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Abstract

Neurodegeneration with brain iron accumulation (NBIA) comprises a group of rare genetic
movement disorders characterized by progressive neurological deterioration, dystonia,
parkinsonism, spasticity, and abnormal iron deposition in the basal ganglia. Although
iron accumulation is the shared neuroradiological hallmark, most NBIA genes do not
directly regulate iron metabolism. Instead, major NBIA forms arise from disruption of
distinct but converging cellular pathways, including coenzyme A (CoA) biosynthesis,
lipid metabolism, mitochondrial function, and autophagy. This narrative review aims
to examine the pathogenic mechanisms of major NBIA disorders, namely pantothenate
kinase-associated neurodegeneration (PKAN), COASY protein-associated neurodegenera-
tion (CoPAN), PLA2G6-associated neurodegeneration (PLAN), mitochondrial membrane
protein-associated neurodegeneration (MPAN), and beta-propeller protein-associated neu-
rodegeneration (BPAN), and how these insights are guiding therapeutic development.
Preclinical strategies aimed at restoring CoA metabolism, improving mitochondrial func-
tion, limiting lipid peroxidation, modulating autophagy, or correcting the underlying
genetic defect have shown encouraging results, although none have yet reached robust clin-
ical validation. Clinical translation remains limited by disease rarity, clinical heterogeneity,
absence of validated biomarkers, and preclinical models that only partially recapitulate hu-
man pathology. Advancing the field will depend on earlier molecular diagnosis, biomarkers
capable of tracking disease stage, and trial designs suited to ultra-rare populations. NBIA
thus offers a paradigm for how mechanistic classification of a genetically defined disease
group can redirect therapeutic strategy away from a shared radiological feature and toward
pathway-specific intervention.

Keywords: PKAN; CoPAN; PLAN; BPAN; MPAN; Neurodegeneration with brain iron
accumulation; lipid metabolism; autophagy; CoA biosynthesis

1. Introduction
Neurodegeneration with brain iron accumulation (NBIA) disorders represent a clini-

cally and genetically heterogeneous group of rare neurodegenerative diseases. Their shared
radiological feature, abnormal iron deposition in deep brain nuclei, has historically guided
diagnosis and nomenclature [1]. However, genetic discoveries have shown that most NBIA
forms arise from defects in pathways not primarily devoted to iron metabolism [2]. This
has shifted the field from an iron-centered view toward a broader mechanistic framework
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that integrates mitochondrial dysfunction, lipid dysregulation, impaired autophagy, vesicle
trafficking defects, and altered coenzyme A (CoA) metabolism.

In this narrative review, we discuss disease pathomechanisms and emerging therapeu-
tic strategies for major NBIA forms and identify the key gaps that should be addressed to
advance mechanism-based and precision-oriented therapies.

2. Neurodegeneration with Brain Iron Accumulation (NBIA): Genetic and
Clinical Overview

NBIA disorders comprise multiple rare, monogenic neurodegenerative disorders that
differ in inheritance, age at onset, neurological presentation, and disease course. To date,
advances in genetic research have identified 18 NBIA-associated genes (Table 1), which
encode proteins involved in distinct, although partly overlapping, cellular pathways.

Table 1. Molecular classification of NBIA disorders.

Disease Gene Inheritance Protein Function Reference

Iron homeostasis

Aceruloplasminaemia CP AR Iron oxidation [3]
Neuroferritinopathy (NF) FTL AD Cellular iron storage [4]

NBIA9 FTH1 AD Ferroxidase activity [5]

CoA biosynthesis

Pantothenate kinase-associated
neurodegeneration (PKAN) PANK2 AR Coenzyme A biosynthesis [6]

COASY protein-associated
neurodegeneration (CoPAN) COASY AR Coenzyme A biosynthesis [7]

Lipid metabolism

PLA2G6-associated
neurodegeneration (PLAN) PLA2G6 AR Phospholipid remodeling [8]

Fatty acid hydroxylase-associated
neurodegeneration (FAHN) FA2H AR Hydroxylation of fatty

acids, myelin formation [9]

Mitochondrial membrane
protein-associated

neurodegeneration (MPAN)
C19orf12 AR Lipid metabolism [10]

