No association between HFE genotypes and the age at

onset, rate of progression in sporadic ALS (Small

samples and ethnically diverse cases and controls)2

Yen et al. (63)

121: ALS

133: Control

Pennsylvania H63D: 29.75

C282Y: 0.83

H63D: 14.29

C282Y: 0

Higher frequency of H63D in sporadic ALS patients Wang et al. (57)

379: ALS

400: Control

Birmingham and Ireland, UK H63D: 34.3

C282Y: 18.2

H63D: 22

C282Y: 19

Overrepresentation of H63D in sporadic ALS Goodall et al. (59)

149: ALS

168: Control

Torino, Italy H63D: 28.8

C282Y: 3.3

H63D: 14.8

C282Y: 1.8

Increased incidence of H63D in sporadic ALS patients Restagno et al. (60)

289: ALS

5886: Control

Utrecht, The Netherlands H63D: 27.8

C282Y: 8.3

H63D: 26.7

C282Y: 11.5

Homozygosity for H63D predisposed to sporadic ALS and

higher age at onset in H63D carriers

Sutedja et al. (61)

195: ALS

405: Control

China H63D: 10.3 H63D: 3.2 Higher risk for ALS in H63D carriers He et al. (62)

1 % represents the percentage of HFE mutations among ALS patients and controls, respectively.
2 Comments in parentheses represent study methods that may explain results.
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the wild-type HFE. In that same study, in patients who de-
veloped disease symptoms before 70 y old, the H63D variant
was twice as frequent as in patients who developed AD between
70 and 80 y old and 5 times more frequent in patients who
developed AD after 80 y old (93). Sampietro et al. (93) also
suggested that the effect of HFE alleles on age at onset was
independent of ApoE«4 genotypes in Italian AD patients, but
Combarros et al. (94) found the synergistic effect of the H63D
HFE and ApoE«4 on age at onset in Spanish AD patients.
Combarros et al. (94) reported that the presence of 1 or 2 copies
of the H63D allele in ApoE«4 homozygotes significantly reduced
the age at onset compared with ApoE«4 heterozygotes or non-
carriers of ApoE«4. Similarly, Correia et al. (95) found an asso-
ciation of the H63D HFE with earlier age at onset in Portuguese
AD patients. However, their study showed the negative associ-
ation between C282Y HFE with AD, suggesting the protective
role of C282Y HFE in AD. A meta-analysis including 66,000
cases and 226,000 controls showed a weak association (1.1-fold
risk) with AD in individuals with H63D/H63D (25).

In contrast to the above studies, some studies found no
association of HFE alleles with AD (Table 3). Lleo et al. (96) first
reported that neither the C2 nor HFE alleles were associated
with an increased risk for AD; however, there was a trend
toward a higher frequency of the H63D HFE in males. A study
by Berlin et al. (97) showed a similar frequency distribution for
HFE alleles among AD and control groups. Although HFE
alleles had no significant impact on age at onset or diagnosis, age
at onset of cognitive symptoms, or severity of neuropsycholog-
ical deficits, individuals homozygous for H63D HFE displayed a
trend toward accelerated conversion from MCI to AD (97).
Candore et al. (98) found neither a significant difference in
frequencies of H63D and C282Y HFE nor the effect of HFE
alleles on age at onset between sporadic AD and controls from
Northern Italy. Guerreiro et al. (99) included both AD and MCI
patients in their study and found that HFE alleles did not
contribute to the risk of developing AD or MCI. In addition,
they extended their study by conduction a meta-analysis of both
H63D and C282Y HFE in the 5 published studies of AD
(89,91,93,97,98). They found no significant association between

HFE variants and the development of AD (99). Blaquez et al.
(100) were reported the negative association between H63D
HFE and AD, suggesting the protective role of this variant in
AD, but they did not observe any difference between AD and
controls regarding C282Y HFE. Avila-Gomez et al. (101) found
that neither the allelic frequencies of H63D HFE mutations nor
their effect on age at onset differed between FAD patients with a
E280Amutation in presenilin-1 gene (PSEN-1) and nondemented
controls. Alizadeh et al. (102) reported no association of HFE
alleles with AD, although they did suggest thatH63Dhomozygotes
tended to have earlier age at onset compared with noncarriers.

Population differences in the frequencies of HFE alleles and
the interaction with environmental factors, age, gender, and/or
other genes may all attribute to these discordant findings regard-
ing the association of the HFE gene variants with complex
diseases like AD. Animal models involving mutations in the HFE
gene are required to further elucidate the association between
HFE gene variants and AD independent of environmental
conditions, which are significant confounding variables in
human studies. The effect of the gene-environmental interaction
on the neurological consequences of HFE gene variants and the
importance of animal models involving HFE mutations will be
discussed later in this review.

HFE and PD. Excess accumulation of iron in the substantia
nigra, detected by postmortem examination of brain tissues
from PD patients and MRI (103), is a consistent observation in
PD (10,17,82,104). Free iron promotes Parkin and a-synuclein
aggregation, thus enhancing the generation of Lewy-body, a
pathological hallmark of PD (10,17,104). Nielsen et al. (21)
reported the relationship between iron accumulation in the basal
ganglia and development of a Parkinsonian syndrome in a HH
patient. In addition, a recent case study reported on 4 patients
with concurrent HH and idiopathic PD, and the authors
suggested that increased iron levels in the basal ganglia could
be associated with symptoms of idiopathic PD (105). These
studies all suggest the involvement of iron in the pathophysiol-
ogy of PD, and the HFE gene mutations associated with iron
accumulation are genetic risk factors for PD.

