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ABSTRACT
Brain iron (Fe) dyshomeostasis is implicated in neurodegenerative diseases. Genome-wide association studies (GWAS) have 
identified plausible loci correlated with peripheral levels of Fe. Systemic organs and the brain share several Fe regulatory pro-
teins but there likely exist different homeostatic pathways. We performed the first GWAS of inductively coupled plasma mass 
spectrometry measures of postmortem brain Fe from 635 Rush Memory and Aging Project (MAP) participants. Sixteen single 
nucleotide polymorphisms (SNPs) associated with Fe in at least one of four brain regions were measured (p < 5 × 10−8). Promising 
SNPs (p < 5 × 10−6) were followed up for replication in published GWAS of blood, spleen, and brain imaging Fe traits and mapped 
to candidate genes for targeted cortical transcriptomic and epigenetic analysis of postmortem Fe in MAP. Results for SNPs 
previously associated with other Fe traits were also examined. Ninety-eight SNPs associated with postmortem brain Fe were 
at least nominally (p < 0.05) associated with one or more related Fe traits. Most novel loci identified had no direct links to Fe 
regulatory pathways but rather endoplasmic reticulum-Golgi trafficking (SORL1, SORCS2, MARCH1, CLTC), heparan sulfate 
(HS3ST4, HS3ST1), and coenzyme A (SLC5A6, PANK3); supported by nearest gene function and omic analyses. We replicated 
(p < 0.05) several previously published Fe loci mapping to candidate genes in cellular and systemic Fe regulation. Finally, novel 
loci (BMAL, COQ5, SLC25A11) and replication of prior loci (PINK1, PPIF, LONP1) lend support to the role of circadian rhythms 
and mitochondria function in Fe regulation more generally. In summary, we provide support for novel loci linked to pathways 
that may have greater relevance to brain Fe accumulation; some of which are implicated in neurodegeneration. However, repli-
cation of a subset of prior loci for blood Fe suggests that genetic determinants or biological pathways underlying Fe accumulation 
in the brain are not completely distinct from those of Fe circulating in the periphery.

1   |   Introduction

The capacity for iron (Fe) to undergo redox cycling is exploited 
by biology for a host of processes relevant to neuronal tissue, 
such as oxidative phosphorylation, myelin formation, and neu-
rotransmitter synthesis (Singh et al. 2014; Carocci et al. 2018). 

Yet, this same chemistry can catalyze oxidative damage, and 
accumulating evidence implicates brain Fe dyshomeostasis in 
neurodegenerative diseases such as Alzheimer's disease (AD) 
and Parkinson's disease (PD; Masaldan et  al.  2019; Carocci 
et  al.  2018). Brain Fe increases with aging, but this process 
is enhanced and correlated with clinical deterioration in AD 
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and PD (Ayton et al. 2017, 2015, 2021; Zhang et al. 2010; Pesch 
et  al.  2019). Fe coexists with amyloid-β (Aβ) plaque, neuro-
fibrillary tangles, and α-synuclein-containing Lewy bodies 
(Gong et  al.  2019; Telling et  al.  2017; Chen et  al.  2019), and 
Fe signaling pathways are altered in neurodegenerating and 
aging brain (Lu et al. 2017; Zhou and Tan 2017). Ferroptosis, 
an Fe-dependent and nonapoptotic programmed cell-death 
pathway, has been proposed as a mechanism of neurodegen-
eration (Masaldan et  al.  2019). Finally, the brain-permeable 
Fe chelator deferiprone markedly accelerates disease progres-
sion in clinical trials of PD (Devos et al. 2022) and AD (Ayton 
et al. 2025) suggesting Fe elevation is an adaptive response to 
brain injury, or there is functional Fe deficiency in neurode-
generation (e.g., Fe trapped in pathology). At the peripheral 
level, Fe status lies on a continuum from anemia to depleted 
iron stores to iron overload and is captured by different in-
dices. Low blood Fe and hemoglobin (anemia) is associated 
with AD (Kung et al.  2021; Gong, Sun, and Cong 2023) and 
PD (Rozani et  al.  2019; Zuo et  al.  2024; Jiménez-Jiménez 
et al.  2021). Associations between iron overload or other in-
dices of peripheral Fe status with neurodegenerative disease 
are unclear (Jiménez-Jiménez et  al.  2021; Gong, Sun, and 
Cong 2023).

Fe balance is tightly regulated by Fe uptake, transport, and 
storage proteins (Vogt et  al.  2021). Dietary Fe intakes poorly 
correlate with biological levels due, in part, to diet measure-
ment error, compensatory mechanisms, health status as well as 
genetic factors (Vogt et al. 2021; Moksnes et al. 2022; Sorokin 
et al. 2022; Liu et al. 2021). Knowledge of the latter offers oppor-
tunities to efficiently and noninvasively investigate the causal 
mechanisms linking Fe to neurodegenerative diseases in addi-
tion to identifying subgroups of individuals most susceptible to 
the health consequences of Fe dyshomeostasis. Genome-wide 
association studies (GWAS) have identified several plausible 
loci correlated with peripheral levels of Fe (Moksnes et al. 2022; 
Sorokin et al. 2022; Liu et al. 2021). Few of these loci overlap 
with established AD or PD loci (Lambert et  al.  2013; Jansen 
et  al.  2019; Kunkle et  al.  2019), which may argue against a 
causal role of Fe in these diseases (Gill et al. 2019; Cheng, Zhu, 
and Zhang 2019; Wang et al. 2020; Lupton et al. 2017; Larsson 
et al. 2017).

Neurodegeneration with brain iron accumulation (NBIA) is 
a class of rare neurological diseases with at least 15 causative 
genes. CP (ceruloplasmin) and FTL1 (ferritin light chain) are 
the only NBIA genes directly linked to Fe homeostasis while 
others (PANK2, COASY, PLA2G6, C19orf12, FA2H, ATP13A2, 
WDR45, DCAF17, SCP2, GTPBP2, AP4M1, REPS1, CRAT) are 
involved in diverse metabolic pathways such as coenzyme A 
(CoA) production, lipid metabolism, membrane integrity, au-
tophagy, and mitochondrial function (Levi and Tiranti 2019). 
That NBIA diseases generally do not cause Fe elevation in the 
periphery (with the exception of aceruloplasminemia) and that 
genetic disorders of peripheral Fe homeostasis such as hemo-
chromatosis (HFE) and beta-thalassemia (HBB) are not causes 
of NBIA further suggest potentially unique genetic factors 
contributing to Fe accumulation in the brain. The blood-brain 
barrier (BBB) limits communication of Fe between brain and 
body which highlights the distinct regulatory mechanisms be-
tween these compartments. Unlike systemic circulation, the 

tight junctions in the BBB prevent paracellular transport of 
Fe, necessitating active regulation by transporters. Systemic 
regulation also centers on liver-derived hepcidin affecting 
ferroportin, whereas the brain uses locally produced hepci-
din, which is under distinct regulatory control (McCarthy and 
Kosman 2015). Taken together, systemic organs and the brain 
share several Fe regulatory proteins but there likely exist dif-
ferent homeostatic pathways. Indeed, correlations between 
peripheral and neural Fe levels are weak (Ganz  2013; Singh 
et  al.  2014; Ayton et  al.  2015). Magnetic resonance imaging 
(MRI) signals are influenced by Fe, myelin, and calcium con-
tent due to the shifted magnetic susceptibility (χ) of these con-
stituents relative to tissue water (Liu et al. 2015). Quantitative 
susceptibility mapping (QSM) MRI methods have been de-
veloped to estimate magnetic susceptibility (χ) as a surrogate 
marker of Fe in vivo (Liu et al. 2015; Wang et al. 2022). Wang 
et al. (2022) recently implemented a QSM processing pipeline 
to estimate the susceptibility of multiple brain structures in 
participants of the UK Biobank (UKB) and performed QSM-Fe 
GWAS. Identified loci overlap with some but not all loci for 
peripheral Fe.

