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Pathologic features of Parkinson's disease (PD) include death of dopaminergic neurons in the substantia nigra,
presence of α-synuclein containing Lewy bodies, and iron accumulation in PD-related brain regions. The
observed iron accumulation may be contributing to PD etiology but it also may be a byproduct of cell death or
cellular dysfunction. To elucidate the possible role of iron accumulation in PD, we investigated genetic variation
in 16 genes related to iron homeostasis in three case–control studies from the United States, Australia, and
France. After screening 90 haplotype tagging single nucleotide polymorphisms (SNPs) within the genes
of interest in the US study population, we investigated the five most promising gene regions in two addi-
tional independent case–control studies. For the pooled data set (1289 cases, 1391 controls) we observed a
protective association (OR=0.83, 95% CI: 0.71–0.96) between PD and a haplotype composed of the A allele
at rs1880669 and the T allele at rs1049296 in transferrin (TF; GeneID: 7018). Additionally, we observed a
suggestive protective association (OR = 0.87, 95% CI: 0.74-1.02) between PD and a haplotype composed
of the G allele at rs10247962 and the A allele at rs4434553 in transferrin receptor 2 (TFR2; GeneID:
7036). We observed no associations in our pooled sample for haplotypes in SLC40A1, CYB561, or HFE.
Taken together with previous findings in model systems, our results suggest that TF or a TF-TFR2 complex
may have a role in the etiology of PD, possibly through iron misregulation or mitochondrial dysfunction
within dopaminergic neurons.

© 2013 Elsevier Inc. All rights reserved.
s).
ect.com).

ghts reserved.
Introduction

Brain iron accumulation, beyond that seen in age-matched controls,
is frequently observed in Parkinson's disease (PD) affected brains
(reviewed in (Gerlach et al., 2006)). Histochemical comparisons of post-
mortem brain tissue have found increased levels of iron deposits in the
substantia nigra (SN) of Parkinsonian brains (Dexter et al., 1987; Sofic
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et al., 1991) and specifically in neurons of the SN (Oakley et al., 2007).
These pathologic findings are further supported bymagnetic resonance
imaging (Bartzokis et al., 1999; Gorell et al., 1995; Martin et al., 2008;
Michaeli et al., 2007) and transcranial ultrasound (Becker et al., 1995;
Mehnert et al., 2010; Walter et al., 2002) studies that observed iron
deposits in the SN in living idiopathic PD patients.

It is debatablewhether this accumulation of iron is a cause, co-factor,
or consequence of the dopaminergic (DA) cell death in PD. Iron is a very
potent oxidation–reduction agent that can create oxidative stress in
cells and prior work suggests that neurons may be more sensitive to
alterations in iron (LaVaute et al., 2001; Moos et al., 1998) than other
cell types in the brain. Iron is also hypothesized to aggravate some key
pathogenic processes related to PD including alpha-synuclein fibril
formation (Olivares et al., 2009; Uversky et al., 2001) andmitochondrial
dysfunction (Horowitz and Greenamyre, 2010; Lin et al., 2001). Finally,
iron may simply be a remnant of neuronal cell death (He et al., 2003).

Animalmodels provide some potential insight. Genetic knockouts of
some iron-related genes, when not lethal, produce altered brain iron
levels (LaVaute et al., 2001; Moos and Morgan, 2004; Patel et al.,
2002). Iron administration to unaltered animals has resulted in brain
iron accumulation (Sengstock et al., 1993) or iron accumulation with
a decrease in dopamine levels (Sziraki et al., 1998; Wesemann et al.,
1994). Iron feeding studies in animals have also observed decreased
dopamine levels with a large excess of dietary iron (Kaur et al., 2007)
and with iron in combination with toxins (Levenson et al., 2004; Peng
et al., 2007). These observations suggest that iron is either a cause or a
co-factor, not a consequence, of dopaminergic cells damage, possibly
due to the role iron plays in the synthesis of tyrosine hydroxylase
(Snyder and Connor, 2009). Therefore, we hypothesize that small
imbalances in ferrous or ferric brain iron contribute to one or more of
the pathogenic processes contributing to neurodegeneration in PD
and propose to investigate this hypothesis by evaluating the associa-
tions between PD and iron-related genes.

To date, epidemiologic studies investigating associations between
occupational or dietary iron exposure and PD have been unpersuasive,
and the few reports of iron-related genes and PD have been predomi-
nantly in small studies, investigating rare exonic SNPs, and inconclusive
(reviewed in (Rhodes and Ritz, 2008)). Nevertheless, studies in experi-
mentalmodels of PD support a role for iron in the etiology or progression
of PD (e.g. (Ben-Shachar and Youdim, 1991; Fredriksson et al., 2001;
Kaur et al., 2003)). To facilitate the investigation of the iron-PD hypoth-
esis, we pooled data from three independent case–control studies: one
each from the United States (US), Australia (AU), and France (FR). All
studies were designed for the investigation of genetic variation; the
US and FR studies were also designed to investigate the influence of
pesticide exposure on PD etiology and, therefore, include subjects
with an increased likelihood of exposure to pesticides. In this report,
we present the results from our two-phase study of promoter region,
intronic, and exonic SNPs specifically selected to span each of 16 iron-
related candidate genes and their associations with PD in a pooled
sample of 1286 idiopathic PD cases and 1391 controls.

Methods

For our two-phase design we screened a larger number of genetic
variants in an initial study, the US Study described below, followed by
genotyping of selected variants in two additional studies based on
findings from the initial study. All three studies (Supplemental Table 1)
were pooled for the final analysis.

Studies and subjects

US Study
The Parkinson's Environment and Genes (PEG) Study enrolled

incident PD patients withmovement disorder specialist confirmed idio-
pathic PD and population-based controls between 2001 and 2007 from
three counties in the highly agricultural central California valley of the
United States. The recruitment strategy and case definition criteria
have been described in detail elsewhere (Costello et al., 2009; Jacob
et al., 2010). Participants provided either a blood or saliva sample and
DNA was extracted by standard methods. This study was approved by
the UCLA Institutional Review Board. At the time of this investigation,
the US Study had enrolled a total of 373 PD cases, but reclassified 13 PD
cases as not idiopathic PD during a follow-up study (Ritz et al., 2012),
resulting in a total of 360 idiopathic PD cases and 403 population-based
controls available for this investigation.
AU Study
The Australian case–control sample is a subset of the larger