TABLE 3 Studies showing no association between HFE mutations and AD

Participants, n Location AD,1 % Control, % Comments References

108: AD

110: Control

Spain H63D: 42.6

C282Y: 3.7

H63D: 34.5

C282Y: 3.6

Trend toward an increased frequencies of H63D variants in AD Lleo et al. (96)

123: AD

152: Control

Northern Italy H63D: 23.6

C282Y: 1.6

H63D: 19.5

C282Y: 0.7

HFE variants did not influence age at onset or the risk of AD Candore et al. (98)

213: AD

106: MCI

63: Control

Montreal, Canada H63D: 33

C282Y: 5

H63D: 34

C282Y: 10

Trend of an accelerated rate of MCI-to-AD conversion in

H63D homozygotes

Berlin et al. (97)

No effect on age at onset or diagnosis or onset

of cognitive symptoms

130: AD/MCI

115: Control

Coimbra, Portugal H63D: 34.6

C282Y: 4.6

H63D: 35.6

C282Y: 4.3

HFE genotypes did not contribute to age at onset or

the risk of AD. (Low ''n'' or genetic background)2
Guerreiro et al. (99)

105: AD

220: Control

Colombia H63D: 32.4

C282Y: 0

H63D: 29.6

C282Y: 0.45

H63D did not contribute to the risk or age at onset of FAD Avila-Gomez et al. (101)

268: AD

2079: Control

Rotterdam, The Netherlands Male

H63D: 32.0

C282Y: 6.9

Female

H63D: 23.9

C282Y: 8.7

Male

H63D: 28.6

C282Y: 11.5

Female

H63D: 26.5

C282Y: 13.0

Age at onset tended to be earlier in males homozygous

for H63D (no effect of HFE variants on the risk of AD)

Alizadeh et al. (102)

1 % represents the percentage of HFE mutations among AD patients and controls, respectively.
2 Comments in parentheses represent study methods that may explain results.
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The studies that have sought to identify a more direct link
between HFE mutations and PD have mixed results (Table 4).
Dekker et al. (106) determined the role of HFE mutations in PD
and Parkinsonism in 2 population-based series derived from
Rotterdam and southwestern Netherlands. They found an
increase in frequency of the C282Y variant in PD compared
with controls. Moreover, more patients with Parkinsonism were
carriers for the C282Y variant in both populations. The fre-
quency of the H63D variant did not differ between individuals
with PD and controls (106). A study in a Portuguese population
also found an increased frequency of C282Y carriers in PD, but
its presence did not affect age at onset (99). A study in Australia,
however, reported that the presence of the C282Y HFE was
protective against the development of PD (107).

Although this review is focused on the H63D and C282Y
HFE polymorphisms, a study by Borie et al. (108) found those 2
HFE variants were similar between PD and controls but that the
G258S transferrin polymorphism was present at a higher fre-
quency in PD patients. A group from Germany analyzed the
entire coding region of the HFE gene in PD patients (109). Prior
to the analysis of the HFE gene, patients in this study were
chosen not only by the clinical symptoms but also by trans-
cranial sonography examination for the subtantia nigra hyper-
echogenicity, which suggests increased iron levels. They identified
2 novel variants of the HFE gene in exon 2 and 4 (K92N and

I217T) present only in PD patients but no association of the 2
more common HFE variants, C282Yand H63D, with PD (109).
Similarly, the frequencies of the C282Y and H63D HFE genes
were not different between PD and controls in Norwegians (110)
nor in the population of the Faroe Islands, where the prevalence
of PD and HFE variants are higher than expected (111).
Biasiotto et al. (112) also reported that the HFE variants,
particularly the H63D allele, did not contribute to the develop-
ment and clinical features of PD in an Italian population.

Conflicting findings from the above studies concerning the
role of the HFE mutations in PD are most likely the result of an
interaction between genes and environmental factors such as
diet. It has previously been reported that high dietary intake of
iron was associated with risk for PD (113,114). Moreover, the
smaller sample size and an inappropriate control or patient sam-
ples may also contribute to divergent results of previous studies.
For example, a study in the French population (108) included a
large proportion of patients with positive family history of PD.
In patients with family history of PD, genes other than HFE may
have a stronger effect on the development of PD; therefore,
including patients with a positive family history of PD in a study
may underestimate the effect of the HFE mutations on PD.

HFE and ischemic stroke. Following ischemic-anoxic insult
and subsequent resuscitation, increased iron accumulation was

TABLE 4 Associations between HFE mutations and PD

Participants, n Location PD,2 % Control, % Comments References

216: PD

193: Control

Paris, France H63D: 36.4

C282Y: 5.0

H63D: 33.9

C282Y: 5.0

No association between HFE genotypes

and PD. (Large proportion of patients

in the study had positive family history of PD)3

Borie et al. (108),

438: PD

485: Control

Queensland, Australia C282Y: 10.7 C282Y: 16.5 Protective effect of C282Y in PD. (Controls

included patients' siblings)

Buchanan et al. (107),

137: PD

47: non-PD PS

2914: Control

60: PD

25: non-PD PS1

Rotterdam, The Netherlands PD

H63D: 26.3

C282Y: 10.9

Non-PD PS

H63D: 19.1

C282Y: 25.5

H63D: 26.7

C282Y: 11.9

Increased frequencies of C282Y homozygotes

in PD and increased C282Y carriers in non-PD PS

Dekker et al. (106)

2914: Control Southwest Netherlands PD

H63D: 26.7

C282Y: 10.0

Non-PD PS

H63D: 20.0

C282Y: 32.0

H63D: 26.7

C282Y: 11.9

Increased frequencies of C282Y carriers in non-PD PS

(Small samples for C282Y/C282Y in both studies)

132: PD

115: Control

Coimbra, Portugal H63D: 32.6

C282Y: 13.6

H63D: 35.6

C282Y: 4.3

Higher prevalence of C282Y carriers in PD patients Guerreiro et al. (99)

278: PD

280: Control

Germany H63D: 16.0

C282Y: 4.7

H63D: 14.1

C282Y: 5.8

Identified rare HFE variants (K92N and I217T) in PD

No association of C282Y and H63D with PD

Akbas et al. (109)

388: PD

505: Control

Central Norway H63D: 18.8

C282Y: 14.9

H63D: 21.6

C282Y: 15.2

No difference in HFE genotypes between PD and controls Amadt et al. (110)

475: PD

99: Control 1

152: Control 2

2100:Control 3

Milan, Italy H63D: 14.53

C282Y: 1.7

1: H63D: 13.13

C282Y: 2.0

2: H63D: 11.2

C282Y: 0.3

3: H63D: 13.3

C282Y: 1.6

HFE mutations did not influence the development

of the clinical features of PD

Biasiotto et al. (112)

79: PD

153: Control

Faroe Islands, Denmark H63D: 31.6

C282Y: 15.2

H63D: 28.1

C282Y: 18.3

No association between HFE genotypes and PD.