In the current study, we perform the first GWAS of postmortem 
(PM) brain Fe using GW typing and inductively coupled plasma 
mass spectrometry (ICP-MS) measures of PM brain Fe from a 
subset of Rush Memory and Aging Project (MAP) participants. 
We implement a multistep integrative strategy to identify loci 
which leverages other molecular data available for this cohort as 
well as prior knowledge and published GWAS results.

2   |   Methods

Our GWAS discovery sample included MAP participants 
with Fe measures and whole-genome-sequencing data (MAP-
WGS; Figure  1). Single-nucleotide polymorphism (SNP)-Fe 
associations maintaining p < 5× 10−6 in a pooled analysis of 
MAP-WGS and additional MAP participants with microarray 
genotyping (MAP-ARRAY) were followed up for replication 
in published GWAS of other Fe traits. GW significant SNPs 
p < 5× 10−8 and replicated SNPs were mapped to candidate 
genes which informed targeted cortical transcriptomic and epi-
genetic analysis of Fe in a subset of MAP participants. Our full 
MAP-WGS results were also interrogated for significant genes 
and pathways.

2.1   |   Rush Memory and Aging Project (MAP)

MAP began in 1997 and is a community-based open cohort of 
residents from over 40 retirement communities and senior pub-
lic housing units in northeastern Illinois. As detailed previously 
(Bennett et al. 2012), participants are free of known dementia at 
enrollment and agree to annual clinical evaluations and organ 
donation at death. Diet collection began in 2004. At the time of 
this analysis, 2344 participants have been enrolled and 1081 of 
these have died. An institutional review board of Rush University 
Medical Center approved the study, and all participants signed 
an informed consent and anatomical gift act to donate tissue 
at death. Participants also signed a repository consent to allow 
their data to be shared for studies of aging and dementia. Brain 



3 of 29

autopsies were performed using standard procedures (Bennett 
et al. 2012). Total concentrations of Fe in the inferior temporal 
cortex (ITC), mid-frontal cortex (MFC), anterior cingulate cortex 
(ACC), and cerebellum (all gray matter) were measured in 688 
participants using inductively coupled plasma mass spectrome-
try as described previously (Ayton et al. 2021; Figure 2). These 
participants were initially selected from 1064 with available diet 
data for an independent project. DNA used for genotyping was 
collected from PM brain tissue, whole blood, or lymphocytes. 
MAP participants self-reporting as non-Hispanic whites under-
went WGS as described previously (De Jager et al. 2018). Subsets 
of MAP participants were also genotyped on the Affymetrix 6.0 
or Illumina OmniQuad Express platform. The same QC proto-
col was applied to each platform dataset as described previously 

(De Jager et al. 2012). Genotype imputation was performed on 
the Michigan Imputation Server using 1000G v3 and HRC v1 
reference panels. All annotations align with Genome Reference 
Consortium Human Build 37 (GRCh37).

DNA methylation (DNAm) measures of the dorsal lateral 
prefrontal cortex (DLPFC; gray matter) at 415848 discrete 
CpG dinucleotides have been quantified using the Illumina 
InfiniumHumanMethylation450 bead chip assay (De Jager 
et al. 2014). Missing methylation levels from any of these QC'd 
sites were imputed using a k-nearest neighbor algorithm for 
k = 100 (De Jager et  al.  2014). Histone modification measures 
were generated using H3K9ac (histone H3 acetylation on ly-
sine 9) chromatin immunoprecipitation sequencing. A total of 
26 384 H3K9ac “domains” were identified by calculating all 
genomic regions that were detected as a peak in at least 100 of 
our 669 MAP + ROS (Religious Orders Study) samples (Klein 
et  al.  2019). Expression of 13 484 genes has been quantified 
using RNA-seq on the Illumina HiSeq for samples with an RNA 
integrity score > 5 and quantity threshold > 5 ug and at an aver-
age sequence depth of 90 million reads (Mostafavi et al. 2018). 
Quantile-normalization was applied to fragments per kilobase 
of transcript per million fragments mapped (FPKM), followed 
by batch correction with the Combat algorithm (Mostafavi 
et  al.  2018). Omic assay protocols and QC procedures have 
been described in detail previously (De Jager et al. 2014; Klein 
et al. 2019; Mostafavi et al. 2018).

2.1.1   |   Current Study Sample

Of the 688 MAP participants with PM Fe data, 635 had ge-
netic data (516 with WGS). For the current analyses we 
excluded 9, 10, 3, and 3 Fe values exceeding four standard de-
viations of the mean for ITC, MFC, ACC, and the cerebellum, FIGURE 1    |    Overview of discovery study design.

FIGURE 2    |    Exemplar image annotating brain regions analyzed in MAP (top panel) and UKB (bottom panel). Amygdala and substantia nigra 
(UKB) are not annotated.
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respectively. Missing values were distributed randomly across 
regions and participants. Subsets of these 635 participants also 
had cortical DNAm (N = 297), H3K9ac (N = 283), and RNA-
seq (N = 286) data.

2.2   |   GWAS Summary-Level Statistics (Table S1)

Summary-levels results for GWAS of brain QSM-Fe and 
T2*-Fe in UKB were obtained from Wang et  al.  (2022). The 
initial UKB sample included 53.1% females aged 45–82 years 
(64.0 ± 7.5 years) at the time of imaging. Only unrelated British 
of European ancestry were considered for GWAS. These data 
included GWAS results for QSM-based (median χ) imaging-
derived phenotypes (IDPs) in 16 major subcortical gray matter 
regions (accumbens, amygdala, caudate, hippocampus, pall-
idum, putamen, thalamus, and substantia nigra [SN], both left 
[−L] and right [−R]; Figure 2). Wang et al. (Wang et al. 2022) also 
derived median T2* measures for SN and re-derived T2* mea-
sures for accumbens, amygdala, and hippocampus to account 
for confounding by macroscopic field gradients. Equivalent 
T2* for the remaining 8 subcortical regions were derived prior 
to Wang et  al.'s efforts, and while GW significant SNPs were 
reported (Elliott et al. 2018), full summary-level data for these 
IDPs were not available for download. For the GWAS, UKB 
participants were divided into discovery (n = 19 720) and repli-
cation (n = 9859) cohorts; two sets of summary-level data were 
available. Paramagnetic substances (i.e., Fe) and diamagnetic 
substances (i.e., myelin) have the opposite effect on χ in QSM 
but the same effect on T2* (Schenck 1996). We obtained GWAS 
summary-levels results for abdominal MRI-derived spleen-Fe in 
the UKB (n = 35 324 British European) as reported by Sorokin 
et  al. (Sorokin et  al.  2022). GWAS of abdominal-MRI derived 
pancreas (n = 25 617, null) and liver (n = 32 858) Fe based on the 
UKB have also been performed (Liu et al. 2021) but summary-
level results were not available. GWAS summary-level results for 
serum iron (n = 2 366 120), ferritin (n = 257 953), total iron bind-
ing capacity (TIBC, n = 208 422), and transferrin saturation per-
centage (TSP, n = 198 516) were obtained from the largest GWAS 
meta-analysis of Fe status biomarkers to-date involving up to six 
cohorts of European ancestry including HUNT [median (range) 
age: 49 (19–103), 53% female], MGI [54 (5–98), 58%], SardiNIA 
[42 (14–101), 57%], deCODE [44 (0.1–108), 59%], Interval [44 
(18–76),50], and DBDS [42 (17–70), 50]; (Moksnes et  al.  2022). 
We used LiftOver as needed to harmonize genomic positions (to 
GRCh37) across summary-level statistics (Kent et al. 2002).

