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Brain iron in ageing: Pixels to pathways
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Abstract

Nigrostriatal iron deposition is a reproducible feature of brain ageing and Parkinsonian neurodegeneration,
but its biological and therapeutic significance remains incompletely understood. Iron-sensitive MRI methods,
including quantitative susceptibility mapping (QSM) and related approaches, can localize regional susceptibil-
ity changes in the substantia nigra and striatum in vivo, yet imaging alone cannot distinguish whether these
changes reflect adaptive iron storage, impaired trafficking, mitochondrial stress, inflammatory activation, neu-
romelanin-associated iron, ferroptosis-like vulnerability, or downstream neurodegeneration. Despite recent
emphasis on metabolic dysfunction, inflammaging, proteostasis failure, mitophagy and other ageing pathways,
iron biology intersects with these processes in ways that are still poorly resolved at the molecular level. This
editorial argues that nigrostriatal iron-sensitive MRI should be reframed as a molecularly informative endo-
phenotype. Integrating it with population-scale genomic, transcriptomic and multi-omic data offers a route
to identify the genes, pathways and cell types regulating iron accumulation, distinguish physiological ageing
from pathological dysregulation, prioritize therapeutic targets and support biomarker-guided intervention
strategies in aging-related neurodegenerative disease.
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Nigrostriatal iron accumulation is a consistent feature of
brain ageing and Parkinsonian neurodegeneration, but
its biological meaning remains uncertain. Recent stud-
ies have emphasized several recurring themes in ageing
biology, including metabolic dysfunction, chronic inflam-
mation, proteostasis failure, mitochondrial impairment,
mitophagy and therapeutic modulation of age-related
pathways [1-4]. Brain iron is essential for mitochondrial
respiration, myelin maintenance and neurotransmitter syn-
thesis, yet poorly regulated iron can drive oxidative stress,
lipid peroxidation and cellular vulnerability. The substan-
tia nigra and striatum are particularly relevant given their
central roles in dopaminergic signaling and their well-
documented age- and disease-related changes on iron-
sensitive imaging. This perspective argues that integrating
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iron-sensitive MRI with multi-omic data offers a powerful
route to move beyond correlative descriptions and identify
the specific molecular programmes regulating iron han-
dling in ageing and disease (Figure 1).

Iron-sensitive MRI techniques, including quantitative sus-
ceptibility mapping, R2", susceptibility-weighted imaging
and related methods, can detect brain regions with altered
iron-sensitive contrast, but these signals are not specific
to the underlying biological processes that drive iron
accumulation. Integrating MRI-derived measures with
genomic and transcriptomic data may improve biologi-
cal interpretation by linking imaging signals to molecular
pathways. This approach can help identify mechanisms
such as altered iron transport and storage, mitochondrial
dysfunction, oxidative stress and neuroinflammation.
These mechanistic insights may support prioritization of
therapeutic targets for excess brain iron in Parkinson’s
disease and related neurodegenerative disorders.
Iron-sensitive MRI has moved brain iron research from
a largely post-mortem field into an in vivo research do-
main. Quantitative susceptibility mapping, R2" mapping
and susceptibility-weighted imaging can detect regional
differences in magnetic susceptibility that are strongly
influenced by tissue iron content, particularly in deep grey
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From iron-sensitive MRI to mechanism and therapy
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Figure 1. Integrating iron-sensitive MRI with multi-omic data to identify mechanisms and therapeutic targets.

matter structures such as the substantia nigra, putamen,
caudate and globus pallidus [5]. These methods provide
a measurable, spatially resolved phenotype that can be
related to ageing, motor function, cognitive decline and
neurodegenerative disease risk [6]. However, iron-sensi-
tive MRI remains biologically indirect and non-specific.
Increased susceptibility may reflect ferritin-bound storage,
neuromelanin-associated iron, mitochondrial iron dysreg-
ulation, oligodendrocyte or myelin-related iron, microglial
activation, vascular change or tissue injury. As such, while
iron-sensitive MRI identifies where susceptibility changes
occur, molecular data are needed to help explain why they
occur and what they mean.

A central challenge in interpreting nigrostriatal iron
deposition is distinguishing physiological ageing from
pathological dysregulation. Iron is required for oxida-
tive phosphorylation, neurotransmitter synthesis, myelin
maintenance and many enzymatic processes. Regional in-
creases in iron-sensitive MRI signal may therefore reflect
normal metabolic demand, adaptive iron storage or age-
related changes in tissue composition rather than direct
toxicity. Dopaminergic neurons in the substantia nigra
have high energetic requirements and intrinsic vulnerabil-
ity to oxidative stress, rendering them potentially sensitive
to disturbances in iron handling. However, elevated iron-
sensitive signal does not prove that iron is driving neu-
ronal injury. It may instead reflect compensatory seques-
tration, altered ferritin expression, microglial responses,
neuromelanin-associated binding or downstream effects of
degeneration. The question is “when does age-related iron

handling become maladaptive?”’