Queensland Parkinson's Project (QPP) Cohort of over 4000 commu-
nity dwelling individuals recruited to participate in research into
Parkinsonism and related disorders. The recruitment strategy and
inclusion criteria are detailed elsewhere (Sutherland et al., 2009). Only
Caucasian subjectswere included in the study. Patientswith PDmeeting
standard criteria (Gelb et al., 1999)were recruited from two private and
two public movement disorder clinics in Brisbane, Australia. Control
subjects consisted of unaffected electoral roll volunteers, patient spouses,
and community-dwelling unaffected volunteers collected from com-
munity groups and patient neighborhoods. Participants provided
blood samples and genomic DNA was extracted according to standard
methods. The study was approved by human research ethics commit-
tees at the Princess Alexandra Hospital, University of Queensland,
Royal Brisbane and Women's Hospital and Griffith University. At the
time of this investigation, the AU Study had enrolled 1035 PD cases
and 774 controls.
FR Study
This French population-based case–control study was conducted

among subjects enrolled in the Mutualité Sociale Agricole (MSA), the
organization responsible for the reimbursement of health-related
expenses to workers in agriculture and has been described previously
(Dutheil et al., 2010; Elbaz et al., 2004, 2009). Patients in 62 French
districts fulfilling standard criteria (Bower et al., 1999), applying for
free health care for PD for the first time between February 1998 and
August 1999, and aged 18–75 years old were enrolled in the study.
Population-based controls were recruited among all the MSA affiliates
who requested reimbursement of health expenses between February
1998 and February 2000. A maximum of three controls was matched
to each case on age (±2years), sex, and region of residency. Participants
provided blood samples and genomic DNA was extracted from periph-
eral blood leukocytes. The research protocol was approved by the ethics
committee of Hôpital du Kremlin-Bicêtre, and all subjects signed an
informed consent. At the time of this investigation, the FR Study had
enrolled a total of 209 PD cases and 501 population-based controls.
Selection of genes and SNPs

Candidate genes were selected based on (i) prior reports in studies
of PD, (ii) reported associations from iron-related disorders, and
(iii) biologic support for a role in brain iron homeostasis. Genes were
selected prior to publication of the genome-wide association studies
(GWAS) so certain new candidate genes for iron metabolism
(e.g. TMPRSS6 (Tanaka et al., 2010)) were not investigated. The 16
selected genes and their role in iron homeostasis are listed in Table 1.
Candidate SNPswere selected from the literature andhaplotype tagging
SNPs sufficient to capture themajority of genetic variation in each gene
were selected using Haploview (Barrett et al., 2005). Some candidate
SNPs, e.g. H63D in HFE, were not available on the platform used for
the initial phase of genotyping and therefore were not investigated. In
total 90 SNPs in 16 genes were genotyped in the US Study.



Table 1
Iron-related genes investigated.

Gene_id Location Symbol Gene name

391059 1p21.2 FRRS1 Ferric-chelate reductase 1 function:
ferric reductase

148738 1q21.1 HFE2 Hemochromatosis type 2 function:
hepcidin regulation

30061 2q32 SLC40A1 Solute carrier family 40, member 1 function:
iron export from cells

4057 3p21.31 LTF Lactotransferrin function:
iron binding and transport

7018 3q22.1 TF Transferrin function: iron binding and transport
1356 3q23-q25 CP Ceruloplasmin function:

peroxidation of Fe2+ transferrin to
Fe3+ transferrin

7037 3q29 TFRC Transferrin receptor function:
transferrin endocytosis and recycling

94033 5q21.3 FTMT Mitochondrial ferritin function:
iron binding and oxidation

3077 6p21.3 HFE Hemochromatosis function:
regulate iron absorption

7036 7q22 TFR2 Transferrin receptor 2 function:
mediates cellular uptake of transferrin-
bound iron

4891 12q13 SLC11A2 Solute carrier family 11, member 2 function:
iron absorption and transport of divalent
metals

3658 15q25.1 IREB2 Iron-responsive element binding protein 2
function: protein regulation via
iron-responsive elements

1534 17q23.3 CYB561 Cytochrome b561 function: ferric reductase
2235 18q21.3 FECH Ferrochelatase function:

catalyze the insertion of iron into heme
57817 19q13.1 HAMP Hepcidin antimicrobial peptide function:

regulation of iron storage
9843 Xq11-q12 HEPH Hephaestin function: iron transport
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Genotyping methods

Phase 1, US Study
Of the 360 PD cases and 403 population-based controls in the US

Study, we genotyped 356 cases and 375 controls with available DNA
for 90 SNPs using the Illumina Goldengate assay. In total 6 of 90 SNPs
failed genotyping or were homozygous in the population: rs2075674
and rs7786877 in TFR2, rs11709714 in CP, rs1535921 in HFE2, and
rs4428180 in TF failed genotyping and rs2858996 in HFE was homozy-
gous in the US Study population. Therefore, we evaluated 84 SNPs
across 15 of 16 genes (only one SNP was genotyped in HFE2 and that
SNP failed) in this first phase. We limited the first phase analyses to
those subjects with a genotyping success rate of at least 90% resulting
in 347 cases and 360 controls contributing to this investigation.

Phase 2, AU and FR studies
We genotyped 20 SNPs in 1035 cases and 774 controls from the AU

Study and genotyped 17 SNPs in 209 cases and 501 controls from the FR
Study selected based on results from phase 1. Discrepancies in the
number of tagSNPs genotypedwere due to budget limitations requiring
priority given to different candidate genes by the respective Principle
Investigators. Genotyping was performed using the Sequenom iPLEX
platform (AU Study) and the Illumina Goldengate assay (FR Study). We
limited the second phase analyses to those subjects with a genotyping
success rate of at least 96% resulting in 739 cases and 538 controls
from the AU Study and 203 cases and 493 controls from the FR Study
contributing to this investigation.

Statistical methods

The84 SNPs genotyped in theUS study that passedquality assessment
were screened for differences in allele frequency between case and con-
trols. These 84 SNPswithin 15 genes captured the genetic variation across
31 regions or haplotype blocks (Crawford and Nickerson, 2005; Daly
et al., 2001; Wall and Pritchard, 2003). The number of regions exceeds
the number of genes because many genes contained more than one
region of high linkage disequilibrium; for example, transferrin (TF)
contains three regions. The regions that contained one or more SNPs
with a screening p-value less than 0.20 were further assessed in the
US study using haplotypes constructed in PLINK (Purcell et al., 2007).
We then evaluated association with PD for these haplotype block
regions using an unconditional logistic regression model adjusted for
age (continuous), sex (male/female), and race (CA/non-CA) for associa-
tion with PD. Finally, the block regions that contained at least one
haplotype with a p-value less than 0.15 were considered for investiga-
tion in all three studies combined. The pooled analysis was performed
using unconditional logistic regression adjusted for age (continuous),
sex (male/female), race (Caucasian/non-Caucasian), and study (US/AU/
FR). Two sensitivity analyses were performed. First, the pooled analysis
was performed excluding non-Caucasian subjects from the US Study.
Second, the pooled analysis was performed using the haplo.stats R pack-
age (version 1.5.0) which implements probability weighting to account
for ambiguity in the inferred haplotype (Schaid et al., 2002; Sinnwell
and Schaid, 2011).