2.3   |   Statistical Analysis

2.3.1   |   GWAS of Brain Fe

Our discovery sample consisted of 516 MAP participants with 
WGS (MAP-WGS). PLINK (Purcell et  al.  2007) was used for 
brain-region specific Fe (μg) GW-analysis using a linear-
regression model adjusted for age at death, sex, postmortem in-
terval, and 5 PCs. To maximize sample size and given uncertain 
causal direction (Fe → AD or AD→ Fe) we did not exclude or 
adjust for AD at death in our primary analysis. ITC and MFC 
are markedly affected by AD neuropathology while cerebellum 
is relatively spared (Trejo-Lopez, Yachnis, and Prokop  2022); 

a key rational for why we performed region-specific GWAS. A 
preliminary GWAS of a composite measure (Z-score) of Fe that 
combined all four regions generally weakened or masked asso-
ciations observed in brain region-specific GWAS and thus was 
not pursued further. Only di-allelic SNPs with MAF > 1% associ-
ated with a trait based on a sample size greater than 468 (> 90% 
non-missing) were retained in the final summary statistics for 
genome-wide plots, gene-based testing, enrichment analysis, 
and replications. When finalizing the final manuscript, we dis-
covered that our initial GWAS included a duplicate (516 indi-
viduals but 517 genome-scans). A sensitivity analysis excluding 
the duplicate produced similar results. Our sample size pro-
vided insufficient power to yield meaningful measures of SNP 
heritability (h2

SNP) and cross-trait genetic correlations (rg). For 
example, mean χ2 values for h2

SNP were too small (e.g., < 1.02), 
and rg were not significant with heritability z-scores < 4 (Bulik-
Sullivan et al. 2015).

2.4   |   Gene-Based, Functional Enrichment, 
and Pathway Analyses

We performed gene-based association testing for Fe in FUMA 
(Watanabe et  al.  2017, 2019), with MAGMA (de Leeuw 
et al. 2015), using the matched-ancestry 1000G v3 panel as link-
age disequilibrium (LD) reference. Input SNPs were mapped 
to 20 227 protein-coding genes. Significant genes were defined 
as p = 0.05/20227 = 2.47× 10−6. MAGMA gene-set analysis was 
performed for curated gene sets and GO terms obtained from 
MsigDB, correcting for gene size, variant density, and LD within 
and between genes. We also used MAGMA to test the associ-
ation between gene-set properties and tissue-specific gene ex-
pression profiles using GTEx (v.7) data from 53 tissues.

2.5   |   SNP-Selection, Conditional Analysis, 
and Sensitivity Analysis

All lead SNP-trait associations maintaining p < 5 × 10−6 in a 
pooled analysis of MAP-WGS (n = 516, excluding duplicate) 
and MAP-Array (n = 119) were taken forward for replication in 
datasets of related Fe traits and bioinformatic characterization. 
Independent SNPs were identified by filtering on LD (r2 > 0.1); 
the most significant (lead) SNP per locus was retained. We iden-
tified potentially independent GW significant lead variants by 
re-running regressions conditioning on the lead SNP from each 
locus. In sensitivity analysis, we adjusted for supplemental Fe 
use, dementia status, and history of stroke, heart disease, and 
hypertension.

2.6   |   Reciprocal SNP-Level “Replication”

Lead SNPs identified in GWAS of PM Fe (see above) were fol-
lowed up for associations with spleen, blood, T2*, and QSM 
measures of Fe in available summary-statistics for each. Results 
for SNPs previously associated with the same traits (and liver 
Fe) in GWAS (p < 5 × 10−8 or publication-defined threshold) 
were extracted from our final discovery summary statistics 
(Figure S1). Replication for candidate SNP-trait associations was 
defined as p < 0.05 regardless of effect direction. For QSM/T2* 
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results (Wang et al. 2022), this threshold applied to Wang et al.'s 
Discovery sample but additionally required directional consis-
tency in the Replication sample.

2.7   |   Candidate Gene Selection

Genes were selected for PM Fe-SNP associations with (i) 
p < 5 × 10−8 or (ii) p < 5 × 10−6 and replication (p < 0.05). Using 
FUMA (Watanabe et al. 2017, 2019), protein-coding genes were 
mapped if they were located within 10 kb of the index variants 
or if annotated to the gene based on cis-eQTL (LD ≥ 0.8), chro-
matin interaction (CI, LD ≥ 0.8), or methylQTL (LD ≥ 0.8) data 
from human brain (Westra et al. 2013; GTEx Consortium 2017; 
Ng et al. 2017; Ramasamy et al. 2014; Wang et al. 2018; Kang 
et al. 2011). For loci with no candidate genes meeting the for-
mer criteria, the closest gene up- and downstream of the index 
variant were selected as lower-tiered genes. We also present top 
genes selected by V2G as an alternate gene prioritization method 
that is non-tissue specific and further integrates functional pre-
dictions (Ghoussaini et al. 2021).

2.8   |   Candidate Gene Prioritization

2.8.1   |   Data-Driven Approach

DLPFC DNAm, H3K9ac, and RNAseq features (independent 
variables) were mapped to selected candidate genes for asso-
ciation with PM brain Fe levels (dependent variable) in MAP 
using R or SAS (version 9.1; SAS Institute, Cary, NC) adjust-
ing for at least age at death, sex and postmortem interval. Only 
candidate genes with non-zero brain expression in > 80% of the 
larger ROSMAP sample were considered. All CpGs (DNAm) 
within 100 kb of the start/stop positions of each candidate gene 
were tested with linear regression further adjusting for cross-
correlation. All H3K9ac domains within 100 kb of the start/
stop positions of each candidate gene were tested with linear 
regression further adjusting for batch. RNAseq combat-adjusted 
FPKM values for each candidate gene were tested with linear 
regression further adjusting for RNA integrity score, log2[total 
aligned reads], and number of ribosomal bases. For targeted 
analyses of H3K9ac and RNAseq, statistical significance was de-
fined as α = 0.05. For DNAm, p-values of all CpGs per gene were 
first meta-analyzed into a single observed test statistic using 
Fisher's method (Brown  1975; Cinar and Viechtbauer  2022) 
and then a Bonferroni correction was applied for the number of 
CpGs tested per candidate gene (α = 0.05/#CpG). Overall decla-
ration of strong supporting molecular evidence required at least 
two omic-measures to converge.

2.8.2   |   Knowledge-Driven Approach

Manual curation of the literature was further facilitated by 
constructing protein–protein interactions using STRING 
(Szklarczyk et al. 2021). For the latter, we combined our list of se-
lected candidate genes with “seed” genes obtained from curated 
pathways related to iron and ferroptosis (Table S2; Subramanian 
et al. 2005; Liberzon et al. 2011, 2015).

The same candidate gene selection and prioritization pipeline 
was also applied to replicated published SNPs (Figure S1).

3   |   Results

3.1   |   GWAS

Table  1 presents the characteristics of MAP participants. Fe 
across brain regions was significant (p < 0.0001) but weakly 
correlated (r range: 0.14–0.30). Population stratification had 
negligible effects on GWAS results based on review of quantile-
quantile plots (Figure S2) and λgc (range: 1.00–1.02). Our dis-
covery of PM Fe GWAS yielded GW significant loci for ACC (1 
locus), MFC (2), ITC (9), and cerebellum (4; p < 5 × 10−8; Table 2, 
Figures  S3 and S4). Conditional analysis did not yield addi-
tional independent loci. Gene-based testing yielded 5 signifi-
cant protein-coding genes (p < 2.47 × 10−6) for MFC Fe (SPNS3, 
ABHD14A, ACY1, PCBP4, RRP9); spanning two regions with 
SNPs taken forward for replication. A look-up of fifteen NBIA 
genes all yielded non-significant tests (p > 0.03). No significant 
functional or pathway enrichment was observed across traits. 
Results for look-ups of prior loci for Fe-implicated neurodegen-
erative diseases (AD, PD, and multiple sclerosis [MS]) are pre-
sented in Tables S3–S5.