Leukoencephalopathy with
dystonia and motor neuropathy SCP2 AR Breakdown of

branched-chain fatty acids [11]

NBIA8 CRAT AR Carnitine acetyltransferase [12]
SLC27A3 deficiency SLC27A3 AR Fatty acid transport [13]

Mitochondrial Enoyl-CoA
Reductase Protein-Associated
Neurodegeneration (MEPAN)

MECR AR Mitochondrial fatty
acid synthesis [14]

Autophagy

β-propeller-associated
neurodegeneration (BPAN) WDR45 XL Autophagosome formation [15]

Kufor–Rakeb disease (KRS) ATP13A2 AR Lysosomal cation pump,
autophagosome formation [16]

Spastic paraplegia 50 (SPG-50) AP4M1 AR Vesicle formation [17]

NBIA7 REPS1 AR Endocytosis and
vesicle transport [18]

Other

Woodhouse–Sakati syndrome (WSS) DCAF17 AR Protein ubiquitination [19]

Jaberi–Elahi syndrome GTPBP2 AR Not defined [20]
AR: autosomal recessive, AD: autosomal dominant, XL: X-linked.
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Only three genes are directly linked to iron homeostasis: ceruloplasmin (CP), ferritin
light chain (FTL), and ferritin heavy chain (FTH1) [5,21]. This observation supports a
mechanistic classification of NBIA disorders according to the primarily affected pathways.
Besides iron homeostasis, these include coenzyme A (CoA) biosynthesis (PANK2 and
COASY), lipid metabolism (PLA2G6, FA2H, C19orf12, SCP2, CRAT, SLC27A3, MECR),
autophagy and lysosomal homeostasis (WDR45, ATP13A2, AP4M1, REPS1), and genes
with still incompletely understood functions (DCAF17 and GTPBP2) [11,13] (Table 1).

Recent genetic and clinical studies have further expanded the NBIA spectrum by
identifying new disease-associated genes and refining the phenotypic boundaries of pre-
viously recognized disorders [5,11,13,18,20,22–30]. These advances underscore that NBIA
is not a single mechanistic entity, but a genetically defined group in which overlapping
neuroradiological features arise from distinct cellular defects [2].

The overall estimated prevalence of NBIA is 1–3 per 1,000,000 individuals, although
estimates vary substantially across subtypes, populations, and geographic regions [11]. Pan-
tothenate kinase-associated neurodegeneration (PKAN), β-propeller-associated neurodegener-
ation (BPAN), mitochondrial membrane protein-associated neurodegeneration (MPAN), and
PLA2G6-associated neurodegeneration (PLAN) are among the most frequent forms within this
spectrum [1]. Moreover, population-genetic studies further suggest that, among autosomal
recessive NBIA disorders, variants in PLA2G6, PANK2, and COASY represent up to three-
quarters of the combined recessive NBIA lifetime risk [11]. Together, these data identify PKAN,
CoPAN, PLAN, MPAN, and BPAN as major genetically defined NBIA forms with active
therapeutic development. The central question addressed is how genetic and pathway-specific
disease mechanisms can guide therapeutic development beyond iron-centered approaches.

Despite this genetic and mechanistic diversity, several neurological features recur
across NBIA disorders and remain central to clinical recognition.

Typical clinical manifestations of NBIA vary by genetic subtype, but generally include
progressive dystonia, dysarthria, spasticity, parkinsonism, neuropsychiatric abnormalities,
cognitive decline, and optic atrophy or retinal degeneration [31]. Onset ranges from infancy
to adulthood, and progression may be rapid or slow, sometimes with prolonged periods of
relative stability [31].

Cognitive and neuropsychiatric manifestations are clinically relevant across the NBIA
spectrum, with intellectual disability, developmental delay, behavioral symptoms, depres-
sion, and dementia reported in several subtypes [31,32]. Their recognition is important for
patient management and therapeutic development, as cognition, behavior, and adaptive
function may represent meaningful clinical outcomes, particularly in early-onset disorders.