Results

Phase 1, screening in US Study

From the 84 SNPs screened in theUS Study (phase 1; Supplementary
Table 2), 12 out of 31 regions (haplotype blocks) contained one ormore
SNPs with a sufficient screening p-value for consideration in the phase 1
haplotype analysis. These 12 regionswere in 10 of the 15 genes evaluated
in the US Study: FRRS1, SLC40A1, TF (2 regions), CP (2 regions),HFE, TFR2,
IREB2, CYB561, FECH, and HAMP (no SNPs in LTF, TFRC, FTMT, SLC11A2,
and HEPH met the screening criterion). In the haplotype analysis of the
US Study (Supplementary Table 3), seven of those 12 regions met the
p-value criteria for investigation in the combined US/AU/FR sample.

The seven regions, identified by the screening analysis in the US
study, were located in seven independent genes and were defined by
19 SNPs. A priori, the FECH region was not chosen to be of interest in
the two phase 2 study samples (AU/FR) and so we are unable to follow
up on it. Additionally, we could only consider a single SNP for the region
located in CP (rs701754, which tags the risk haplotype observed in the
US study) and only using theUS and FR studies;we foundno association
for that single SNP in the two studies combined (OR = 1.09, 95%CI:
0.88–1.35). Overall, we evaluated five regions located in five indepen-
dent genes and defined by 11 SNPs in the combined US/AU/FR Study
population.

Phase 2, pooled analysis in US/AU/FR studies

We observed a protective association (OR=0.83, 95% CI: 0.71–0.96)
between PD and a haplotype in the transferrin gene (TF; GeneID: 7018)
comprised of the A allele at rs1880669 and the T allele at rs1049296 in
the pooled analysis (Table 2).When considering each study individually,
we observed very similar magnitude odd ratios in all three populations.
Analyses excluding the non-Caucasians from the US study did not alter
the pooled odds ratio or the individual US study association.

Additionally, in the pooled sample, we observed a suggestive protec-
tive association (OR=0.87, 95% CI: 0.73-1.02) between PD and a haplo-
type in the transferrin receptor 2 gene (TFR2; GeneID: 7036) comprised
of the G allele at rs10247962 and the A allele at rs4434553. When
considering each study individually, we observed this association pre-
dominantly in the US study; the FR study demonstrated only a weakly
suggestive association (OR=0.88) and the AU study demonstrated no
association (OR=1.00).

Analyses excluding the non-Caucasians from the US study did not
alter the pooled odds ratio or the individual US study association.



Table 2
Pooled analysis and study specific iron gene haplotypes: frequencies, odds ratios, and 95% confidence intervals.

Pooled samplea (1286 cases, 1391 ctrls) US studyb (347 cases, 360 ctrls) AU studyc (739 cases, 538 ctrls) FR studyc (203 cases, 493 ctrls)

Gene: haplotyped Case/ctrle OR (95% CI) p-Value Case/ctrle OR (95% CI) Case/ctrle OR (95% CI) Case/ctrle OR (95% CI)

TF, transferrin: rs1880669, rs1049296
GC 56.0/55.1 1.00 (Reference) 60.3/55.9 1.00 (Reference) 53.5/54.4 1.00 (Reference) 57.9/55.4 1.00 (Reference)
AC 27.7/26.2 1.00 (0.88, 1.14) 0.97 24.6/27.3 0.83 (0.64, 1.06) 29.8/26.2 1.1 (0.91, 1.33) 25.6/25.4 0.92 (0.69, 1.22)
AT 16.2/18.7 0.83 (0.71, 0.96) 0.01 15.0/16.6 0.82 (0.61, 1.10) 16.7/19.4 0.85 (0.68, 1.05) 16.5/19.3 0.83 (0.60, 1.15)

TFR2, transferrin receptor 2: rs10247962, rs4434553
AG 48.9/48.3 1.00 (Reference) 47.7/43.2 1.00 (Reference) 48.2/50.6 1.00 (Reference) 53.4/49.5 1.00 (Reference)
AA 36.9/36.0 0.99 (0.87, 1.12) 0.84 37.9/40.0 0.88 (0.69, 1.10) 37.6/34.2 1.15 (0.96, 1.37) 32.8/35.1 0.87 (0.67, 1.14)
GA 14.2/15.7 0.87 (0.73, 1.02) 0.09 14.4/16.8 0.75 (0.55, 1.03) 14.2/15.2 1.00 (0.78, 1.27) 13.8/15.3 0.88 (0.62, 1.26)

HFE, hemochromatosis: rs1572982, rs17596719, rs198855
GGT 55.1/52.2 1.00 (Reference) 53.7/51.4 1.00 (Reference) 56.1/55.8 1.00 (Reference) 53.4/48.8 1.00 (Reference)
AGT 17.9/18.3 0.92 (0.79, 1.07) 0.29 18.0/22.8 0.74 (0.56, 0.98) 19.0/16.3 1.18 (0.94, 1.47) 14.0/17.2 0.81 (0.57, 1.15)
AGA 15.2/17.7 0.91 (0.78, 1.06) 0.24 14.8/15.1 0.94 (0.69, 1.28) 13.5/15.3 0.88 (0.69, 1.11) 21.9/22.1 0.92 (0.68, 1.25)
AAA 11.8/11.9 0.95 (0.80, 1.14) 0.58 13.4/10.7 1.16 (0.83, 1.62) 11.4/12.6 0.93 (0.72, 1.20) 10.6/11.9 0.80 (0.54, 1.18)

CYB561, cytochrome b-561: rs2015356, rs4968647
CT 49.3/50.2 1.00 (Reference) 48.4/47.5 1.00 (Reference) 49.4/51.5 1.00 (Reference) 50.5/50.8 1.00 (Reference)
CC 27.1/27.9 0.99 (0.87, 1.13) 0.91 25.4/29.7 0.83 (0.64, 1.06) 27.3/25.1 1.11 (0.91, 1.35) 29.3/29.6 1.04 (0.79, 1.37)
TC 23.6/21.8 1.08 (0.94, 1.24) 0.29 26.2/22.7 1.14 (0.88, 1.48) 23.3/23.2 1.06 (0.87, 1.30) 20.2/19.5 1.10 (0.81, 1.51)