3.2   |   Reciprocal SNP-Level “Replication”

MAP-WGS yielded a total of 212 independent SNP-trait associ-
ations with p < 5 × 10−6 for at least one of the four PM Fe traits. 
Of these 212 SNPs, 184 were available in MAP-ARRAY and of 
these, 137 SNPs maintained p < 5 × 10−6 in a pooled analysis 
of MAP-WGS and MAP-Array. Thus, a total of 165 SNPs (28 
unique to WGS) were taken forward for replication in summary-
level GWAS of related Fe traits (Table  S6). Ninety-eight SNPs 
were at least nominally associated with one or more related Fe 
traits (Table S7). In sensitivity analyses adjusting for supplemen-
tal Fe use, dementia status, and history of stroke, heart disease, 
and hypertension, PM Fe associations with 5 SNPs (rs79518659, 
rs76754208, rs116999652, rs143762891, rs145903584) attenuated 
remarkably (P difference > 1 × 10−4). SNPs previously associ-
ated with related Fe traits in GWAS were extracted from our 
MAP-WGS GWAS of PM Fe. Candidate SNP-trait associations 
(p < 0.05) are presented in Table S8.

3.3   |   Candidate Gene Selection and Prioritization 
for Novel PM Fe Loci

A total of 209 candidate genes (178 expressed in the brain) were 
selected for PM Fe-SNP associations with (i) p < 5 × 10−8 or (ii) 
p < 5 × 10−6 and at least nominal associations with other Fe 
traits (Table  S7). Here, we focus on the most promising novel 
loci and corresponding prioritized candidate gene inferred by 
replication, ROSMAP omic results, and biological plausibility 
(Table 3). A look-up of these loci in the GWAS catalog yielded no 
overlapping trait associations in LD (r2 > 0.8). For the majority of 
our candidate genes, we observed inverse associations between 
H3K9ac and PM Fe; whether this is a function of genes selected 
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or (more likely) a genome-wide pattern will be a focus of an in-
dependent report.

3.4   |   ER-Golgi Trafficking

Several promising loci map to candidate genes with no estab-
lished link to Fe, rather they have roles in endoplasmic retic-
ulum (ER)-Golgi trafficking. The rs144916412 A variant at 
11q24.1 associated with higher PM MFC Fe (p < 5 × 10−6) was 
associated with higher QSM accumbens-L (p < 0.05) and maps 
to SORL1. The GW significant SNP rs76278520 at 4p16.1 for PM 
cerebellum Fe (p < 5 × 10−8) was not replicated but omic markers 
inferred significant inverse correlations between SORCS2 (and 
SORL1) transcription activity and PM Fe. SORCS2 and SORL1 
are members of the vacuolar protein sorting 10 (VPS10) domain-
containing receptor family (Hermey  2009). SORCS2 is highly 
expressed in the brain and functions as a receptor for the precur-
sor forms of NGF and BDNF (Glerup, Nykjaer, and Vaegter 2014; 
Uhlén et al. 2015). SORL1 interacts with retromer in regulating 
the recycling of endosomal cargo, including amyloid precursor 
protein (APP; Caglayan et al. 2014; Andersen et al. 2005; Nielsen 
et al. 2007; Fjorback and Andersen 2012), and may also play a 
role in the uptake of ApoE-rich lipoproteins (Taira et al. 2001).

The rs148427669 C variant at 17q22 (CLTC) was associated with 
higher PM ITC Fe (p < 5 × 10−6) associated with higher QSM 

pallidum-R but also higher T2* hippocampus-R and amygda-
la-R (p < 0.05). CLTC encodes a heavy chain subunit of clathrin; 
a protein component of the coated vesicles and pits and facili-
tates receptor-mediated endocytosis of a variety of macromole-
cules, including holo- (Fe-bound) transferrin (Tf)/TFRC (Royle, 
Bright, and Lagnado  2005; Tortorella and Karagiannis  2014; 
McCarthy and Kosman 2012).

Variants at 1q32.1 (GOLT1A), 5p13.3 (GOLPH3), 7q22.3 
(SYPL1), and 11p14.1 (RAB30) associated with PM cerebellum 
Fe (p < 5 × 10−6) were also nominally associated with QSM 
measures (p < 0.05). Candidate genes GOLT1A, GOLPH3, 
and RAB30 encode proteins that localize to the Golgi appara-
tus (GA) and function in Golgi-trafficking and organization 
(Conchon et al. 1999; Passemard et al. 2019; Zulkefli et al. 2021). 
Pantophysin is encoded by the nearby candidate SYPL1 and is 
an integral membrane protein of small synaptic and cytoplasmic 
vesicles released from the trans-Golgi network (TGN) in brain 
and endocrine cells (Haass, Kartenbeck, and Leube 1996).

The variants at 5q21.1 (ST8SIA4) and 7q36.3 (PTPRN2) were 
associated with higher PM ITC Fe (p < 5 × 10−6) and also as-
sociated with higher QSM caudate/SN and QSM amygdala-L, 
respectively (p < 0.05). ST8SIA4 encodes a glycosyltransferase 
that resides in the GA and catalyzes the polycondensation of 
alpha-2,8-linked sialic acid required for the synthesis of poly-
sialic acid (PSA; Angata et al. 2000). PSA specifically synthe-
sized by ST8SIA4 (also by ST8SIA2) binds to and modulates 
the adhesive properties of neural cell adhesion molecule, neu-
ropilin-2, skeletal muscle alpha-subunit of voltage-gated so-
dium channel, E-selectin, and lactoferrin (Mindler, Ostertag, 
and Stehle  2021; Kühnle et  al.  2019; Angata et  al.  2000). 
PTPRN2 encodes phogrin, a transmembrane glycoprotein ex-
pressed in dense-core and synaptic vesicles of several neuro-
endocrine cell types and that plays a role in vesicle-mediated 
secretory processes (Torii et al. 2005; Nishimura et al. 2009; 
Cai et al. 2011).

At 4q32.3, the rs139869159 G variant specific to PM ACC 
Fe (p < 5 × 10−6) was also associated with higher serum Fe, 
TSP, and QSM SN-R but also higher T2* amygdala-R and ac-
cumbens-L (p < 0.05). The positional candidate gene at this 
locus, MARCH1, encodes a short-lived ubiquitin ligase tar-
geting TFRC, CD86, FAS, and MHC class II proteins, and 
promotes their subsequent endocytosis and sorting to lyso-
somes to reduce the immune response (De Gassart et al. 2008; 
Tachiyama et  al.  2011; Fujita et  al.  2013; Martin et  al.  2022). 
TFRC transcripts and protein spike early in response to infec-
tion but return to basal levels due, in part, to MARCH1 (Martin 
et al. 2022).

The GW significant variant at 1p34.3 (rs41267275) for PM ITC Fe 
(p < 5 × 10−8) did not replicate but epigenetic profiles of promising 
candidate genes THRAP3 and TRAPPC3 supported inverse correla-
tions between transcription activity and PM Fe levels. TRAPPC3 
encodes a subunit of the TRAnsport Protein Particle (TRAPP) II 
complex implicated in late Golgi trafficking and Golgi stress re-
sponse (Ramírez-Peinado et al. 2017; Passemard et al. 2019). The 
nuclear protein encoded by THRAP3 is a transcriptional coregula-
tor and a selective coactivator for CLOCK-BMAL1 (Lee, Hsu, and 
Tarn 2010; Lande-Diner et al. 2013; see BMAL1 below).