NBIA disorders share abnormal iron accumulation in the basal ganglia, mainly in the
globus pallidus (GP) and/or substantia nigra (SN), which can be visualized using iron-
sensitive Magnetic Resonance Imaging (MRI) sequences [33]. Some forms show characteristic
MRI patterns, including the “eye-of-the-tiger” sign in PKAN [34] and T1 hyperintensity with
a central hypointense band in the SN and cerebral peduncles in BPAN [35]. Additional abnor-
malities, including generalized cerebral and cerebellar atrophy, are frequently observed [31].
However, early MRI may be normal in some NBIA forms, as iron accumulation can appear
after the first neurological manifestations [31]. Thus, although iron deposition remains cen-
tral for clinical recognition, its pathogenic role is unresolved and may reflect a convergent
downstream mechanism rather than the primary disease trigger [21].

Experimental models are increasingly used to define the molecular, cellular, and neuro-
logical features of NBIA disorders and to evaluate candidate therapeutic strategies. Here, we
discuss how the five major NBIA genes converge on interconnected pathways involving CoA
biosynthesis, lipid metabolism, membrane remodeling, mitochondrial dysfunction, autophagy,
oxidative stress, lipid peroxidation, and iron dyshomeostasis (Figure 1).
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Figure 1. Schematic representation of the major cellular pathways affected in PKAN, CoPAN, PLAN,
MPAN, and BPAN. PANK2 and COASY impair CoA biosynthesis, PLA2G6 and C19orf12 affect
lipid metabolism and membrane remodeling, and WDR45 disrupts autophagy. These pathway-
specific defects converge on oxidative stress, lipid peroxidation, mitochondrial dysfunction, and iron
dyshomeostasis, leading to neuronal vulnerability. Created with BioRender.

3. NBIA Due to Coenzyme A Metabolism Defects
CoA is a central metabolic cofactor required for hundreds of biochemical reactions,

including energy production, lipid and fatty acid synthesis, mitochondrial function, and
protein acetylation [36]. CoA biosynthesis proceeds through five enzymatic steps (Figure 1).
Pantothenate kinase (PANK) catalyzes the first and rate-limiting phosphorylation of pan-
tothenic acid (vitamin B5), generating 4′-phosphopantothenate. Phosphopantothenoylcys-
teine synthetase (PPCS) then conjugates 4′-phosphopantothenate with cysteine to generate
4′-phosphopantothenoylcysteine, which is decarboxylated by phosphopantothenoylcysteine
decarboxylase (PPCDC) to produce 4′-phosphopantetheine. Finally, the bifunctional enzyme
CoA synthase (COASY) catalyzes the final two reactions leading to CoA synthesis [37].

Pathogenic variants affecting all enzymes of the CoA biosynthetic pathway have
been linked to human diseases and are collectively referred to as inborn errors of CoA
biosynthesis [7,38,39]. Among them, PANK2 and COASY variants cause NBIA and may
compromise the capacity of cells to sustain CoA-dependent reactions. These include 4′-
phosphopantetheinylation of mitochondrial acyl carrier protein (mtACP) and lipoylation
of key dehydrogenase complexes, thereby connecting CoA metabolism to mitochondrial
dysfunction, altered lipid metabolism, and increased susceptibility to oxidative stress in
neurons [40].

3.1. PKAN

Pantothenate kinase-associated neurodegeneration (PKAN, OMIM #234002) is among
the most prevalent forms of NBIA, with an estimated incidence of approximately 2 per
1,000,000 individuals worldwide [41].

It is caused by biallelic pathogenic variants in the PANK2 gene on chromosome
20p13 [42], which encodes the pantothenate kinase 2 enzyme and catalyzes the first, rate-
limiting reaction in CoA biosynthesis (Figure 1). PANK2 variants impair CoA metabolism
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and perturb downstream pathways related to iron/calcium homeostasis, mitochondrial
function, lipid metabolism, and reactive oxygen species (ROS) production [43].

Although other PANK isoforms exist (PANK1α, PANK1β, PANK3, PANK4) [44],
PANK2 is unique because it localizes to the mitochondrial intermembrane space [45] and
responds to mitochondrial acylcarnitines. In particular, palmitoylcarnitine activates PANK2,
linking CoA biosynthesis to fatty acid transport into mitochondria [46,47].