SLC40A1, solute carrier family 40, member 1: rs7596205, rs4145237
GG 62.3/63.2 1.00 (Reference) 63.6/66.3 1.00 (Reference) 62.3/60.0 1.00 (Reference) 60.1/64.4 1.00 (Reference)
GC 27.5/27.3 0.99 (0.87, 1.12) 0.85 27.7/27.7 1.05 (0.83, 1.33) 27.3/28.7 0.89 (0.74, 1.07) 27.8/25.4 1.18 (0.90, 1.55)
AC 10.2/9.5 1.10 (0.91, 1.33) 0.33 8.7/6.0 1.53 (1.01, 2.32) 10.4/11.2 0.88 (0.68, 1.15) 12.1/10.2 1.26 (0.86, 1.84)

Abbreviations: ctrl, control; OR, odds ratio; CI, 95% confidence interval.
a Pooled odds ratios adjusted for age (continuous), sex (male/female), race (Caucasian/non-Caucasian), and study.
b US study odd ratios adjusted for age (continuous), sex (male/female), and race (Caucasian/non-Caucasian).
c AU and FR study odds ratios adjusted for age (continuous) and sex (male/female).
d SNPs that compose the haplotypes are listed in order below the gene name.
e Case and control percentages may not add to 100 due to very rare haplotypes not analyzed or missing genotype data.
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Analysis accounting for the posterior probability of the inferred haplo-
types resulted in nearly identical effect estimates and confidence inter-
vals in the pooled sample (Supplementary Table 4).

Discussion

Based on the well-documented accumulation of iron in the
substantia nigra (SN) of Parkinson's disease (PD) brains we pursued a
hypothesis generating effort investigating genetic variants of iron-
related genes for associationwith PD. Our results are intriguing and sug-
gest of a role for genetic variants in transferrin and transferrin receptor 2 in
the etiology or pathology of PD.While these findingsmust be considered
exploratory, we observed a 15–20% decrease in risk of PD for subjects
with genetic variation in the TF gene suggesting that if variation in the
TF gene impacts iron import, storage, transport, or export in dopaminer-
gic neurons then iron accumulation in PD brains may be a cause, not a
consequence of neuronal cell death.

The functional consequences of any causal variant(s) captured by
our haplotype block within the TF gene (a 46 kb length including
exons 9–17 and the 3′ UTR) are unknown. Genetic variants in the
promoter and G277S (rs1799899) in exon 7 have been investigated for
association with iron-related measures with equivocal results (Aisen,
2003; Delanghe et al., 2006; Lee et al., 2001; Sarria et al., 2007). In con-
trast, recent GWAS findings consistently report an increase in serum
transferrin levels (or total iron binding capacity (TIBC), a proxy for
serum transferrin) associated with the minor allele of rs3811647 in
intron 11 of TF. This association appears to be independent of race/
ethnicity, gender, menstruation status, or diet (Benyamin et al., 2009a,
2009b; Blanco-Rojo et al., 2011; McLaren et al., 2011, 2012; Traglia
et al., 2011). Benyamin et al. (2009a) and Blanco-Rojo (2011) report
borderline associations between rs3811647 and transferrin saturation,
and none of the studies observed an association between rs3811647
and serum iron or serum ferritin. The association between TF
rs3811647 and serum transferrin, but lack of association with other
measures of iron status, suggests a role for TF in serum transferrin
levels independent of total body iron metabolism (McLaren et al.,
2011).

We observed no association between genetic variation in the HFE
gene and PD in our pooled analysis. Considering the C282Y (rs1800562)
variant alone, the US study observed no association (OR=0.91, 95%CI:
0.59–1.41) and the FR Study has not published on this variant. The AU
Study had previously published an association between C282Y and PD
(Buchanan et al., 2002) but this was on an early, smaller set of subjects.
The C282Y variant of HFE is associated with serum transferrin levels
(Benyamin et al., 2009a, 2009b; Blanco-Rojo et al., 2011; McLaren et al.,
2011; Traglia et al., 2011), and associated with transferrin saturation
and serum iron levels in some studies (Benyamin et al., 2009b; Traglia
et al., 2011) but not others (Blanco-Rojo et al., 2011; McLaren et al.,
2011). The H63D (rs1799945) variant, which we were unable to assess
in our study populations and is not investigated in most of the GWAS,
may (Blanco-Rojo et al., 2011) or may not (Whitfield et al., 2000) be
associated with serum transferrin levels, but is associated with serum
iron and transferrin saturation in the one study reporting on that
variant (Whitfield et al., 2000). Our lack of observed associations
between PD and genetic variation in hemochromatosis (HFE) or hepcidin
(HAMP), both proteinswith recognized roles in systemic iron regulation
(Benyamin et al., 2009a; Drakesmith and Prentice, 2012; Ezquerra et al.,
2005), support a hypothesis that the pathologic role of iron in PD could
be unrelated to systemic iron homeostasis.

The TF haplotype associated with a decreased risk of PD in this
pooled analysis does not contain the minor (A) allele of rs3811647
observed to be associated with increased serum transferrin/TIBC levels
in GWAS; our associated haplotype contains the major allele (G) at this
locus. This could suggest that the protection against PD conferred by
the AT haplotype of rs1880669-rs1049296 is related to non-elevated
serum transferrin/TIBC levels, an unlikely hypothesis given that PD
affects fewer than 1% of the population and normal serum transferrin/
TIBC levels are observed in the vast majority of the general population.
Alternatively, our protective TF haplotype could be influencing PD
etiology through alterations in regulation, structural changes in the pro-
tein, modifications to the iron binding affinity of the transferrin protein,
or biologic interactions of the transferrin protein with other cellular
proteins.

The transferrin protein is a glycoprotein with homologous carboxyl
and amino domains, each binding one ion of ferric iron (MacGillivray
et al., 1982) that transports iron through the extracellular environment.
Transferrin is the primary receptor-mediated transporter of iron across
the blood brain barrier (Moos et al., 2007) and a transporter of iron
throughout the brain. Oligodendrocytes are the primary source of trans-
ferrin protein for the brain (Rouault et al., 2009; Zecca et al., 2004) and
the location of most brain iron due to its use in mylenation (Todorich
et al., 2009), but iron has been detected in dopaminergic neurons and
even co-localizes with dopamine in vesicles (Ortega et al., 2007). Trans-
ferrin receptor, the primary binding site for transferrin and facilitator of
iron transport into most cells, is found at very low concentrations in the
substantia nigra pars compacta (SNpc) and on SN dopaminergic (DA)
neurons (Faucheux et al., 1993; Mastroberardino et al., 2009; Morris
and Edwardson, 1994) suggesting an alternative method of iron import
into dopaminergic neurons, which may further suggest that our associ-
ation between PD and TF is due to actions of transferrin unrelated to the
transport of iron into dopaminergic neurons.