Cannot exclude weak association. (Small sample size)

Halling et al. (111)

1 Abbreviations: Non-PD PS, Parkinsonism.
2 % represents the percentage of HFE mutations among PD patients and controls, respectively.
3 Comments in parentheses represent study methods that may explain results.
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detected in the basal ganglia, thalami, and periventricular and
subcortical white matter by MRI (115). Also, a correlation
between iron concentration in the basal ganglia of acute
ischemic stroke patients detected by T2* MRI and stroke lesion
growth has been reported (47). The population-based study in
The Netherlands found a significant association between higher
serum ferritin concentrations, an indication of high body iron
stores, and increased risk for ischemic stroke in postmenopausal
women (116). Similarly, plasma and CSF ferritin levels were
higher in patients with progressive stroke compared with those
with stable stroke (117) and a high baseline serum ferritin level
was associated with the poor clinical outcome in patients with
acute ischemic stroke (118,119). In vivo studies also suggest that
brain ischemia disrupts the iron homeostasis system, resulting in
an excess iron deposition in the brain that contributes to lipid
peroxidation of the cell membrane and neuronal death (47). The
catalytic role of iron in the production of reactive hydroxyl
radical via a Fenton reaction may explain the link between iron
and ischemic stroke.

Because deregulation of iron homeostasis is associated with
neuronal damage following ischemic stroke and iron plays a role
in platelet activation, atherosclerosis, diabetes mellitus, and
hypercholesterolemia, which are predisposing factors to ische-
mic stroke (47), the HFE gene mutations associated with iron
overload could be expected to influence the risk of ischemic
stroke. However, the relationship between the HFE gene and
ischemic stroke has received little attention and studies
concerning the role of HFE variants in ischemic stroke are
inconclusive (Table 5).

Two prospective studies have reported the association be-
tween the HFE gene variants and stroke. The first study reported
an increased risk of cerebrovascular death in women who were
carriers for the C282Y HFE. The mortality rate for cerebrovas-
cular death in C282Y carriers was further increased by smoking
and hypertension (120). This finding suggests a potentially
critical connection between HFE gene mutations and other risk
factors of ischemic stroke, such as smoking and hypertension
(120,121). The HFE gene mutation may set up a permissive
milieu that lowers the threshold for risk factors associated with
diseases. The second study reported that homozygosity for
H63D HFE increased the risk of ischemic cerebrovascular
disease and ischemic stroke by 2- to 3-fold (122).

In contrast to the above studies, Njajou et al. (121) reported
that the C282Y and H63D HFE were not related to the risk of
stroke, although the presence of HFE mutations could modify
the relationship between stroke and its risk factors, such as
smoking and hypertension. A group from Sweden conducted the
prospective study in which the roles of both iron status and HFE
genotypes in ischemic stroke were simultaneously studied and

they found that neither the C282Yand H63DHFE nor high iron
stores influenced the risk of ischemic stroke (123). The associ-
ation of HFE mutations and ischemic stroke is still controversial
and further studies are needed to clarify whether HFE mutations
are genetic modifiers of other risk factors for the risk of ischemic
stroke.

Animal models

Although there is some evidence that HFE mutations are genetic
risk factors for ALS and AD, the role of the HFE mutations in
other neurodegenerative disorders such as PD and ischemic
stroke discussed in this review are still uncertain. Because the
HFE protein is involved in iron regulation, environmental
factors such as diet, alcohol, and phlebotomy treatment in the
case of HH can be expected to influence the neurological
consequences of HFE mutations (29,124). These gene-environ-
mental interactions may contribute to inconclusive findings from
previous human population studies concerning the relationship
between the HFE and neurodegenerative diseases. To evaluate
the neurological consequences of HFE mutations independent
of environmental risk factors that can influence the outcomes
of the human population studies, in vivo models are required
for study.

The mouse homolog for the human HFE gene has been
identified byHashimoto et al. (125) and it has;66% amino acid
sequence homology to the human HFE gene. An HFE knockout
mouse line was generated by Zhou et al. (126) to evaluate
whether the deficiency or loss of the function of HFE gene
product is an underlying mechanism for HH. Similar to the
biochemical abnormalities in HH patients, the HFE knockout
mice exhibited excessive hepatic iron concentrations and higher
transferrin saturation than the wild-type mice (126); brain iron
accumulation was not detected by histopathology in HFE
knockout mice (127). Tomatsu et al. (128) later generated the
HFE knockin mice, H67D (mouse homolog for H63D in
humans) and C294Y (mouse homolog for C282Y in humans).
The hepatic iron concentration in H67D and C294Y knockin
mice was higher than in the wild-type but lower than in HFE
knockout mice. Because the consequences of the HFE mutations
may result from gain of function of HFE mutations, in vivo
models carrying analogous HFE mutations are likely to be better
models for evaluating the neurological consequences of the HFE
mutations.

Understanding the role of the HFE mutations in neurode-
generative diseases has an important clinical implication. Be-
cause HFE mutations can influence iron level, inflammatory
response, and oxidative stress, individuals who carry HFE
mutations may have higher baseline stress, iron concentration,
and inflammation than individuals with wild-type HFE. Thus, it

TABLE 5 Associations between HFE mutations and ischemic stroke

Participants, n Location Stroke,2 % Control, % Comments References

79: Cardiovascular cases1

153: Control

Utrecht, The Netherlands C282Y: 10.7 C282Y: 7.7 Increased risk of cerebrovascular death

in female C282Y carriers

Roest et al. (120)

202: Stroke

2730: Control

Rotterdam, The Netherlands H63D: 31.2

C282Y: 14.1

H63D: 26.5

C282Y: 12.2

HFE mutations increased risk of stroke only when other

risk factors, smoking, or hypertension were present

Njajou et al. (121)

393: Stroke

8577: Control

Denmark H63D: 25.7

C282Y: 10.2

H63D: 23.6

C282Y: 10.9

Homozygosity for H63D predicts a 2- to 3-fold risk of

ischemic cerebrovascular diseases and ischemic stroke

Ellervik et al. (122)

231: Stroke

550: Control

Sweden H63D: 19.1

C282Y: 8.2

H63D: 18.9

C282Y: 8.9

No association between HFE mutations and the

risk of ischemic stroke

Ekblom et al. (123)

1 Cardiovascular diseases were defined by the International Classification of Diseases, Ninth Revision; ICD.
2 % represents the percentage of HFE mutations among stroke patients and controls, respectively.
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can be expected that the HFE genotype will influence responses
to antioxidants, metal chelators, and antiinflammatory treat-
ments. Therefore, stratification of patient populations by HFE
genotypes should be included when evaluating treatment
strategies. The HFE knockin mice may also prove useful in
testing how intervention strategies may be affected by HFE
genotypes.