TABLE 1    |    Characteristics of MAP participants at time of death.a

Characteristic MAP (n = 635)

Age at death, years 90.4 ± 6.0

Male, n (%) 191 (30)

Postmortem interval 8.0 ± 4.8

Dementia, n (%) 277 (44)

Alzheimer's dementia, n (%) 219 (34)

Hypertension, n (%) 578 (91)

Diabetes, n (%) 125 (20)

Stroke, n (%) 129 (20)

Heart disease, n (%) 186 (29)

Fe, μg

Inferior temporal cortex 51.5 ± 13.9

Mid-frontal cortex 52.9 ± 14.0

Anterior cingulate cortex 26.7 ± 8.1

Cerebellum 53.2 ± 24.5

Whole-genome sequencing data, n (%)b 516 (81)

DNAm data, n (%)c 297 (47)

H3K9ac data, n (%)c 283 (45)

RNA-seq data, n (%)c 286 (45)
aValues are mean ± SD or n (%).
bIncluded in discovery GWAS.
cIncluded in candidate gene validation.
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Variants at 3q26.2 (SLC7A14), 11q25 (B3GAT1), and 15q26.3 
(SELENOS/VIMP) associated with higher PM Fe (p < 5 × 10−6) 
were also associated with higher blood measures of Fe (p < 0.05); 
but no QSM or T2* measures. SLC7A14 encodes a largely un-
characterized lysosomal cationic amino-acid (i.e., Arg, Lys, His) 
transporter (Fotiadis, Kanai, and Palacín 2013; Jiang et al. 2023). 
B3GAT1 encodes a glucuronyltransferase localized to the GA 
that is a key enzyme in the biosynthesis of human natural kill-
er-1 (Kizuka, Tonoyama, and Oka 2009) but also recently impli-
cated in Tf glycosylation (Landini et al. 2022). SELENOS/VIMP 
was supported by epigenetic marks and encodes selenoprotein 
S, a transmembrane protein localized in the ER, and is involved 
in the degradation and elimination of misfolded proteins (Ye 
et al. 2004).

3.5   |   Heparan Sulfate

Index variants at 16p12.1 (HS3ST4) and 4p16.1 (HS3ST1) as-
sociated with higher PM ITC Fe (p < 5 × 10−6) were nominally 
associated with higher QSM pallidum-L/SN-R (p < 0.05) and 
lower T2* SN-R (p < 0.05), respectively. Both candidates en-
code sulfotransferases in the GA that generate (the rare) 
3-O-sulfated glucosaminyl residues in heparan sulfate (HS; 
Lawrence et  al.  2007). Chains of HS form HS proteoglycans 
(HSPG) attached to the extracellular matrix or surface of cells, 
where they can act as receptors for cytokines/growth factors 
or as co-receptors for signaling complexes (Xu and Esko 2014). 
HS modulates hepatic hepcidin expression, but studies are 
conflicting. In mice, impaired HS biosynthesis reduces hep-
cidin expression leading to Fe accumulation in the liver and 
serum (Poli et al. 2019). However, exogenous heparins are also 
strong inhibitors of hepcidin expression and lead to increased 
serum Fe (Asperti et al. 2019; Poli et al. 2011, 2019). The index 
SNP rs150042143 T at 3q27.3 associated with higher PM cere-
bellum Fe (p < 5 × 10−6) was nominally associated with higher 
serum Fe (p < 0.05). Our positional candidate, FETUB, has no 
plausible role in Fe metabolism. V2G prioritized HRG, encod-
ing histidine-rich glycoprotein known to bind several ligands 
such as heme, heparin, HS, thrombospondin, plasminogen, 
and divalent metal ions (Wakabayashi  2013; Ackermann 
et al. 2023).

3.6   |   Coenzyme A (CoA)

Variants at 2p23.3 (SLC5A6) and 5q34 (PANK3) positively asso-
ciated with PM ACC Fe (p < 5 × 10−6) were positively associated 
with several QSM IDPs (p < 0.05). SLC5A6 encodes a multivita-
min transporter that facilitates pantothenate (CoA precursor), 
biotin, and lipoate uptake in the digestive system and transport 
across the BBB (Uchida et al. 2015). PANK3 encodes a pantoth-
enate kinase which catalyzes the phosphorylation of pantothen-
ate, a rate-limiting step in CoA biosynthesis (Uhlén et al. 2015; 
Dansie et al. 2014).

3.7   |   Others

The GW significant rs72862451 C variant at 17q24.1 for higher 
PM cerebellum Fe (p < 5 × 10−8) was nominally associated C
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with higher spleen-Fe and QSM putamen-L/R and hippo-
campus-R (p < 0.05). The nearby candidate AXIN2 encodes 
conductin, which organizes a multiprotein complex that ini-
tiates ubiquitin-ligase-mediated degradation of β-catenin and, 
in turn, inhibition of Wnt signaling (Goto et  al.  2016). The 
rs9896864 G variant at 17q23.3 was associated with higher 
PM ITC Fe and also associated with higher ferritin but lower 
QSM accumbens-R. Postmortem Fe inversely correlated with 
H3k9ac and positively correlated with CpG at the mQTL can-
didate CYB561. CYB561 encodes a trans-membrane di-heme 
protein notably involved in ascorbate recycling but also func-
tions in ascorbate-mediated trans-membrane Fe3 + −reduc-
tase activity (Asard et al. 2013). The rs77431485 A variant at 
12q24.31 was associated with higher PM ITC Fe (p < 5 × 10−6) 
and also associated with higher QSM putamen-R (p < 0.05). 
The eQTL candidate COQ5 encodes a methyltransferase re-
quired for the only C-methylation step in the synthesis of 
CoQ (ubiquinone), an essential lipophilic electron carrier in 
the mitochondrial respiratory chain (Nguyen et al. 2014). The 
rs150429244 A variant at 11p15.2 was associated with higher 
PM cerebellum Fe (p < 5 × 10−6) and associated with higher 
QSM SN-L/R and lower T2*SN-R (p < 0.05). The eQTL can-
didate BMAL1 encodes a transcription factor which, together 
with CLOCK, drives the circadian clock pathway (Hogenesch 
et  al.  1998). BMAL1 also antagonizes ferroptosis by tran-
scriptionally repressing the expression of EGLN2 and sequen-
tially activating HIF1A (involved in hypoxia response; Yang 
et al. 2019). The rs6502784 T variant at 17p13.2 is associated 
with higher PM MFC Fe (p < 5 × 10−6) and associated with 
higher QSM hippocampus-R and spans several potential can-
didates. Among these is SLC25A11 encoding a mitochondrial 
carrier protein (Iacobazzi et al. 1992) that also interacts with 
FUNDC2 to regulate mitochondrial GSH levels and indi-
rectly regulates ferroptosis (Ta et  al.  2022). V2G prioritized 
ALOX15, encoding a non-heme Fe-containing dioxygenase 
that catalyzes the stereo-specific peroxidation of free and es-
terified polyunsaturated fatty acids (Andersson et  al.  2006; 
Horn et al. 2013; Kuhn et al. 1993; Perry et al. 2020; Sloane 
et al. 1991; Teder, Boeglin, and Brash 2014). ALOX15 may me-
diate the translation of oxidative stress to lipid peroxidation 
and ferroptosis (Singh and Rao 2019).

3.8   |   Candidate Gene Selection and Prioritization 
for Replicated Published Fe Loci

Published Fe loci that were at least nominally associated with 
PM Fe mapped to 240 candidate genes; 213 of these were ex-
pressed in the brain (Table  S8). A subset of replicated loci 
and corresponding prioritized genes (Table  4) are discussed 
below. Omic measures of most candidate genes spanning rep-
licated loci align with low transcription activity with PM Fe 
accumulation.

3.8.1   |   Cellular Iron Regulation

Variants at 3q29 (TFRC), 6p22.2-p21.3 (MHC), and 15q25.1 
(IREB2) associated with blood Fe and brain MRI-derived Fe 

traits in GWAS were also nominally associated with PM Fe 
(p < 0.05). TFRC encodes the key receptor for cellular Fe uptake 
(Hentze et al. 2010). The MHC region hosts several independent 
SNPs associated with Fe and overlaps multiple candidates but 
most notably HFE. HFE encodes a homeostatic Fe regulator 
which binds to receptors TFRC and TFR2; ultimately impact-
ing Fe absorption via both cellular and systemic Fe regulatory 
pathways (Hentze et al. 2010). IREB2 encodes an RNA-binding 
protein that, under low cellular Fe conditions, regulates post-
transcriptional expression of several Fe-related genes by bind-
ing to Fe-responsive elements (IREs) in the 5′-UTR (inhibiting 
translation of FTL/FTH1 (ferritin), HIF2A/EPAS1, SLC40A1, 
ACO2, and ALAS2) or 3′-UTR (stabilizing/promoting transla-
tion of TFRC, EGLN3, SLC11A2, and HAO1) of mRNA effec-
tively favoring cellular import of Fe (Sanchez et al. 2011; Hentze 
et  al.  2010). In Fe-replete cells, IREB2 is degraded by FBXL5, 
promoting storage of Fe in ferritin (Sanchez et al. 2011; Hentze 
et al. 2010).