We observed a suggestive association between PD and transferrin
receptor 2 (TFR2), a protein that has been detected on SNpc DA neurons,
but not on SN pars reticulata neurons or astrocytes and microglia in
the SN brain region (Mastroberardino et al., 2009). This suggests that
iron transport in to SNpc DA neurons might be mediated through a
TF-TFR2 complex. Furthermore, TFR2 proteins have been detected on
mitochondria of DA neurons implying a possible link between iron
accumulation, oxidative stress, and mitochondrial dysfunction.

This TF-TFR2 mediated mitochondrial mechanism of pathology is
likely to be only oneof a number of factors contributing to PDpathology.
Given that iron excess (or iron depletion) in model systems aggravates
(or attenuates) pesticide toxicity (e.g., Kaur et al., 2003; Peng et al.,
2007), it is possible that genetic susceptibility to ironmishandling com-
bined with pesticide exposure contributes to the etiology of PD, for
example through increased oxidative stress andmitochondrial dysfunc-
tion. Of note, two of the three studies in this report were designed to
investigate the contributions of pesticides to PD and therefore enrolled
subjects with a higher likelihood of pesticide exposure thanmany other
studies of PD. Our heightened level of pesticide exposure might explain
why prior studies of PD and TF genetic variation, particularly the GWAS
studies of PD, do not detect associations. The lack of pesticide exposure
in the AU studymight also explain why the TFR2 finding is closer to null
in that study population.

Mitochondrial dysfunction and oxidative stress are two highly inter-
related pathogenic hypotheses implicated in PD etiology. Our epidemi-
ologic research and the basic science research of others (e.g., (Kaur et al.,
2007;Mastroberardino et al., 2009)) suggest that iron accumulationmay
also be a pathogenic mechanism pertinent to PD etiology. In addition to
the role iron might have in mitochondrial dysfunction and oxidative
stress, iron may aggravate inhibition of the ubiquitin–proteasome sys-
tem (Zhang et al., 2005) and may contribute to alpha-synuclein aggre-
gation (Uverskyet al., 2001) or overexpression (Febbraro et al., 2012).
The toxicity of paraquat, a pesticide that has been associated with PD
(Costello et al., 2009), is increased by excess iron (Andersen, 2003)
and iron chelation can mediate toxin induced cell death (Jimenez-Del-
Rio et al., 2010; Kaur et al., 2003).

PD is recognized as a disease of complex etiology (Vance et al., 2010)
and our findings lend credence to the continued investigation of iron
accumulation as a causal contributor to PD. In particular, our findings
of an association between PD and transferrin genetic variation, as well
as the suggestive associationwith transferrin receptor 2 genetic variation,
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encourage further elucidation of iron transport mechanisms in dopami-
nergic neurons and their mitochondria.

Acknowledgments

We are exceptionally grateful to all study participants, whose
generosity made this research possible. We thank Drs. Jerome Rotter
and Kent Taylor (Cedars-Sinai Medical Center) for their generous
support in genotyping the US Study. The US study was funded in
part by NIEHS Grants R01-ES010544, U54-ES012078, P01-ES016732;
the Michael J. Fox Foundation; The Parkinson Alliance; the American
Parkinson Disease Association; and the Veterans Administration
Healthcare System (SW PADRECC). The Australian study would like to
acknowledge the support of the Geriatric Medical Foundation of
Queensland, the National Health and Medical Research Council (grant
#401537), and Parkinson's Queensland Incorporated. The French
study was funded by the Agence Nationale de la Recherche (grant
ANR-09-MNPS-012-01). The funding organizations had no role in the
design, conduct, interpretation, or publication of this work.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2013.09.019.

References

Aisen, P., 2003. The G277smutation in transferrin does not disturb function. Br. J. Haematol.
121 (4), 674–675.

Andersen, J.K., 2003. Paraquat and iron exposure as possible synergistic environmental
risk factors in Parkinson's disease. Neurotox. Res. 5 (5), 307–313.

Barrett, J.C., Fry, B., Maller, J., Daly, M.J., 2005. Haploview: analysis and visualization of Ld
and haplotype maps. Bioinformatics 21 (2), 263–265.

Bartzokis, G., Cummings, J.L., Markham, C.H., Marmarelis, P.Z., Treciokas, L.J., Tishler, T.A.,
et al., 1999. Mri evaluation of brain iron in earlier- and later-onset Parkinson's disease
and normal subjects. Magn. Reson. Imaging 17 (2), 213–222.

Becker, G., Seufert, J., Bogdahn, U., Reichmann, H., Reiners, K., 1995. Degeneration of
substantia nigra in chronic Parkinson's disease visualized by transcranial color-coded
real-time sonography. Neurology 45 (1), 182–184.

Ben-Shachar, D., Youdim, M.B., 1991. Intranigral iron injection induces behavioral and
biochemical “Parkinsonism” in rats. J. Neurochem. 57 (6), 2133–2135.

Benyamin, B., McRae, A.F., Zhu, G., Gordon, S., Henders, A.K., Palotie, A., et al., 2009a.
Variants in Tf and Hfe explain approximately 40% of genetic variation in serum-
transferrin levels. Am. J. Hum. Genet. 84 (1), 60–65 (PMCID: 2668053).

Benyamin, B., Ferreira, M.A., Willemsen, G., Gordon, S., Middelberg, R.P., McEvoy, B.P., et
al., 2009b. Common variants in Tmprss6 are associated with iron status and erythro-
cyte volume. Nat. Genet. 41 (11), 1173–1175 (PMCID: 3135421).

Blanco-Rojo, R., Baeza-Richer, C., Lopez-Parra, A.M., Perez-Granados, A.M., Brichs, A.,
Bertoncini, S., et al., 2011. Four variants in transferrin and Hfe genes as potential
markers of iron deficiency anaemia risk: an association study in menstruating
women. Nutr. Metab. (Lond.) 8, 69 (PMCID: 3195693).

Bower, J.H., Maraganore, D.M., McDonnell, S.K., Rocca, W.A., 1999. Incidence and distribu-
tion of Parkinsonism in Olmsted County, Minnesota, 1976–1990. Neurology 52 (6),
1214–1220.