Acknowledgments

Both authors wrote the paper and J.R.C. had primary respon-
sibility for final content. Both authors read and approved the
final manuscript.

Literature Cited

1. Wigglesworth JMBH. Iron dependent enzymes in the brain. In: Youdim
MB, editor. Brain iron: neurochemical and behavioural aspects. New
York: Taylor and Francis; 1988. p. 25–66.

2. Beard JL, Connor JR, Jones BC. Iron in the brain. Nutr Rev. 1993;51:
157–70.

3. Beard JL. Why iron deficiency is important in infant development.
J Nutr. 2008;138:2534–6.

4. Salvador GA. Iron in neuronal function and dysfunction. Biofactors.
2010;36:103–10.

5. Halliwell B. Reactive oxygen species and the central nervous system.
J Neurochem. 1992;59:1609–23.

6. Levenson CW, Tassabehji NM. Iron and ageing: an introduction to iron
regulatory mechanisms. Ageing Res Rev. 2004;3:251–63.

7. Johnstone D, Milward EA. Molecular genetic approaches to under-
standing the roles and regulation of iron in brain health and disease.
J Neurochem. 2010;113:1387–402.

8. Beutler E, Felitti V, Gelbart T, Ho N. Genetics of iron storage and
hemochromatosis. Drug Metab Dispos. 2001;29:495–9.

9. Connor JR, Lee SY. HFE mutations and Alzheimer’s disease. J Alzheimers
Dis. 2006;10:267–76.

10. Zecca L, Youdim MB, Riederer P, Connor JR, Crichton RR. Iron, brain
ageing and neurodegenerative disorders. Nat Rev Neurosci. 2004;5:
863–73.

11. Benarroch EE. Brain iron homeostasis and neurodegenerative disease.
Neurology. 2009;72:1436–40.

12. Hallgren B, Sourander P. The effect of age on the non-haemin iron in
the human brain. J Neurochem. 1958;3:41–51.

13. Aoki S, Okada Y, Nishimura K, Barkovich AJ, Kjos BO, Brasch RC,
Norman D. Normal deposition of brain iron in childhood and
adolescence: MR imaging at 1.5 T. Radiology. 1989;172:381–5.

14. Bartzokis G, Beckson M, Hance DB, Marx P, Foster JA, Marder SR.
MR evaluation of age-related increase of brain iron in young adult
and older normal males. Magn Reson Imaging. 1997;15:29–35.

15. Connor JR, Menzies SL. Cellular management of iron in the brain.
J Neurol Sci. 1995;134 Suppl:33–44.

16. Thompson KJ, Shoham S, Connor JR. Iron and neurodegenerative
disorders. Brain Res Bull. 2001;55:155–64.

17. Altamura S, Muckenthaler MU. Iron toxicity in diseases of aging:
Alzheimer’s disease, Parkinson’s disease and atherosclerosis. J Alzheimers
Dis. 2009;16:879–95.

18. Chen Q, Connor JR, Beard JL. Brain iron, transferrin and ferritin
concentrations are altered in developing iron-deficient rats. J Nutr.
1995;125:1529–35.

19. Sheldon JH. Hemochromatosis. London: Oxford University Press;
1935. p. 155–9.

20. Cammermyer J. Deposition of iron in paraventricular areas of the
human brain in hemochromatosis. J Neuropathol Exp Neurol. 1947;6:
111–27.

21. Nielsen JE, Jensen LN, Krabbe K. Hereditary haemochromatosis: a case
of iron accumulation in the basal ganglia associated with a parkinsonian
syndrome. J Neurol Neurosurg Psychiatry. 1995;59:318–21.

22. Berg D, Hoggenmuller U, Hofmann E, Fischer R, Kraus M, Scheurlen
M, Becker G. The basal ganglia in haemochromatosis. Neuroradiol-
ogy. 2000;42:9–13.

23. Rutgers MP, Pielen A, Gille M. Chronic cerebellar ataxia and
hereditary hemochromatosis: causal or coincidental association?
J Neurol. 2007;254:1296–7.

24. Connor JR, Milward EA, Moalem S, Sampietro M, Boyer P, Percy
ME, Vergani C, Scott RJ, Chorney M. Is hemochromatosis a risk
factor for Alzheimer’s disease? J Alzheimers Dis. 2001;3:471–7.

25. Ellervik C, Birgens H, Tybjaerg-Hansen A, Nordestgaard BG.
Hemochromatosis genotypes and risk of 31 disease endpoints: meta-
analyses including 66,000 cases and 226,000 controls. Hepatology.
2007;46:1071–80.

26. Simon M, Bourel M, Fauchet R, Genetet B. Association of HLA-A3 and
HLA-B14 antigens with idiopathic haemochromatosis. Gut. 1976;17:
332–4.

27. Feder JN, Gnirke A, Thomas W, Tsuchihashi Z, Ruddy DA, Basava A,
Dormishian F, Domingo R Jr, Ellis MC, et al. A novel MHC class
I-like gene is mutated in patients with hereditary haemochromatosis.
Nat Genet. 1996;13:399–408.

28. Merryweather-Clarke AT, Pointon JJ, Shearman JD, Robson KJ.
Global prevalence of putative haemochromatosis mutations. J Med
Genet. 1997;34:275–8.

29. Weiss G. Genetic mechanisms and modifying factors in hereditary
hemochromatosis. Nat Rev Gastroenterol Hepatol. 2010;7:50–8.

30. Alexander J, Kowdley KV. HFE-associated hereditary hemochroma-
tosis. Genet Med. 2009;11:307–13.

31. Allen KJ, Gurrin LC, Constantine CC, Osborne NJ, Delatycki MB,
Nicoll AJ, McLaren CE, Bahlo M, Nisselle AE, et al. Iron-overload-
related disease in HFE hereditary hemochromatosis. N Engl J Med.
2008;358:221–30.

32. Merryweather-Clarke AT, Pointon JJ, Jouanolle AM, Rochette J,
Robson KJ. Geography of HFE C282Y and H63D mutations. Genet
Test. 2000;4:183–98.