PKAN spectrum disorders, including HARP syndrome (hypobetalipoproteinemia,
acanthocytosis, retinitis pigmentosa, and pallidal degeneration) [48], are generally classified
into classic and atypical forms [6]. The classic form, with onset in the first decade of life, is
characterized by rapid progression, loss of ambulation, dystonia, spasticity, and pigmentary
retinopathy. It is often associated with severe loss-of-function variants, and earlier onset
correlates with more severe cognitive impairment [6,49,50]. The atypical form, with onset
usually in the second decade, presents with slower progression. Initial symptoms are often
speech impairment and neuropsychiatric manifestations, including obsessive-compulsive
symptoms, tics and depression, followed later by motor degeneration. Atypical PKAN is
mostly linked to missense variants associated with residual enzymatic activity, although
intermediate phenotypes are also recognized [6,49,51].

Diagnosis relies on genetic testing and neuroradiologic examination. Brain MRI in
PKAN typically reveals the pathognomonic “eye of the tiger” sign, defined by central
pallidal T2 hyperintensity surrounded by T2 hypointensity in the GP, reflecting primary
lesions, gliosis, and iron accumulation [34,52]. Computed tomography (CT) scans may
also show GP calcifications [53]. Moreover, diffusion tensor imaging (DTI) studies have
further linked white matter abnormalities, particularly in the corpus callosum, frontal lobe,
medulla oblongata, and pons, to dystonia progression [54].

Different experimental models have been generated to investigate PKAN disease
mechanisms. Available models, including yeast, fly, zebrafish, and mouse, reproduced
selected molecular or neurological features but failed to fully recapitulate the human phe-
notype. In zebrafish, morpholino-mediated Pank2 silencing caused abnormal neuronal
development in the telencephalon and diencephalon, along with vascular defects, whereas
the CRISPR/Cas9 Pank2 knock-out (KO) model showed testicular atrophy and anxiety-
related behavioral alterations; neither model showed overt neurodegeneration [55,56]. In
Drosophila, downregulation of the sole PANK ortholog, fumble (fbl), resulted in severe motor
impairment, brain vacuolization, and male sterility, without detectable iron accumula-
tion. This difference may reflect the lack of mitochondrial localization of the fly PANK
enzyme [57]. In mice, constitutive Pank2 loss caused defective spermatogenesis, retinal
degeneration in aged animals, reduced weight gain, and mitochondrial ultrastructural
abnormalities, as well as perturbation of iron homeostasis and dopamine metabolism in
GP-enriched regions, but without any sign of motor deficits or neurodegeneration [58,59].
However, ketogenic diet administration induced PKAN-like motor dysfunction in Pank2
KO mice, suggesting that metabolic stress can unmask disease-relevant phenotypes [60].

Patient-derived iPSC models have provided complementary insights into human cel-
lular vulnerability. Reprogrammed glutamatergic neurons showed mitochondrial dysfunc-
tion but not iron accumulation [61]. In contrast, iron overload was observed in striatal-like
medium spiny GABAergic neurons and astrocytes, together with altered mitochondria, ox-
idative stress, signs of ferroptosis, and impaired endosomal trafficking [62,63]. Interestingly,
metabolomics studies in patient plasma further revealed impaired lipid and cholesterol syn-
thesis, as well as elevated plasma lactate and pantothenate, supporting a broader metabolic
disturbance in PKAN [64].
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3.2. CoPAN

COASY protein-associated neurodegeneration (CoPAN, OMIM #615643) is a rare
autosomal recessive disorder within the NBIA spectrum. It is caused by biallelic pathogenic
variants in COASY, located on chromosome 17q21.2 [65]. The gene encodes the bifunctional
enzyme 4′-phosphopantetheine adenyltransferase/dephospho-CoA kinase (PPAT/DPCK),
or CoA synthase (COASY), which catalyzes the final two steps of CoA biosynthesis in
mitochondria, cytoplasm, and nucleus (Figure 1) [7,66]. Biallelic complete loss-of-function
variants result in the lethal perinatal condition known as pontocerebellar hypoplasia type
12 (PCH12) [67,68], whereas missense variants retaining residual enzymatic activity cause
CoPAN. CoPAN usually manifests in early childhood with movement difficulties and later
progresses to bradykinesia, areflexia, dysarthria, and dystonia. Cognitive impairment
and additional neuropsychiatric symptoms may also occur [7]. Recent findings have
expanded the clinical spectrum to include speech delay, deafness, autism spectrum disorder,
neuromuscular involvement, and epilepsy [22].