Buchanan, D.D., Silburn, P.A., Chalk, J.B., Le Couteur, D.G., Mellick, G.D., 2002. The
Cys282tyr polymorphism in the Hfe gene in Australian Parkinson's disease patients.
Neurosci. Lett. 327 (2), 91–94.

Costello, S., Cockburn, M., Bronstein, J., Zhang, X., Ritz, B., 2009. Parkinson's disease and
residential exposure to maneb and paraquat from agricultural applications in the
Central Valley of California. Am. J. Epidemiol. 169 (8), 919–926 (PMCID: 2727231).

Crawford, D.C., Nickerson, D.A., 2005. Definition and clinical importance of haplotypes.
Annu. Rev. Med. 56, 303–320.

Daly, M.J., Rioux, J.D., Schaffner, S.F., Hudson, T.J., Lander, E.S., 2001. High-resolution
haplotype structure in the human genome. Nat. Genet. 29 (2), 229–232.

Delanghe, J., Verstraelen, H., Pynaert, I., Debels, L., Taes, Y., Verhasselt, B., et al., 2006.Human
transferrin G277smutation and iron deficiency in pregnancy. Br. J. Haematol. 132 (2),
249–250.

Dexter, D.T., Wells, F.R., Agid, F., Agid, Y., Lees, A.J., Jenner, P., et al., 1987. Increased nigral
iron content in postmortem Parkinsonian brain. Lancet 2 (8569), 1219–1220.

Drakesmith, H., Prentice, A.M., 2012. Hepcidin and the iron-infection axis. Science 338
(6108), 768–772.

Dutheil, F., Beaune, P., Tzourio, C., Loriot, M.A., Elbaz, A., 2010. Interaction between Abcb1
and professional exposure to organochlorine insecticides in Parkinson disease. Arch.
Neurol. 67 (6), 739–745.

Elbaz, A., Levecque, C., Clavel, J., Vidal, J.S., Richard, F., Amouyel, P., et al., 2004. Cyp2d6
polymorphism, pesticide exposure, and Parkinson's disease. Ann. Neurol. 55 (3),
430–434.
Elbaz, A., Clavel, J., Rathouz, P.J., Moisan, F., Galanaud, J.P., Delemotte, B., et al., 2009.
Professional exposure to pesticides and Parkinson disease. Ann. Neurol. 66 (4),
494–504.

Ezquerra, M., Campdelacreu, J., Munoz, E., Tolosa, E., 2005. Association study of the G258s
transferrin gene polymorphism and Parkinson's disease in the Spanish population.
J. Neurol. 252 (10), 1269–1270.

Faucheux, B.A., Hirsch, E.C., Villares, J., Selimi, F., Mouatt-Prigent, A., Javoy-Agid, F., et al.,
1993. Distribution of 125i-ferrotransferrin binding sites in the Mesencephalon of
control subjects and patients with Parkinson's disease. J. Neurochem. 60 (6),
2338–2341.

Febbraro, F., Giorgi, M., Caldarola, S., Loreni, F., Romero-Ramos, M., 2012. Alpha-synuclein
expression is modulated at the translational level by iron. Neuroreport 23 (9),
576–580.

Fredriksson, A., Schroder, N., Eriksson, P., Izquierdo, I., Archer, T., 2001. Neonatal
iron potentiates adult Mptp-induced neurodegenerative and functional deficits.
Parkinsonism Relat. Disord. 7 (2), 97–105.

Gelb, D.J., Oliver, E., Gilman, S., 1999. Diagnostic criteria for Parkinson disease. Arch.
Neurol. 56 (1), 33–39.

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

Gorell, J.M., Ordidge, R.J., Brown, G.G., Deniau, J.C., Buderer, N.M., Helpern, J.A., 1995.
Increased iron-related Mri contrast in the substantia nigra in Parkinson's disease.
Neurology 45 (6), 1138–1143.

He, Y., Thong, P.S., Lee, T., Leong, S.K., Mao, B.Y., Dong, F., et al., 2003. Dopaminergic cell
death precedes iron elevation in Mptp-injected monkeys. Free Radic. Biol. Med. 35
(5), 540–547.

Horowitz, M.P., Greenamyre, J.T., 2010. Mitochondrial iron metabolism and its role
in neurodegeneration. J. Alzheimers Dis. 20 (Suppl. 2), S551–S568 (PMCID:
3085540).

Jacob, E.L., Gatto, N.M., Thompson, A., Bordelon, Y., Ritz, B., 2010. Occurrence of depression
and anxiety prior to Parkinson's disease. Parkinsonism Relat. Disord. 16 (9), 576–581
(PMCID: 2963655).

Jimenez-Del-Rio,M., Guzman-Martinez, C., Velez-Pardo, C., 2010. Theeffects of polyphenols
on survival and locomotor activity in Drosophila melanogaster exposed to iron and
paraquat. Neurochem. Res. 35 (2), 227–238.

Kaur, D., Yantiri, F., Rajagopalan, S., Kumar, J., Mo, J.Q., Boonplueang, R., et al., 2003. Genetic
or pharmacological iron chelation prevents Mptp-induced neurotoxicity in vivo: a
novel therapy for Parkinson's disease. Neuron 37 (6), 899–909.

Kaur, D., Peng, J., Chinta, S.J., Rajagopalan, S., Di Monte, D.A., Cherny, R.A., et al., 2007.
Increased murine neonatal iron intake results in Parkinson-like neurodegeneration
with age. Neurobiol. Aging 28 (6), 907–913.

LaVaute, T., Smith, S., Cooperman, S., Iwai, K., Land, W., Meyron-Holtz, E., et al., 2001.
Targeteddeletion of the gene encoding iron regulatory protein-2 causesmisregulation
of iron metabolism and neurodegenerative disease in mice. Nat. Genet. 27 (2),
209–214.

Lee, P.L., Halloran, C., Beutler, E., 2001. Polymorphisms in the transferrin 5′ flanking region
associated with differences in total iron binding capacity: possible implications in
iron homeostasis. Blood Cells Mol. Dis. 27 (2), 539–548.

Levenson, C.W., Cutler, R.G., Ladenheim, B., Cadet, J.L., Hare, J., Mattson, M.P., 2004. Role of
dietary iron restriction in a mouse model of Parkinson's disease. Exp. Neurol. 190 (2),
506–514.

Lin, E., Graziano, J.H., Freyer, G.A., 2001. Regulation of the 75-Kda subunit ofmitochondrial
complex I by iron. J. Biol. Chem. 276 (29), 27685–27692.