33. Lebron JA, Bennett MJ, Vaughn DE, Chirino AJ, Snow PM, Mintier
GA, Feder JN, Bjorkman PJ. Crystal structure of the hemochromatosis
protein HFE and characterization of its interaction with transferrin
receptor. Cell. 1998;93:111–23.

34. Bennett MJ, Lebron JA, Bjorkman PJ. Crystal structure of the
hereditary haemochromatosis protein HFE complexed with transfer-
rin receptor. Nature. 2000;403:46–53.

35. Bjorkman PJ, Parham P. Structure, function, and diversity of class I
major histocompatibility complex molecules. Annu Rev Biochem. 1990;
59:253–88.

36. Miyazaki J, Appella E, Ozato K. Intracellular transport blockade
caused by disruption of the disulfide bridge in the third external
domain of major histocompatibility complex class I antigen. Proc Natl
Acad Sci USA. 1986;83:757–61.

37. Feder JN, Tsuchihashi Z, Irrinki A, Lee VK, Mapa FA, Morikang E,
Prass CE, Starnes SM, Wolff RK, et al. The hemochromatosis founder
mutation in HLA-H disrupts beta2-microglobulin interaction and cell
surface expression. J Biol Chem. 1997;272:14025–8.

38. Waheed A, Parkkila S, Zhou XY, Tomatsu S, Tsuchihashi Z, Feder JN,
Schatzman RC, Britton RS, Bacon BR, et al. Hereditary hemochro-
matosis: effects of C282Y and H63D mutations on association with
beta2-microglobulin, intracellular processing, and cell surface expres-
sion of the HFE protein in COS-7 cells. Proc Natl Acad Sci USA.
1997;94:12384–9.

39. Feder JN, Penny DM, Irrinki A, Lee VK, Lebron JA, Watson N,
Tsuchihashi Z, Sigal E, Bjorkman PJ, et al. The hemochromatosis gene
product complexes with the transferrin receptor and lowers its affinity
for ligand binding. Proc Natl Acad Sci USA. 1998;95:1472–7.

40. Lebron JA, Bjorkman PJ. The transferrin receptor binding site on
HFE, the class I MHC-related protein mutated in hereditary hemo-
chromatosis. J Mol Biol. 1999;289:1109–18.

41. Lebron JA, West AP Jr, Bjorkman PJ. The hemochromatosis protein
HFE competes with transferrin for binding to the transferrin receptor.
J Mol Biol. 1999;294:239–45.

42. Roy CN, Custodio AO, de Graaf J, Schneider S, Akpan I, Montross
LK, Sanchez M, Gaudino A, Hentze MW, et al. An Hfe-dependent
pathway mediates hyposideremia in response to lipopolysaccharide-
induced inflammation in mice. Nat Genet. 2004;36:481–5.

43. Wang L, Johnson EE, Shi HN,WalkerWA,Wessling-ResnickM, Cherayil
BJ. Attenuated inflammatory responses in hemochromatosis reveal a role
for iron in the regulation of macrophage cytokine translation. J Immunol.
2008;181:2723–31.

HFE, iron, and neurodegenerative diseases 737S

 by guest on A
pril 6, 2012

jn.nutrition.org
D

ow
nloaded from

 

http://jn.nutrition.org/


44. Lee SY, Patton SM, Henderson RJ, Connor JR. Consequences of
expressing mutants of the hemochromatosis gene (HFE) into a human
neuronal cell line lacking endogenous HFE. FASEB J. 2007;21:
564–76.

45. Mitchell RM, Lee SY, Simmons Z, Connor JR. HFE polymorphisms
affect cellular glutamate regulation. Neurobiol Aging. Epub 2009 Jun 25.

46. Mitchell RM, Lee SY, Randazzo WT, Simmons Z, Connor JR. Influence
of HFE variants and cellular iron on monocyte chemoattractant
protein-1. J Neuroinflammation. 2009;6:6.

47. Selim MH, Ratan RR. The role of iron neurotoxicity in ischemic
stroke. Ageing Res Rev. 2004;3:345–53.

48. Bastin JM, Jones M, O’Callaghan CA, Schimanski L, Mason DY,
Townsend AR. Kupffer cell staining by an HFE-specific monoclonal
antibody: implications for hereditary haemochromatosis. Br J Haematol.
1998;103:931–41.

49. Bulaj ZJ, Griffen LM, Jorde LB, Edwards CQ, Kushner JP. Clinical
and biochemical abnormalities in people heterozygous for hemochro-
matosis. N Engl J Med. 1996;335:1799–805.

50. Burt MJ, George PM, Upton JD, Collett JA, Frampton CM, Chapman
TM, Walmsley TA, Chapman BA. The significance of haemochroma-
tosis gene mutations in the general population: implications for
screening. Gut. 1998;43:830–6.

51. Datz C, Haas T, Rinner H, Sandhofer F, Patsch W, Paulweber B.
Heterozygosity for the C282Y mutation in the hemochromatosis gene
is associated with increased serum iron, transferrin saturation, and
hemoglobin in young women: a protective role against iron defi-
ciency? Clin Chem. 1998;44:2429–32.

52. Bartzokis G, Lu PH, Tishler TA, Peters DG, Kosenko A, Barrall KA,
Finn JP, Villablanca P, Laub G, et al. Prevalent iron metabolism gene
variants associated with increased brain ferritin iron in healthy older
men. J Alzheimers Dis. 2010;20:333–41.

53. Oba H, Araki T, Ohtomo K, Monzawa S, Uchiyama G, Koizumi K,
Nogata Y, Kachi K, Shiozawa Z, et al. Amyotrophic lateral sclerosis: T2
shortening in motor cortex at MR imaging. Radiology. 1993;189:843–6.

54. Kasarskis EJ, Tandon L, Lovell MA, Ehmann WD. Aluminum,
calcium, and iron in the spinal cord of patients with sporadic
amyotrophic lateral sclerosis using laser microprobe mass spectros-
copy: a preliminary study. J Neurol Sci. 1995;130:203–8.

55. Loeffler DA, Connor JR, Juneau PL, Snyder BS, Kanaley L, DeMaggio
AJ, Nguyen H, Brickman CM, LeWitt PA. Transferrin and iron in
normal, Alzheimer’s disease, and Parkinson’s disease brain regions.
J Neurochem. 1995;65:710–24.

56. Barber SC, Mead RJ, Shaw PJ. Oxidative stress in ALS: a mechanism
of neurodegeneration and a therapeutic target. Biochim Biophys Acta.
2006;1762:1051–67.