The “eye of the tiger” sign, classically associated with PKAN, has been reported in
some CoPAN patients but is not consistently present. Other MRI findings include GP
hypointensity, bilateral hyperintensity, and swelling in the caudate nucleus, putamen, and
thalamus. Additional abnormalities may include a smaller corpus callosum, microcephaly,
brain atrophy, and frontotemporal and parietal white matter changes [69].

So far, several CoPAN experimental models have been developed. These include
Saccharomyces cerevisiae, in which PPAT and DPCK enzymatic activities for the synthesis of
CoA reside on two different proteins, encoded by CAB4 and CAB5 genes, respectively [70].
The deletion of both genes results in a lethal phenotype, consistent with the incompatibility
of complete Coasy loss with life [70]. Similarly, the complete absence of Coasy in zebrafish is
associated with early death due to severe developmental impairment [71]. Together, these
findings support an essential role of COASY in development.

Since constitutive Coasy ablation is embryolethal, conditional KO mouse models have
been generated by deleting Coasy in neurons or astrocytes using Cre recombinase under
cell-type-specific promoters [72,73]. These models recapitulate mitochondrial dysfunction,
iron dyshomeostasis, and neurodevelopmental defects, but do not fully capture progressive
neurodegeneration [72,73]. To better investigate neurodegenerative processes, a tamoxifen-
inducible neuronal KO mouse model was recently generated [74]. This model displayed a
more CoPAN-like phenotype, characterized by motor decline, progressive neurodegenera-
tion, brain iron dyshomeostasis, and extensive neuroinflammation, providing an important
platform for investigating disease mechanisms and testing therapeutic interventions.

Human iPSC-derived astrocytes have provided complementary disease-relevant evi-
dence. These cells exhibited cytosolic iron accumulation, altered mitochondrial morphology,
impaired endosomal trafficking, lipid peroxidation, and cellular senescence [23].

4. NBIA Due to Lipid Metabolism Defects
4.1. PLAN

PLA2G6-associated neurodegeneration (PLAN) comprises a group of autosomal re-
cessive neurodegenerative disorders caused by biallelic variants in PLA2G6, located on
chromosome 22, and encoding iPLA2β/iPLA2VI, a calcium-independent phospholipase
A2 [8]. PLA2G6 belongs to the phospholipase A2 superfamily and localizes to the cytosol
and mitochondria, where it plays a key role in phospholipid metabolism and membrane
remodeling (Figure 1) [75]. Phospholipase A2 enzymes hydrolyze acyl-ester bonds of
membrane phospholipids, releasing lysophospholipids and free polyunsaturated fatty
acids (PUFAs) [76]. Loss of PLA2G6 function impairs membrane phospholipid remodeling
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and promotes the accumulation of peroxidation-prone lipid species, thereby disrupting
neuronal membrane integrity and contributing to neurodegeneration [77–79].

Depending on the age of onset and the associated clinical features, PLAN can be
classified into infantile neuroaxonal dystrophy (INAD, OMIM #256600), atypical neuroax-
onal dystrophy (ANAD, OMIM #610217), and autosomal recessive early-onset Parkinson’s
disease PARK14 (EOPD, OMIM #612953) [80].

INAD is usually associated with null alleles and begins early in childhood with rapid
motor regression, hypotonia, ataxia, and visual failure, often leading to death within the first
decade [34,81]. Neonatal cases have also been reported, presenting congenital hypotonia,
severe weakness, and bulbar signs [82]. ANAD is often linked to missense variants, has
a slower onset, typically between seven and ten years of age, and is characterized by
extrapyramidal signs and intellectual disability [34,83]. By contrast, EOPD usually emerges
in adulthood, between 20 and 40 years of age, with neuropsychiatric disturbances, dystonia,
and parkinsonism [84,85].

Brain iron accumulation in PLAN is often late, variable, or even absent [86]. Diagnosis
therefore relies on integration of clinical presentation, brain MRI, and molecular confir-
mation. Cerebellar atrophy, axonal spheroids, and the widespread Lewy body pathology
represent important neuroradiological and neuropathological hallmarks [34,87].