MacGillivray, R.T., Mendez, E., Sinha, S.K., Sutton, M.R., Lineback-Zins, J., Brew, K., 1982.
The complete amino acid sequence of human serum transferrin. Proc. Natl. Acad.
Sci. U. S. A. 79 (8), 2504–2508 (PMCID: 346227).

Martin, W.R., Wieler, M., Gee, M., 2008. Midbrain iron content in early Parkinson disease:
a potential biomarker of disease status. Neurology 70 (16 Pt 2), 1411–1417.

Mastroberardino, P.G., Hoffman, E.K., Horowitz, M.P., Betarbet, R., Taylor, G., Cheng, D., et
al., 2009. A novel transferrin/Tfr2-mediated mitochondrial iron transport system is
disrupted in Parkinson's disease. Neurobiol. Dis. 34 (3), 417–431 (PMCID: 2784936).

McLaren, C.E., Garner, C.P., Constantine, C.C., McLachlan, S., Vulpe, C.D., Snively, B.M., et al.,
2011. Genome-wide association study identifies genetic loci associated with iron
deficiency. PLoS One 6 (3), e17390 (PMCID: 3069025).

McLaren, C.E., McLachlan, S., Garner, C.P., Vulpe, C.D., Gordeuk, V.R., Eckfeldt, J.H., et al.,
2012. Associations between single nucleotide polymorphisms in iron-related genes
and iron status inmultiethnic populations. PLoSOne 7 (6), e38339 (PMCID: 3382217).

Mehnert, S., Reuter, I., Schepp, K., Maaser, P., Stolz, E., Kaps, M., 2010. Transcranial sonog-
raphy for diagnosis of Parkinson's disease. BMC Neurol. 10, 9 (PMCID: 2822767).

Michaeli, S., Oz, G., Sorce, D.J., Garwood, M., Ugurbil, K., Majestic, S., et al., 2007. Assess-
ment of brain iron and neuronal integrity in patients with Parkinson's disease using
novel Mri contrasts. Mov. Disord. Soc. 22 (3), 334–340.

Moos, T., Morgan, E.H., 2004. The significance of the mutated divalent metal transporter
(Dmt1) on iron transport into the belgrade rat brain. J. Neurochem. 88 (1), 233–245.

Moos, T., Oates, P.S., Morgan, E.H., 1998. Expression of the neuronal transferrin receptor is
age dependent and susceptible to iron deficiency. J. Comp. Neurol. 398 (3), 420–430.

Moos, T., Rosengren Nielsen, T., Skjorringe, T., Morgan, E.H., 2007. Iron trafficking inside
the brain. J. Neurochem. 103 (5), 1730–1740.

Morris, C.M., Edwardson, J.A., 1994. Iron histochemistry of the substantia nigra in
Parkinson's disease. Neurodegeneration 3 (4), 277–282.

Oakley, A.E., Collingwood, J.F., Dobson, J., Love, G., Perrott, H.R., Edwardson, J.A., et al.,
2007. Individual dopaminergic neurons show raised iron levels in Parkinson disease.
Neurology 68 (21), 1820–1825.

Olivares, D., Huang, X., Branden, L., Greig, N.H., Rogers, J.T., 2009. Physiological and
pathological role of alpha-synuclein in Parkinson's disease through iron mediated

http://dx.doi.org/10.1016/j.nbd.2013.09.019
http://dx.doi.org/10.1016/j.nbd.2013.09.019
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0005
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0005
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0010
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0010
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0015
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0015
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0020
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0020
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0025
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0025
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0025
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0030
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0030
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0285
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0285
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0290
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0290
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0295
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0295
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0295
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0035
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0035
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0035
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0040
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0040
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0040
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0300
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0300
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0300
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0045
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0045
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0050
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0050
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0055
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0055
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0055
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0060
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0060
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0065
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0065
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0070
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0070
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0070
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0075
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0075
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0075
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0080
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0080
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0085
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0085
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0085
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0090
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0090
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0090
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0095
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0095
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0095
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0100
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0100
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0100
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0105
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0105
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0110
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0110
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0110
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0115
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0115
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0120
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0120
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0120
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0305
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0305
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0305
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0310
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0310
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0310
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0125
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0125
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0125
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0130
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0130
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0130
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0135
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0135
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0140
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0140
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0140
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0145
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0145
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0145
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0150
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0150
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0150
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0155
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0155
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0315
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0315
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0160
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0160
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0320
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0320
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0325
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0325
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0330
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0330
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0335
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0335
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0165
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0165
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0165
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0175
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0175
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0170
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0170
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0180
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0180
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0185
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0185
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0190
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0190
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0340
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0340


178 S.L. Rhodes et al. / Neurobiology of Disease 62 (2014) 172–178
oxidative stress; the role of a putative iron-responsive element. Int. J. Mol. Sci. 10 (3),
1226–1260 (PMCID: 2672027).

Ortega, R., Cloetens, P., Deves, G., Carmona, A., Bohic, S., 2007. Iron storage within
dopamine neurovesicles revealed by chemical nano-imaging. PLoS One 2 (9), e925
(PMCID: 1976597).

Patel, B.N., Dunn, R.J., Jeong, S.Y., Zhu, Q., Julien, J.P., David, S., 2002. Ceruloplasmin
regulates iron levels in the Cns and prevents free radical injury. J. Neurosci. Off.
J. Soc. Neurosci. 22 (15), 6578–6586.

Peng, J., Peng, L., Stevenson, F.F., Doctrow, S.R., Andersen, J.K., 2007. Iron and paraquat as
synergistic environmental risk factors in sporadic Parkinson's disease accelerate
age-related neurodegeneration. J. Neurosci. Off. J. Soc. Neurosci. 27 (26), 6914–6922.

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M.A., Bender, D., et al., 2007.
Plink: a tool set for whole-genome association and population-based linkage analy-
ses. Am. J. Hum. Genet. 81 (3), 559–575 (PMCID: 1950838).

Rhodes, S.L., Ritz, B., 2008. Genetics of iron regulation and the possible role of iron in
Parkinson's disease. Neurobiol. Dis. 32 (2), 183–195.

Ritz, B., Rhodes, S.L., Bordelon, Y., Bronstein, J., 2012. Alpha-synuclein genetic variants
predict faster motor symptom progression in idiopathic Parkinson disease. PLoS
One 7 (5), e36199 (PMCID: 3352914).

Rouault, T.A., Zhang, D.L., Jeong, S.Y., 2009. Brain iron homeostasis, the choroid plexus, and
localization of iron transport proteins. Metab. Brain Dis. 24 (4), 673–684 (PMCID:
2788140).