57. Wang XS, Lee S, Simmons Z, Boyer P, Scott K, Liu W, Connor J.
Increased incidence of the Hfe mutation in amyotrophic lateral sclerosis
and related cellular consequences. J Neurol Sci. 2004;227:27–33.

58. Cudkowicz ME, McKenna-Yasek D, Sapp PE, Chin W, Geller B,
Hayden DL, Schoenfeld DA, Hosler BA, Horvitz HR, et al. Epide-
miology of mutations in superoxide dismutase in amyotrophic lateral
sclerosis. Ann Neurol. 1997;41:210–21.

59. Goodall EF, Greenway MJ, van Marion I, Carroll CB, Hardiman O,
Morrison KE. Association of the H63D polymorphism in the hemo-
chromatosis gene with sporadic ALS. Neurology. 2005;65:934–7.

60. Restagno G, Lombardo F, Ghiglione P, Calvo A, Cocco E, Sbaiz L,
Mutani R, Chio A. HFE H63D polymorphism is increased in patients
with amyotrophic lateral sclerosis of Italian origin. J Neurol Neuro-
surg Psychiatry. 2007;78:327.

61. Sutedja NA, Sinke RJ, Van Vught PW, Van der Linden MW, Wokke
JH, Van Duijn CM, Njajou OT, Van der Schouw YT, Veldink JH, et al.
The association between H63D mutations in HFE and amyotrophic
lateral sclerosis in a Dutch population. Arch Neurol. 2007;64:63–7.

62. He X, Lu X, Hu J, Xi J, Zhou D, Shang H, Liu L, Zhou H, Yan B,
et al. H63D polymorphism in the hemochromatosis gene is associated
with sporadic amyotrophic lateral sclerosis in China. Eur J Neurol.
Epub 2010 Jul 19.

63. Yen AA, Simpson EP, Henkel JS, Beers DR, Appel SH. HFE mutations
are not strongly associated with sporadic ALS. Neurology. 2004;62:
1611–2.

64. Yasui M, Ota K, Garruto RM. Concentrations of zinc and iron in the
brains of Guamanian patients with amyotrophic lateral sclerosis and
parkinsonism-dementia. Neurotoxicology. 1993;14:445–50.

65. Markesbery WR, Ehmann WD, Candy JM, Ince PG, Shaw PJ, Tandon
L, Deibel MA. Neutron activation analysis of trace elements in motor
neuron disease spinal cord. Neurodegeneration. 1995;4:383–90.

66. Jeong SY, Rathore KI, Schulz K, Ponka P, Arosio P, David S.
Dysregulation of iron homeostasis in the CNS contributes to disease
progression in a mouse model of amyotrophic lateral sclerosis.
J Neurosci. 2009;29:610–9.

67. Goodall EF, Haque MS, Morrison KE. Increased serum ferritin levels
in amyotrophic lateral sclerosis (ALS) patients. J Neurol. 2008;255:
1652–6.

68. Mitchell RM, Simmons Z, Beard JL, Stephens HE, Connor JR. Plasma
biomarkers associated with ALS and their relationship to iron homeostasis.
Muscle Nerve. 2010;42:95–103.

69. Wijesekera LC, Leigh PN. Amyotrophic lateral sclerosis. Orphanet J
Rare Dis. 2009;4:3.

70. Rothstein JD. Current hypotheses for the underlying biology of
amyotrophic lateral sclerosis. Ann Neurol. 2009;65 Suppl 1:S3–9.

71. Hall EC II, Lee SY, Mairuae N, Simmons Z, Connor JR. Expression of
the HFE allelic variant H63D in SH-SY5Y cells affects tau phospho-
rylation at serine residues. Neurobiol Aging. Epub 2009 Sep 21.

72. Desport JC, Preux PM, Truong CT, Courat L, Vallat JM, Couratier P.
Nutritional assessment and survival in ALS patients. Amyotroph
Lateral Scler Other Motor Neuron Disord. 2000;1:91–6.

73. Molfino A, Kushta I, Tommasi V, Rossi Fanelli F, Muscaritoli M.
Amyotrophic lateral sclerosis, enteral nutrition and the risk of iron
overload. J Neurol. 2009;256:1015–6.

74. Gordon PH, Moore DH, Miller RG, Florence JM, Verheijde JL,
Doorish C, Hilton JF, Spitalny GM, MacArthur RB, et al. Efficacy of
minocycline in patients with amyotrophic lateral sclerosis: a phase III
randomised trial. Lancet Neurol. 2007;6:1045–53.

75. Van Den Bosch L, Tilkin P, Lemmens G, Robberecht W. Minocycline
delays disease onset and mortality in a transgenic model of ALS.
Neuroreport. 2002;13:1067–70.

76. Kriz J, Nguyen MD, Julien JP. Minocycline slows disease progression
in a mouse model of amyotrophic lateral sclerosis. Neurobiol Dis.
2002;10:268–78.

77. Zhu S, Stavrovskaya IG, Drozda M, Kim BY, Ona V, Li M, Sarang S,
Liu AS, Hartley DM, et al. Minocycline inhibits cytochrome c release
and delays progression of amyotrophic lateral sclerosis in mice. Nature.
2002;417:74–8.

78. Zhang W, Narayanan M, Friedlander RM. Additive neuroprotective
effects of minocycline with creatine in a mouse model of ALS. Ann
Neurol. 2003;53:267–70.

79. Smith MA, Sayre LM, Vitek MP, Monnier VM, Perry G. Early ageing
and Alzheimer’s. Nature. 1995;374:316.

80. Mattson MP, Carney JW, Butterfield DA. A tombstone in Alzheimer’s?
Nature. 1995;373:481.

81. Smith MA, Zhu X, TabatonM, Liu G, McKeel DW Jr, CohenML,Wang
X, Siedlak SL, Dwyer BE, et al. Increased iron and free radical genera-
tion in preclinical Alzheimer disease and mild cognitive impairment.
J Alzheimers Dis. 2010;19:363–72.

82. Rivera-Mancia S, Perez-Neri I, Rios C, Tristan-Lopez L, Rivera-
Espinosa L, Montes S. The transition metals copper and iron in
neurodegenerative diseases. Chem Biol Interact. 2010;186:184–99.