Iron biology is therapeutically attractive because it is
chemically active, disease-relevant and potentially modifi-
able. In the ageing nigrostriatal system, iron has plausible
links to oxidative stress, mitochondrial dysfunction, dopa-
mine metabolism, lysosomal impairment, neuroinflamma-
tion and lipid peroxidation. However, the therapeutic goal
is not simply to reduce total brain iron. Iron is biologically
necessary, regionally heterogeneous and compartmental-
ized across distinct cell types and molecular forms. A re-
duction in iron-sensitive MRI signal does not necessarily
mean that the most relevant component of iron biology
has been modified, while a therapy that improves iron traf-
ficking, storage, mitochondrial handling or lipid oxidative
stress may be biologically meaningful even if total sus-
ceptibility changes are modest. The disappointing results
of broad-spectrum iron chelation [7] likely reflect both
off-target depletion of essential iron pools and substantial
patient heterogeneity. These findings underscore the need
to determine which molecular forms and cell types carry
the pathogenic signal, the optimal timing for intervention
and which pathways can be safely and selectively modu-
lated. Future trials should therefore stratify participants
using baseline QSM measures combined with polygenic
or omics-derived iron vulnerability scores.

Omics approaches could transform nigrostriatal iron from
a radiological observation into sets of candidate genes,
pathways and therapeutic hypotheses. Genome- and
exome-wide association studies of brain iron traits [8,
9] have identified associated loci, but post-GWAS func-
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tional genomics is essential for biological interpretation.
Transcriptome-wide association studies (TWAS), splicing
analyses, proteome-wide association studies, methylation
QTL integration, colocalization and fine-mapping can help
identify genes whose genetically regulated expression,
splicing, protein abundance or methylation may influ-
ence nigrostriatal iron-sensitive phenotypes [10, 11]. Iron
biology spans multiple systems: iron transport and stor-
age, ferritinophagy and lysosomal release, mitochondrial
iron-sulfur cluster biology, dopamine metabolism, oxida-
tive stress responses, lipid peroxidation and ferroptosis
pathways, and neuroinflammation. These distinct signa-
tures suggest different therapeutic strategies: modulating
import/export for trafficking defects, targeting NCOA4-
ferritinophagy for intracellular iron release, supporting
mitochondrial function for energy and iron-sulfur defects,
or enhancing antioxidant defense for ferroptosis vulner-
ability.

Cell-type annotation is critical because the same regional
MRI signal may originate from dopaminergic neurons, oli-
godendrocytes, astrocytes, microglia, endothelial cells or
perivascular spaces. A practical prioritization framework
should rank candidate targets according to: (1) strength of
association with the iron-sensitive imaging phenotype, (2)
colocalization with expression, splicing, protein or meth-
ylation QTLs, (3) overlap with disease or ageing-related
genetic risk, (4) cell-type-specific expression in relevant
nigrostriatal populations (leveraging single-nucleus RNA-
seq), (5) druggability or pathway tractability, and (6) sup-
portive evidence from post-mortem tissue or experimental
models. Key challenges remain, including limited power
in current imaging-omics cohorts, incomplete cell-type
resolution, and under-representation of non-European an-
cestries. Multi-ancestry studies and spatial transcriptomics
will be essential for robust translation. Nevertheless, ni-
grostriatal iron accumulation can serve as an entry point
for omics-guided therapeutic target discovery.
Nigrostriatal iron deposition is a compelling phenotype
with potential for therapeutic intervention. Consistent with
recent discussion of resilience-based approaches to age-
ing, its value may lie in helping identify molecular states
that influence vulnerability or resilience in ageing nigros-
triatal circuits [12]. Iron-sensitive MRI has made this phe-
notype measurable in vivo, but measurement alone cannot
determine whether iron accumulation reflects physiologi-
cal adaptation, pathological dysregulation, compensatory
sequestration or downstream injury. This distinction is
important because iron is both biologically necessary and
potentially harmful. Integrating regional iron-sensitive
imaging with genomics, transcriptomics, splicing, pro-
teomics, metabolomics and cell-type-resolved data offers
a path toward molecular stratification. Such approaches
can identify pathways that regulate maladaptive iron han-
dling, distinguish candidate mechanisms from secondary
responses and prioritize therapeutic targets.
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