Established animal models, including iPLA2β KO mice and Drosophila, show
widespread α-synuclein aggregation and motor abnormalities [88–92]. In the mouse model,
Pla2g6 deficiency impairs the release of fatty acids from peroxidized lipids, leading to
increased oxidative stress and accumulation of cardiolipin-rich inner mitochondrial mem-
brane structures [93].

PLAN patient-derived fibroblasts showed increased oxidative stress and lipid peroxi-
dation. Iron accumulation, accompanied by the presence of lipofuscin granules, has also
been observed in induced neurons generated by direct fibroblasts reprogramming [94]. To
date, iPSC-based models have been developed only for PLA2G6-associated early-onset
Parkinson’s disease. Patient-derived iPSCs and derived dopaminergic neurons exhibited
mitochondrial fragmentation, altered bioenergetics, imbalanced calcium homeostasis, and
increased susceptibility to apoptosis [24,25,95].

4.2. MPAN

Mitochondrial membrane protein-associated neurodegeneration (MPAN, OMIM
#624298) is caused by pathogenic variants in C19orf12, located on chromosome 19. This
disorder is usually inherited as an autosomal recessive trait, although autosomal dominant
cases have also been described [10,96].

Clinical manifestations often involve dystonia, spasticity, parkinsonism, motor axonal
neuropathy, and retinal and optic abnormalities. In addition to iron accumulation in
the GP and SN, neuropathological findings include axonal spheroids, Lewy bodies, and
hyperphosphorylated tau in different brain regions [10]. A relatively characteristic MRI
feature is a hyperintense band in the GP, corresponding to the internal medullary lamina,
which may help distinguish MPAN from other NBIA forms, although rare overlap with
PKAN-like “eye-of-the-tiger” patterns has been reported [97].

C19orf12 encodes a transmembrane protein whose function is still not well clarified [10].
Its subcellular localization to mitochondria, endoplasmic reticulum, and mitochondria-
associated membrane (MAM) suggests a role in phospholipid metabolism and membrane
remodeling (Figure 1). This hypothesis is supported by high C19orf12 expression in the adi-
pose tissue, which further increases during adipocyte differentiation. Consistently, C19orf12 is
co-regulated with genes that are primarily involved in fatty acid metabolism [10,98].
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Animal models used to study C19orf12 deficiency include Drosophila and zebrafish [26].
Drosophila has two C19orf12 orthologs, and only the deletion of both impacts lifespan and
climbing performance [99]. Zebrafish has four C19orf12 orthologs, and the downregulation
of the most highly expressed embryonic ortholog causes defective locomotor behavior,
altered brain morphology, and decreased survival [100]. Recently, a C19orf12 KO mouse
model has been generated, showing age-dependent axonal spheroids throughout the brain
and spinal cord, with accumulation of tangled ER-derived membranes and damaged
mitochondria, particularly in dopaminergic neurons. The mice also exhibited brain iron ac-
cumulation, α-synuclein accumulation, neuroinflammation, and progressive motor decline
starting around six months of life [27].

Cellular models, including MPAN patient fibroblasts and C19orf12 KO neuroblas-
toma M17 cells, showed impaired autophagy, altered mitochondrial function, elevated
ferrous and ferric iron and ROS levels in the cytosol, and increased vulnerability to
ferroptosis [101–103]. Recently, patient iPSC-derived midbrain dopaminergic neurons have
been generated, revealing iron accumulation, α-synuclein aggregation, axonal swelling,
and severe membrane abnormalities. Elevated levels of the major histocompatibility com-
plex class I (MHC-I) were also detected, suggesting a possible contribution of neuronal
stress or inflammatory signaling [28].

5. NBIA Due to Autophagy Defects
BPAN

Beta-propeller protein-associated neurodegeneration (BPAN, OMIM #300894) is an
X-linked dominant NBIA disorder and is now recognized as one of the most frequently
diagnosed forms in recent clinical cohorts [104]. It is caused by pathogenic variants in
WDR45, located on chromosome X. Most affected individuals are female and carry de
novo mutations, whereas affected males are usually thought to result from post-zygotic
mosaicism or rare surviving hemizygous states [105]. Skewed X-chromosome inactivation
may further contribute to the phenotypic variability observed in female patients [105,106].