Variants at 2q32.2 (SLC40A1), 4q24 (SLC39A8), and 11q12.3 
(FTH1) associated with several QSM IDPs in GWAS were nomi-
nally associated with PM Fe in the current study as well as select 
blood Fe traits. SLC40A1 encodes the only known Fe(2+) ex-
porter ferroportin (Aschemeyer et al. 2018; Hentze et al. 2010). 
SLC39A8 encodes a divalent metal ion transporter (ZIP8) that 
functions in cellular import of zinc, Fe, manganese, and cad-
mium (Wang et al. 2012). FTH1 encodes the heavy subunit of 
ferritin (Treffry et al. 1997; Hentze et al. 2010).

Variants at 4q24 and 7p22.2 GW to nominally associated 
with several QSM and T2* IDPs also associated with PM Fe 
but no peripheral Fe traits. BDH2 and CISD2 are both poten-
tial candidates residing at 4q24. BDH2 encodes a key enzyme 
in ketogenesis but also a rate-limiting step in the formation 
of 2,5-dihydroxybenzoate, a siderophore that delivers/re-
moves Fe3+ from the cell in association with lipocalin-2 (Guo 
et  al.  2006; Liu, Ciocea, and Devireddy  2014). CISD2 encodes 
an Fe-S cluster protein found in the outer mitochondrial mem-
brane and ER and has a role in cellular Fe and calcium regu-
lation as well as ferroptosis and autophagy (Wiley et al. 2007; 
Tamir et al. 2015). MAFK resides at 7p22.2 and encodes a tran-
scription factor that, among other functions, suppresses tran-
scription at sites of NFE2 (Toki et al. 1997), which targets two 
heme biosynthetic enzymes, hydroxymethylbilane synthase 
(HMBS) and ferrochelatase (FECH). MAFK also dimerizes 
with BACH1 to upregulate the expression of HMOX1, FTH1, 
FTL1 (light subunit of ferritin), and SLC40A1 (Nishizawa  
et al. 2020).

Index SNP rs28715334 T at 14q11.2 associated with higher fer-
ritin in GWAS was nominally associated with higher PM cer-
ebellum/global Fe. The candidate SLC7A8 encodes an L-type 
amino acid transporter that associates with SLC3A2 to form a 
high-affinity obligatory exchanger for all neutral amino acids 
(Fotiadis, Kanai, and Palacín 2013). SLC7A8 may function along 
SLC3A2/SLC7A11 (System Xc) to maintain rate-limiting pre-
cursors (i.e., cysteine) for synthesis of GSH (Parker et al. 2021; 
Fotiadis, Kanai, and Palacín 2013), which is required in redox 
and Fe homeostasis (Daniel et al. 2020).
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3.8.2   |   Systemic Iron Regulation

Variants at 2q14.2 (INHBB), 19q13.12 (HAMP), and 22q12.3 
(TMPRSS6), previously associated with several Fe traits in 
GWAS, were also nominally associated with PM ACC Fe. HAMP 
(prioritized by V2G) encodes hepcidin (Hentze et  al.  2010). 
INHBB encodes inhibin-βB that is reportedly induced in re-
sponse to inflammation which, in turn, induces activin B and 
enhances HAMP expression (Kanamori et al. 2016). TMPRSS6 
encodes a membrane-bound protease that negatively regulates 
the expression of HAMP (Wang, Meynard, and Lin 2014).

3.8.3   |   Mitochondrial Function

Index variants at 1p36.12 (PINK1), 10q22.3 (PPIF), and 19p13.3 
(LONP1) associated with higher blood ferritin and Fe in GWAS 
associated with higher PM MFC and ITC Fe (p < 0.05). PINK1 
encodes a mitochondrial kinase that phosphorylates proteins 
such as Parkin (PRKN) to coordinate the removal or replace-
ment of dysfunctional mitochondrial components (mitophagy; 
Kane et  al.  2014). PINK1 and PRKN mutations are associated 
with young-onset PD (Muñoz et al. 2016). In cancer models, loss 
of PINK1 promotes Fe accumulation in serum and mitochon-
dria; the latter mediated by increased expression of mitoferrin-1 
(SLC25A37) and mitoferrin −2 (SLC25A28; Kang et  al.  2019). 
PPIF encodes a member of the mitochondrial permeability tran-
sition pore (Elrod and Molkentin 2013). LONP1 encodes a multi-
functional mitochondrial enzyme (Gibellini et  al.  2020). As a 
protease it selectively degrades misfolded or oxidized proteins 
such as 5-aminolevulinate synthase (ALAS1), mitochondrial ac-
onitase (ACO2), Cystathionine β-synthase (CBS), DELE1, and 
PINK1, all implicated in Fe homeostatic or responsive pathways 
(Lu et al. 2007; Gibellini et al. 2020; Bota and Davies 2002; Teng 
et al. 2013; Zhou et al. 2018; Sekine et al. 2023).

3.8.4   |   Others

Published variants mapping to candidates with potential roles in 
blood coagulation (1q24.2, F5), erythrocyte membrane stability 
(8p11.21, ANK1), and ER-Golgi trafficking (BORCS8, ATP13A1) 
were also replicated in PM brain Fe (Vallese et  al.  2022; Pu 
et al. 2015; McKenna et al. 2020).

4   |   Discussion

In this first GWAS of PM Fe we implemented a multistep inte-
grative strategy to identify loci which leverages paired molecu-
lar data, prior knowledge, and published GWAS results. With 
the exceptions of CLTC, MARCH1, HRG, and CYB561, most po-
tentially novel loci identified for PM Fe had no direct links to Fe 
regulatory pathways. However, replication of a subset of prior 
loci for blood Fe suggests that genetic determinants or biologi-
cal pathways underlying Fe accumulation in the brain are not 
completely distinct from those of Fe circulating in the periphery. 
For several novel and replicated published loci the direction of 
effects was not aligned and this might be explained by the dif-
ferential distribution or function of Fe across and within tissue. 
When DLPFC omic markers of candidate genes converged with 

PM Fe accumulation they most often impacted MFC and ITC 
and aligned with lower transcription activity.

Iron metabolism is generally balanced by two regulatory path-
ways. The first functions systemically, relies on hepcidin and 
ferroportin, and is regulated by Fe-status (via BMP/SMAD 
signaling) and inflammation (via IL6/JAK/STAT3 signaling; 
Hentze et al. 2010). The second controls cellular Fe metabolism by 
a post-transcriptional mechanism mediated by iron-regulatory 
proteins (IRP1 and IRP2) and is indirectly regulated by cellu-
lar Fe levels, oxygen levels, and the activity of the Fe–S cluster 
biosynthetic pathway (Galy, Conrad, and Muckenthaler  2024; 
Hentze et al. 2010). These pathways are thought to be generally 
shared across organs (Ke and Qian 2007). Indeed, replication in 
PM Fe of some previously published loci in both Fe regulatory 
pathways would partly support this argument. Other loci were 
not replicated, but given a subset was associated with both blood 
Fe traits and brain MRI-derived measures (Table S8), we can-
not rule out the possibility that these are also generalizable loci 
for Fe. For example, variants at 3q22.1 (TF), 4p15.32 (FBXL5), 
7q22.1 (TFR2), and 8p21.2 (SLC25A37) associate with both blood 
and brain MRI-derived Fe traits and all map to candidate genes 
linked to cellular iron metabolism (Hentze et  al.  2010). IL6, 
the ligand for the receptor encoded by IL6R (1q21.3), positively 
regulates hepcidin expression during systemic inflammation 
(Hentze et al. 2010). Genes encoding known or putative Fe trans-
porters map to variants at 12q13.12 (SLC11A2/DMT1), 11p11.2 
(SLC39A13/ZIP13), 10p12.33 (SLC39A12), and 4q22.1 (ABCG2; 
Hentze et al. 2010; Xu, Wan, and Zhou 2019; Desuzinges-Mandon 
et  al.  2010). Variants at 1q42.2 (EGLN1) and 14q13.1 (EGLN3) 
mapping to genes encoding oxygen-dependent hypoxia-inducible 
factor (HIF) hydroxylating dioxygenases (Ivan and Kaelin 2017) 
also replicated across blood and brain MRI-derived Fe traits.