Sarria, B., Navas-Carretero, S., Lopez-Parra, A.M., Perez-Granados, A.M., Arroyo-Pardo, E.,
Roe, M.A., et al., 2007. The G277s transferrin mutation does not affect iron absorption
in iron deficient women. Eur. J. Nutr. 46 (1), 57–60.

Schaid, D.J., Rowland, C.M., Tines, D.E., Jacobson, R.M., Poland, G.A., 2002. Score tests for
association between traits and haplotypes when linkage phase is ambiguous. Am.
J. Hum. Genet. 70 (2), 425–434.

Sengstock, G.J., Olanow, C.W., Menzies, R.A., Dunn, A.J., Arendash, G.W., 1993. Infusion of
iron into the rat substantia nigra: nigral pathology and dose-dependent loss of striatal
dopaminergic markers. J. Neurosci. Res. 35 (1), 67–82.

Sinnwell, J.P., Schaid, D.J., 2011. Haplo Stats (version 1.5.0): statistical methods for haplo-
types when linkage phase is ambiguous. http://www.mayo.edu/research/documents/
manualhaplostatspdf/DOC-10026895 (Accessed Aug 20, 2013).

Snyder, A.M., Connor, J.R., 2009. Iron, the substantia nigra and related neurological disorders.
Biochim. Biophys. Acta 1790 (7), 606–614.

Sofic, E., Paulus, W., Jellinger, K., Riederer, P., Youdim, M.B., 1991. Selective increase of iron in
substantia nigra zona compacta of Parkinsonian brains. J. Neurochem. 56 (3), 978–982.
Sutherland, G.T., Halliday, G.M., Silburn, P.A., Mastaglia, F.L., Rowe, D.B., Boyle, R.S., et al.,
2009. Do polymorphisms in the familial parkinsonism genes contribute to risk for
sporadic Parkinson's disease? Mov. Disord. Soc. 24 (6), 833–838.

Sziraki, I., Mohanakumar, K.P., Rauhala, P., Kim, H.G., Yeh, K.J., Chiueh, C.C., 1998.
Manganese: a transition metal protects nigrostriatal neurons from oxidative stress
in the iron-induced animal model of Parkinsonism. Neuroscience 85 (4), 1101–1111.

Tanaka, T., Roy, C.N., Yao, W., Matteini, A., Semba, R.D., Arking, D., et al., 2010. A genome-
wide association analysis of serum iron concentrations. Blood 115 (1), 94–96
(PMCID: 2803694).

Todorich, B., Pasquini, J.M., Garcia, C.I., Paez, P.M., Connor, J.R., 2009. Oligodendrocytes and
myelination: the role of iron. Glia 57 (5), 467–478.

Traglia, M., Girelli, D., Biino, G., Campostrini, N., Corbella, M., Sala, C., et al., 2011. Associa-
tion of Hfe and Tmprss6 genetic variants with iron and erythrocyte parameters is
only in part dependent on serum hepcidin concentrations. J. Med. Genet. 48 (9),
629–634.

Uversky, V.N., Li, J., Fink, A.L., 2001. Metal-triggered structural transformations, aggrega-
tion, and fibrillation of human alpha-synuclein. a possible molecular Nk between
Parkinson's disease and heavy metal exposure. J. Biol. Chem. 276 (47), 44284–44296.

Vance, J.M., Ali, S., Bradley,W.G., Singer, C., DiMonte, D.A., 2010. Gene-environment inter-
actions in Parkinson's disease and other forms of Parkinsonism. Neurotoxicology 31
(5), 598–602.

Wall, J.D., Pritchard, J.K., 2003. Assessing the performance of the haplotype blockmodel of
linkage disequilibrium. Am. J. Hum. Genet. 73 (3), 502–515 (PMCID: 1180676).

Walter, U., Wittstock, M., Benecke, R., Dressler, D., 2002. Substantia nigra echogenicity
is normal in non-extrapyramidal cerebral disorders but increased in Parkinson's
disease. J. Neural Transm. 109 (2), 191–196.

Wesemann, W., Blaschke, S., Solbach, M., Grote, C., Clement, H.W., Riederer, P., 1994.
Intranigral injected iron progressively reduces striatal dopamine metabolism. J. Neural
Transm. Park. Dis. Dement. Sect. 8 (3), 209–214.

Whitfield, J.B., Cullen, L.M., Jazwinska, E.C., Powell, L.W., Heath, A.C., Zhu, G., et al., 2000.
Effects of Hfe C282y and H63d polymorphisms and polygenic background on iron
stores in a large community sample of twins. Am. J. Hum. Genet. 66 (4), 1246–1258
(PMCID: 1288192).

Zecca, L., Youdim, M.B., Riederer, P., Connor, J.R., Crichton, R.R., 2004. Iron, brain ageing
and neurodegenerative disorders. Nat. Rev. Neurosci. 5 (11), 863–873.

Zhang, X., Xie, W., Qu, S., Pan, T., Wang, X., Le, W., 2005. Neuroprotection by iron chelator
against proteasome inhibitor-induced nigral degeneration. Biochem. Biophys. Res.
Commun. 333 (2), 544–549.

http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0340
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0340
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0345
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0345
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0345
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0195
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0195
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0195
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0200
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0200
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0200
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0350
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0350
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0205
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0205
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0355
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0355
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0355
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0360
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0360
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0360
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0210
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0210
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0215
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0215
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0215
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0220
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0220
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0220
http://www.mayo.edu/research/documents/manualhaplostatspdf/DOC-10026895
http://www.mayo.edu/research/documents/manualhaplostatspdf/DOC-10026895
http://www.mayo.edu/research/documents/manualhaplostatspdf/DOC-10026895
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0225
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0225
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0230
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0230
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0235
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0235
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0240
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0240
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0370
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0370
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0370
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0245
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0245
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0250
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0250
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0250
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0250
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0255
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0255
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0255
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0260
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0260
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0260
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0375
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0375
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0265
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0265
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0265
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0270
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0270
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0380
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0380
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0380
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0275
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0275
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0280
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0280
http://refhub.elsevier.com/S0969-9961(13)00265-9/rf0280

	Pooled analysis of iron-related genes in Parkinson's disease: Association with transferrin
	Introduction
	Methods
	Studies and subjects
	US Study
	AU Study
	FR Study

	Selection of genes and SNPs
	Genotyping methods
	Phase 1, US Study
	Phase 2, AU and FR studies

	Statistical methods

	Results
	Phase 1, screening in US Study
	Phase 2, pooled analysis in US/AU/FR studies

	Discussion
	Acknowledgments
	Appendix A. Supplementary data
	References