83. Bodovitz S, Falduto MT, Frail DE, Klein WL. Iron levels modulate
alpha-secretase cleavage of amyloid precursor protein. J Neurochem.
1995;64:307–15.

84. Rottkamp CA, Raina AK, Zhu X, Gaier E, Bush AI, Atwood CS,
Chevion M, Perry G, Smith MA. Redox-active iron mediates amyloid-
beta toxicity. Free Radic Biol Med. 2001;30:447–50.

85. Rogers JT, Randall JD, Cahill CM, Eder PS, Huang X, Gunshin H,
Leiter L, McPhee J, Sarang SS, et al. An iron-responsive element type
II in the 59-untranslated region of the Alzheimer’s amyloid precursor
protein transcript. J Biol Chem. 2002;277:45518–28.

86. Cho HH, Cahill CM, Vanderburg CR, Scherzer CR, Wang B, Huang
X, Rogers JT. Selective translational control of the Alzheimer amyloid
precursor protein transcript by iron regulatory protein-1. J Biol Chem.
2010;285:31217–32.

87. Lee SY, Connor JR. Regulation of Hfe by stress factors in BV-2 cells.
Neurobiol Aging. 2005;26:803–12.

88. Hall EC II, Lee SY, Simmons Z, Neely EB, Nandar W, Connor JR.
Prolyl-peptidyl isomerase, Pin1, phosphorylation is compromised in

738S Supplement

 by guest on A
pril 6, 2012

jn.nutrition.org
D

ow
nloaded from

 

http://jn.nutrition.org/


association with the expression of the HFE polymorphic allele, H63D.
Biochim Biophys Acta. 2010;1802:389–95.

89. Moalem S, PercyME, Andrews DF, Kruck TP,Wong S, Dalton AJ, Mehta
P, Fedor B, Warren AC. Are hereditary hemochromatosis mutations
involved in Alzheimer disease? Am J Med Genet. 2000;93:58–66.

90. Percy M, Moalem S, Garcia A, Somerville MJ, Hicks M, Andrews D,
Azad A, Schwarz P, Beheshti Zavareh R, et al. Involvement of ApoE
E4 and H63D in sporadic Alzheimer’s disease in a folate-supplemented
Ontario population. J Alzheimers Dis. 2008;14:69–84.

91. Robson KJ, Lehmann DJ, Wimhurst VL, Livesey KJ, Combrinck M,
Merryweather-Clarke AT, Warden DR, Smith AD. Synergy between
the C2 allele of transferrin and the C282Y allele of the haemochro-
matosis gene (HFE) as risk factors for developing Alzheimer’s disease.
J Med Genet. 2004;41:261–5.

92. Pulliam JF, Jennings CD, Kryscio RJ, Davis DG, Wilson D, Montine
TJ, Schmitt FA, Markesbery WR. Association of HFE mutations with
neurodegeneration and oxidative stress in Alzheimer’s disease and
correlation with APOE. Am J Med Genet B Neuropsychiatr Genet.
2003;119B:48–53.

93. Sampietro M, Caputo L, Casatta A,Meregalli M, Pellagatti A, Tagliabue
J, Annoni G, Vergani C. The hemochromatosis gene affects the age of
onset of sporadic Alzheimer’s disease. Neurobiol Aging. 2001;22:563–8.

94. Combarros O, Garcia-Roman M, Fontalba A, Fernandez-Luna JL,
Llorca J, Infante J, Berciano J. Interaction of the H63D mutation in
the hemochromatosis gene with the apolipoprotein E epsilon 4 allele
modulates age at onset of Alzheimer’s disease. Dement Geriatr Cogn
Disord. 2003;15:151–4.

95. Correia AP, Pinto JP, Dias V, Mascarenhas C, Almeida S, Porto G.
CAT53 and HFE alleles in Alzheimer’s disease: a putative protective
role of the C282Y HFE mutation. Neurosci Lett. 2009;457:129–32.

96. Lleo A, Blesa R, Angelopoulos C, Pastor-Rubio P, Villa M, Oliva R, Bufill
E. Transferrin C2 allele, haemochromatosis gene mutations, and risk for
Alzheimer’s disease. J Neurol Neurosurg Psychiatry. 2002;72:820–1.

97. Berlin D, Chong G, Chertkow H, Bergman H, Phillips NA, Schipper
HM. Evaluation of HFE (hemochromatosis) mutations as genetic
modifiers in sporadic AD and MCI. Neurobiol Aging. 2004;25:465–74.

98. Candore G, Licastro F, Chiappelli M, Franceschi C, Lio D, Rita
Balistreri C, Piazza G, Colonna-Romano G, Grimaldi LM, et al.
Association between the HFE mutations and unsuccessful ageing: a
study in Alzheimer’s disease patients from Northern Italy. Mech
Ageing Dev. 2003;124:525–8.

99. Guerreiro RJ, Bras JM, Santana I, Januario C, Santiago B,
Morgadinho AS, Ribeiro MH, Hardy J, Singleton A, et al. Association
of HFE common mutations with Parkinson’s disease, Alzheimer’s
disease and mild cognitive impairment in a Portuguese cohort. BMC
Neurol. 2006;6:24.

100. Blazquez L, De Juan D, Ruiz-Martinez J, Emparanza JI, Saenz A,
Otaegui D, Sistiaga A, Martinez-Lage P, Lamet I, et al. Genes related
to iron metabolism and susceptibility to Alzheimer’s disease in
Basque population. Neurobiol Aging. 2007;28:1941–3.

101. Avila-Gomez IC, Jimenez-Del-Rio M, Lopera-Restrepo F, Velez-
Pardo C. Association between HFE 187 C.G (H63D) mutation and
early-onset familial Alzheimer’s disease PSEN-1 839A.C (E280A)
mutation. Ann Hematol. 2008;87:671–3.

102. Alizadeh BZ, Njajou OT, Millan MR, Hofman A, Breteler MM, van
Duijn CM. HFE variants, APOE and Alzheimer’s disease: findings
from the population-based Rotterdam study. Neurobiol Aging. 2009;
30:330–2.

103. Gorell JM, Ordidge RJ, Brown GG, Deniau JC, Buderer NM,
Helpern JA. Increased iron-related MRI contrast in the substantia
nigra in Parkinson’s disease. Neurology. 1995;45:1138–43.

104. Snyder AM, Connor JR. Iron, the substantia nigra and related
neurological disorders. Biochim Biophys Acta. 2009;1790:606–14.