Genetic variation underlying a response mechanism that 
uniquely summons Fe for utilization but protects the brain 
from excess Fe or its consequences (i.e., ferroptosis) may be of 
high priority to the brain. For this reason, we applied a hybrid 
approach to discovery rather than exclusive reliance on rep-
lication. We provide support for novel loci linked to pathways 
that may have greater relevance to brain Fe accumulation in-
cluding ER-Golgi trafficking, HS, and CoA. Our results also 
lend support to the role of circadian rhythms and mitochondria 
function in Fe regulation more generally. ER-Golgi trafficking 
functions in the delivery of proteins newly synthesized in the 
ER to their final destinations and in the internalization of pro-
teins for recycling or degradative regulation. The ER and GA 
house nearly all members of the cellular Fe metabolism and 
ferroptosis pathways (Long et  al.  2022). However, only two of 
our candidate genes in this pathway have direct links to Fe: 
CLTC (facilitates endocytosis of holo-Tf/TFRC; Royle, Bright, 
and Lagnado 2005; Tortorella and Karagiannis 2014; McCarthy 
and Kosman  2012) and MARCH1 (facilitates endocytosis and 
sorting to lysosomes of TFRC; Martin et al. 2022). Some novel 
candidates potentially function in the post-translational modi-
fication (PTM) of Tf (B3GAT1; Landini et  al.  2022) and lacto-
ferrin (ST8S1A4; Kühnle et al. 2019). Lactoferrin binds Fe with 
higher affinity than Tf (Masson, Heremans, and Schonne 1969). 
The levels of lactoferrin are markedly increased in the brains 
of AD patients but its origin remains largely unknown (Li and 
Guo 2021). The novel brain Fe candidate SORL1 retains APP in 
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the TGN, preventing its transit through late endosomes where 
Aβ40 and Aβ42 are generated (Caglayan et al. 2014; Andersen 
et  al.  2005; Nielsen et  al.  2007; Fjorback and Andersen  2012). 
SORL1 may also sort the latter peptides to lysosomes for catabo-
lism (Caglayan et al. 2014). Rare mutations in SORL1 (i) reduce 
the capacity of the protein to bind APP, resulting in increased 
levels of soluble (s) APP (Vardarajan et al. 2015) and (ii) strongly 
associate with LOAD and EOAD (Barthelson, Newman, and 
Lardelli 2020). Loss of wild-type sorl1 results in dysregulation 
of genes with a 3′-UTR IRE, and of genes involved in the cellular 
response to hypoxia (Barthelson et  al.  2020). Neurotoxicity of 
Aβ is enhanced by Fe. Conversely, α-secretase cleavage of APP 
releases sAPPα which is potentially neuroprotective and may 
also modulate Fe efflux by stabilizing ferroportin (McCarthy, 
Park, and Kosman  2014; Bandyopadhyay and Rogers  2014). 
SORL1 might therefore indirectly impact Fe homeostasis and 
toxicity via APP (Barthelson, Newman, and Lardelli  2020). A 
more common variant in SORL1 associates with AD in GWAS 
(Bellenguez et al. 2022) but did not associate with PM Fe in the 
current study. We previously reported that brain DNA meth-
ylation (CpG) of SORL1 was associated with greater odds of 
pathological AD diagnosis in ROSMAP (Yu et  al.  2015). PM 
Fe correlated with SORL1 H3K9ac and RNAseq (also inferring 
lower transcriptional activity) but did not correlate with SORL1 
CpG. SORCS2 is another novel candidate and member of the 
VPS10-related sortilin family but has not been implicated in 
Fe regulation or neurodegenerative disease. GOLPH3 knock-
down of cancer cells present with decreased expression of Fe or 
ferroptosis-related genes (SLC7A11, PRNP, MAP 1LC3B, GCLC, 
SLC39A14, SLC11A2, ATG5, GCLM, and SLC40A1) and promote 
Erastin-induced ferroptosis (Chen et al. 2024; Yin et al. 2024). 
GOLPH3 expression positively correlated with SLC7A11, GPX4, 
and FTH1 expression in cancer models (Yin et al. 2024; Chen 
et al. 2024). GWAS of Fe-implicated neurodegenerative diseases 
support additional candidates mapping to the ER-Golgi traffick-
ing pathway such as ARRDC4 (AD), SNX1 (AD), SCARB2 (AD, 
PD), MARCH1 (MS), and TMEM106B (AD; Lambert et al. 2023; 
Kim et al. 2024; 2019; Tables S3 and S4). Interplay between Fe 
and other candidates mapping to ER-Golgi trafficking on neuro-
degeneration warrants further study.

Independent novel loci for PM Fe map to two HS3ST members 
that generate 3-O-sulfated glucosaminyl HS with potential roles 
in hepcidin regulation. HS and heparin are classically known 
for their anticoagulant actions (Beurskens et al. 2020). Several 
candidate genes (i.e., F5, TFP1, FN1, and SERPINA1) for vari-
ants associated with both blood and brain-derived Fe traits 
share a role in blood coagulation and thus we cannot discount a 
role of this pathway connecting HS3STs to PM Fe. Nevertheless, 
specificity of these loci to brain Fe traits is noteworthy. HSPGs 
have been implicated in the development and progression of AD 
(Snow, Cummings, and Lake 2021; Sepulveda-Diaz et al. 2015; 
Oh et  al.  2023; Ferreira et  al.  2022; Wang et  al.  2023; Jansen 
et  al.  2019; Bellenguez et  al.  2022). HS3ST4 expression is ele-
vated in brains of AD patients (Sepulveda-Diaz et  al.  2015). 
Plasma HS3ST4 levels decrease with (chronological) age, posi-
tively correlate with brain age-gap (brain-age—chronological 
age), and have been used to predict cognitive decline and AD 
(Oh et al. 2023). HS3ST1-synthesized 3-O-sulfated HS has a role 
in the binding/uptake of aggregated tau protein and levels are 
also elevated in the brains of AD patients (Ferreira et al. 2022; 

Wang et  al.  2023). Finally, HS3ST1, HS3ST5, and IDUA (en-
coding alpha-l-iduronidase required for the lysosomal degra-
dation of HS) are AD risk loci (Jansen et  al.  2019; Bellenguez 
et al. 2022).