105. Costello DJ, Walsh SL, Harrington HJ, Walsh CH. Concurrent
hereditary haemochromatosis and idiopathic Parkinson’s disease: a
case report series. J Neurol Neurosurg Psychiatry. 2004;75:631–3.

106. Dekker MC, Giesbergen PC, Njajou OT, van Swieten JC, Hofman A,
Breteler MM, van Duijn CM. Mutations in the hemochromatosis
gene (HFE), Parkinson’s disease and parkinsonism. Neurosci Lett.
2003;348:117–9.

107. Buchanan DD, Silburn PA, Chalk JB, Le Couteur DG, Mellick GD.
The Cys282Tyr polymorphism in the HFE gene in Australian
Parkinson’s disease patients. Neurosci Lett. 2002;327:91–4.

108. Borie C, Gasparini F, Verpillat P, Bonnet AM, Agid Y, Hetet G, Brice
A, Durr A, Grandchamp B. Association study between iron-related
genes polymorphisms and Parkinson’s disease. J Neurol. 2002;249:
801–4.

109. Akbas N, Hochstrasser H, Deplazes J, Tomiuk J, Bauer P, Walter U,
Behnke S, Riess O, Berg D. Screening for mutations of the HFE gene
in Parkinson’s disease patients with hyperechogenicity of the
substantia nigra. Neurosci Lett. 2006;407:16–9.

110. Aamodt AH, Stovner LJ, Thorstensen K, Lydersen S, White LR,
Aasly JO. Prevalence of haemochromatosis gene mutations in
Parkinson’s disease. J Neurol Neurosurg Psychiatry. 2007;78:315–7.

111. Halling J, Petersen MS, Grandjean P, Weihe P, Brosen K. Genetic
predisposition to Parkinson’s disease: CYP2D6 and HFE in the Faroe
Islands. Pharmacogenet Genomics. 2008;18:209–12.

112. Biasiotto G, Goldwurm S, Finazzi D, Tunesi S, Zecchinelli A, Sironi
F, Pezzoli G, Arosio P. HFE gene mutations in a population of Italian
Parkinson’s disease patients. Parkinsonism Relat Disord. 2008;14:
426–30.

113. Johnson CC, Gorell JM, Rybicki BA, Sanders K, Peterson EL. Adult
nutrient intake as a risk factor for Parkinson’s disease. Int J
Epidemiol. 1999;28:1102–9.

114. Powers KM, Smith-Weller T, Franklin GM, Longstreth WT Jr,
Swanson PD, Checkoway H. Parkinson’s disease risks associated
with dietary iron, manganese, and other nutrient intakes. Neurology.
2003;60:1761–6.

115. Dietrich RB, Bradley WG Jr. Iron accumulation in the basal ganglia
following severe ischemic-anoxic insults in children. Radiology.
1988;168:203–6.

116. van der AD, Grobbee DE, Roest M, Marx JJ, Voorbij HA, van der
Schouw YT. Serum ferritin is a risk factor for stroke in postmen-
opausal women. Stroke. 2005;36:1637–41.

117. Davalos A, Castillo J, Marrugat J, Fernandez-Real JM, Armengou A,
Cacabelos P, Rama R. Body iron stores and early neurologic deterio-
ration in acute cerebral infarction. Neurology. 2000;54:1568–74.

118. Davalos A, Fernandez-Real JM, Ricart W, Soler S, Molins A, Planas
E, Genis D. Iron-related damage in acute ischemic stroke. Stroke.
1994;25:1543–6.

119. Millan M, Sobrino T, Castellanos M, Nombela F, Arenillas JF, Riva
E, Cristobo I, Garcia MM, Vivancos J, et al. Increased body iron
stores are associated with poor outcome after thrombolytic treat-
ment in acute stroke. Stroke. 2007;38:90–5.

120. Roest M, van der Schouw YT, de Valk B, Marx JJ, Tempelman MJ,
de Groot PG, Sixma JJ, Banga JD. Heterozygosity for a hereditary
hemochromatosis gene is associated with cardiovascular death in
women. Circulation. 1999;100:1268–73.

121. Njajou OT, Hollander M, Koudstaal PJ, Hofman A, Witteman JC,
Breteler MM, van Duijn CM. Mutations in the hemochromatosis
gene (HFE) and stroke. Stroke. 2002;33:2363–6.

122. Ellervik C, Tybjaerg-Hansen A, Appleyard M, Sillesen H, Boysen G,
Nordestgaard BG. Hereditary hemochromatosis genotypes and risk
of ischemic stroke. Neurology. 2007;68:1025–31.

123. Ekblom K, Hultdin J, Stegmayr B, Johansson I, Van Guelpen B,
Hallmans G, Weinehall L, Johansson L, Wiklund PG, et al. Iron
stores and HFE genotypes are not related to increased risk of
ischemic stroke. A prospective nested case-referent study. Cerebro-
vasc Dis. 2007;24:405–11.

124. Deugnier Y, Mosser J. Modifying factors of the HFE hemochro-
matosis phenotype. Expert Rev Gastroenterol Hepatol. 2008;2:
531–40.

125. Hashimoto K, Hirai M, Kurosawa Y. Identification of a mouse
homolog for the human hereditary haemochromatosis candidate
gene. Biochem Biophys Res Commun. 1997;230:35–9.

126. Zhou XY, Tomatsu S, Fleming RE, Parkkila S, Waheed A, Jiang J, Fei
Y, Brunt EM, Ruddy DA, et al. HFE gene knockout produces mouse
model of hereditary hemochromatosis. Proc Natl Acad Sci USA.
1998;95:2492–7.

127. Golub MS, Germann SL, Araiza RS, Reader JR, Griffey SM, Lloyd
KC. Movement disorders in the Hfe knockout mouse. Nutr Neurosci.
2005;8:239–44.

128. Tomatsu S, Orii KO, Fleming RE, Holden CC, Waheed A, Britton
RS, Gutierrez MA, Velez-Castrillon S, Bacon BR, et al. Contribution
of the H63D mutation in HFE to murine hereditary hemochroma-
tosis. Proc Natl Acad Sci USA. 2003;100:15788–93.

HFE, iron, and neurodegenerative diseases 739S

 by guest on A
pril 6, 2012

jn.nutrition.org
D

ow
nloaded from

 

http://jn.nutrition.org/