Two novel loci mapped to candidates involved in the trans-
port (SLC5A6) and phosphorylation (PANK3) of pantothenate 
are essential steps for CoA biosynthesis. PANK2 (a paralog 
of PANK3) and COASY (encoding CoA synthase) are known 
NBIA genes but, unlike PANK3 and SLC5A6, localize to mi-
tochondria (Di Meo, Carecchio, and Tiranti  2019). Common 
variants near COASY were associated with QSM putamen and 
caudate in GWAS (Wang et  al.  2022) but did not replicate in 
PM Fe. CoA is essential for fatty acid synthesis and β-oxidation 
(Mignani et al. 2021). CoA also functions in PTM by the transfer 
of acyl groups. CoA is the source for the 4′-phosphopantetheine 
moiety required for the 4′-phosphopantetheinylation needed 
to activate mitochondrial acyl carrier protein, an essential 
component of mitochondrial complexes involved in the elec-
tron transfer chain, Fe-S cluster assembly, and lipoic acid me-
tabolism. As succinyl-CoA, it contributes to the biosynthesis 
of hemes, which begins in the mitochondrial matrix with the 
decarboxylative condensation of glycine with succinyl-CoA 
to form 5-aminolevulinic acid (ALA), catalyzed by ALAS2 
(Layer et al. 2010; Mignani et al. 2021). Why dysfunctions in 
CoA synthesis lead to Fe accumulation is unclear. Recent work 
using human iPSC-derived astrocytes suggests it might inter-
fere with endocytic vesicular trafficking, leading to an aber-
rant Tf receptor-mediated Fe uptake (Ripamonti et  al.  2022; 
Levi et al. 2024). Acetyl-CoA is the sole donor of acetyl groups 
for palmitoyl transferases. In fibroblasts from patients with 
Friedreich ataxia (a degenerative disease also presenting with 
Fe accumulation) and different NBIA sub-types, an impair-
ment in TfR1 palmitoylation results in defective Tf trafficking 
and TfR1 recycling, leading to intracellular Fe accumulation 
(Petit et  al.  2021; Drecourt et  al.  2018). Supplementing cells 
with CoA increases TfR1 palmitoylation and reduces Fe accu-
mulation. A predominance of mitochondrial gene candidates 
for brain measures of Fe (Tables 3 and 4) also aligns with a key 
role of Fe in ATP production and the high-intensity energy me-
tabolism of the brain. COQ5 (Table 3) encodes a methyltrans-
ferase required for the synthesis of CoQ, which may function 
with ferroptosis suppressor protein 1 (encoded by AIFM2) to 
suppress ferroptosis; independent of glutathione (Bersuker 
et al. 2019). A recent genome-wide CRISPR interference screen 
in human neurons reported that the knockdown of COQ5 (and 
other genes in Fe pathways) was toxic and led to increased Fe 
levels (Tian et al. 2021). Interestingly, COQ5 was also an eQTL 
candidate for an independent variant at 12q24.31 not replicated 
with PM brain Fe but generalized to blood and brain-MRI Fe 
traits (Table S8). Mitochondrial dysfunction constitutes one of 
the hallmarks of aging and neurodegeneration and this is often 
attributed to Ca2+ dyshomeostasis (Levi et al. 2024). However, 
the disruption of Fe homeostasis can interfere with mitochon-
drial functions and, consequently, fuel the progression of neu-
rodegeneration (Ficiarà et al. 2024). Conversely, the alteration 
of mitochondrial functions may affect mitochondrial Fe ho-
meostasis, leading to Fe accumulation and neurodegeneration 
(Levi et al. 2024; Muñoz et al. 2016). The latter scenario is sup-
ported by our genetic results and is also proposed in PANK-
associated neurodegeneration.
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A novel candidate for PM Fe that replicated in QSM data was 
the established circadian gene BMAL1. The CLOCK locus, 
while not replicated in PM Fe but generalized to blood and 
brain MRI traits (Table S8), encodes another key regulator of 
circadian rhythms that forms a heterodimer with BMAL1. 
THRAP3, a novel candidate for PM Fe, coactivates CLOCK-
BMAL1. Serum Fe exhibits diurnal variation that aligns with 
Tfrc oscillations (Ridefelt et  al.  2010); the latter ablated in 
Bmal1 knockout mice (Weger et al. 2021). Neurodegenerative 
disorders with reported alterations in brain Fe homeostasis 
often present with symptoms of altered circadian homeo-
stasis (Nassan and Videnovic  2022). PD patients present 
with impaired blood cell BMAL1 expression that correlates 
with motor severity and sleep quality (Cai et al. 2010; Breen 
et  al.  2014). Cycles of BMAL1 methylation contribute to the 
regulation of BMAL1 rhythms in the brain and these rhythms 
are altered in AD patients (Cronin et  al.  2017). BMAL1 ex-
pression in PM frontal cortex correlates with tau pathology, 
cognitive disturbance, and overnight wakefulness (Hulme 
et  al.  2020). Common variants mapping to other members 
of the circadian pathway such as RORA, ADCY3, CAMK2G, 
GNG2, and NR1D1 also associated with PD and MS in GWAS 
(International Multiple Sclerosis Genetics Consortium 2019; 
Kim et al. 2024).

Whether Fe contributes to neurodegeneration or elevates as 
a consequence of the neurodegenerative process is unclear. 
Accelerated disease progression observed in PD and AD 
patients taking Fe chelation therapy suggests that Fe has 
a net positive impact on the brain (Devos et  al.  2022; Ayton 
et al. 2025). Most of our novel PM-Fe loci have links to neuro-
degeneration but we replicate several others with direct links 
to Fe pathways thus supporting either argument. Common 
SNPs associated with neurodegeneration in GWAS and nom-
inally associated with PM Fe (Tables S3–S5) map to very few 
genes directly related to Fe. One PD risk loci that is nominally 
associated with PM ITC measures of Fe mapped to SNCA, en-
coding α-synuclein. IREs are located in 5'UTR of SNCA (as 
well as APP) mRNA and are proposed therapeutic targets 
(Rogers and Cahill 2020). Other candidate genes mapping to 
established AD and PD loci with direct links to Fe yet not as-
sociated with PM Fe include PICALM (AD), encoding a clath-
rin assembly protein with a critical role in TfR internalization 
(Ando et al. 2022), and ALAS1 (PD), encoding a mitochondrial 
enzyme for the rate-limiting step in heme biosynthesis (Yien 
and Perfetto 2022).

Availability of PM brain Fe, genetic data, and other PM brain 
omic measures from the same individuals are key strengths of 
the current study. These strengths, however, are limited by the 
sample size and lack of matching samples for replication. MAP 
participants with PM brain Fe were old and many presented 
with AD neuropathology and stroke at the time of death which 
might confound our GWAS of PM brain Fe or explain loci het-
erogeneity across brain regions. Models adjusted for dementia 
and stroke impacted four replicated loci (Table S7) but these 
loci were not subsequently supported by omic results or bio-
logical plausibility. Moreover, loci previously associated with 
amyloid, tau, stroke infarcts, or brain microbleeds in GWAS 
were not among our loci taken forward for replication. Some 
of our novel Fe candidates, despite replication with other Fe 

traits in younger cohorts, have strong links to neurodegen-
eration and thus further emphasize the complex relationship 
between this essential nutrient and brain health. Another lim-
itation is the different brain regions sourcing the Fe and omic 
measures. Regulation of expression of many proteins involved 
in Fe metabolism occurs post-translationally and thus caution 
is warranted when interpreting the omic results. The UKB 
brain MRI-derived IDPs capture only subcortical tissue while 
our PM brain Fe and omic measures capture cortical tissue 
(gray matter). Several loci that appeared specific to Brain-MRI 
Fe (not replicated in PM brain Fe) may be a function of the 
larger sample size of UKB or the QSM technique. For example, 
QSM-specific loci map to COASY (17q21.2), ACO1 (9p21.1), and 
HMBS (11q23.3) and have plausible links to Fe while other sig-
nificant loci map to genes linked to glia and myelin, extracel-
lular matrix, and calcium homeostasis; pathways also known 
to affect tissue constituents (Liu et al. 2015). While finalizing 
our work for submission, Casanova et al.  (2024) published a 
re-analysis of the UKB data and additionally identified loci 
mapping to CYBRD1 (2q31.1), CP (3q25.1), SLC39A14 (8p21.3), 
and SLC30A10 (1q41) with plausible roles in cellular Fe regu-
lation. They also identified the AD locus 11q14.2 mapping to 
PICALM.

There is increasing interest in using genetic risk scores to eval-
uate the causal role of Fe in disease spanning several physio-
logical pathways or to identify individuals predisposed to Fe 
deficiency or toxicity. Leveraging shared genetic effects across 
Fe-traits may (i) improve score performance for phenome-wide 
analysis (Kelemen et  al.  2024) and (ii) guide the selection of 
candidate genes for functional characterization. Alternatively, 
tissue-specific genetic effects may be used to (i) refine scores to 
facilitate interpretation and (ii) design functional studies. Our 
genetic findings in the context of other Fe-trait GWAS provide 
new insight into brain Fe homeostasis.
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