Typical BPAN MRI findings include T2 hypointensity in the SN and GP, together with
T1 hyperintensity of the SN and cerebral peduncles. A characteristic feature is a thin, dark
central band surrounded by a halo of brilliance in the SN and the cerebral peduncles. In
addition, cerebral and cerebellar atrophy are other frequently observed signs indicating
BPAN [104,107].

Formerly referred to as Static Encephalopathy of childhood with Neurodegeneration
in Adulthood (SENDA), BPAN is characterized by an onset that typically manifests in early
childhood, with global developmental delay, intellectual disability, abnormal behavior, and
seizures. Disease progression is usually characterized by a relatively sudden worsening in
late adolescence or adulthood, with the emergence of additional neurological symptoms,
including progressive dystonia, parkinsonism, and dementia [1].

The gene encodes the WDR45 protein, also known as WIPI4 (WD-repeat domain
phosphoinositide interacting protein 4), a member of the autophagy-related (ATG) WIPI
proteins involved in autophagosome formation (Figure 1). Because autophagy is involved
in synaptic remodeling and plasticity in neurons, disruption of this pathway may contribute
to neuronal dysfunction and clinical manifestations in BPAN [108,109].

BPAN animal models include mice, flies, and worms. The cerebral-conditional Wdr45
KO mouse model showed ubiquitin-positive aggregates, axonal swelling associated with
motor neurodegeneration, and learning and memory impairment. Iron accumulation was
not detected, probably due to its late manifestation in the disease progression [110]. A
recent germline mutant mouse model showed a phenotype similar to that of the conditional
model, but also displayed increased endoplasmic reticulum stress and protein aggregation
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leading to neuronal death [111]. Similarly, deletion of the corresponding WDR45 orthologs,
Atg18 in yeast and epg-6 in C. elegans, causes defects in autophagy [112,113]. Finally, the
Drosophila KO model displays impaired locomotor behavior, reduced survival, autophagic
dysregulation, and iron dyshomeostasis [29].

Several cellular models have also been used, including human fibroblasts, lymphoblas-
toid cells, neuroblastoma cell lines, and patient-derived iPSC carrying WDR45 pathogenic
variants. These systems have shown impaired autophagic flux, lysosomal abnormalities,
impaired mitochondrial respiration, increased ROS production, altered iron-handling pro-
teins, and iron accumulation [114–117]. Together, these findings support a mechanistic link
between WDR45 dysfunction, autophagy failure, and iron dyshomeostasis.

6. From Pathogenesis to Therapy: Emerging Treatment Strategies in
Major NBIA Forms

At present, no disease-modifying therapy is available for NBIA disorders, and treat-
ment options remain largely palliative or symptomatic. Supportive care includes physical,
occupational, and speech therapy, whereas pharmacological management relies on baclofen
for dystonia, levodopa for parkinsonism, botulinum toxin and benzodiazepines for mus-
cle relaxation, and other standard approaches for pain control [118]. Pallidal deep brain
stimulation (DBS) has been recognized as a useful treatment for primary and secondary
dystonia, with reported benefits in PKAN patients [119].

Magnetic resonance-guided focused ultrasound (MRgFUS) pallidotomy has also
shown beneficial outcomes for the treatment of the status dystonicus [120]. Nevertheless,
both DBS and lesioning procedures remain symptomatic interventions and are generally
limited to selected clinical contexts [120].

Insights from disease models have highlighted potential therapeutic strategies, some
of which may be shared across NBIA forms (Figure 2).

Figure 2. Graphical representation of major NBIA disorders showing the affected genes, protein
localization, the associated impaired cellular pathways, and the currently explored therapeutic
strategies. Created with BioRender.
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Although some of these strategies have shown promising preclinical results, most do
not directly address the underlying genetic defects. For this reason, increasing attention
is shifting toward genetic and precision-oriented strategies, including gene replacement,
gene modulation, and interventions tailored to disease-specific molecular mechanisms.
The therapeutic strategies discussed in this section are summarized in Table 2 according to
target pathway, evidence level, and translational status.

Table 2. Therapeutic strategies for major NBIA disorders: targets, evidence level, and translational
status.

Therapeutic
Strategy

Main
Target/Pathway NBIA Form(s) Evidence Level Translational Status

Iron chelation Iron
dyshomeostasis

Mainly PKAN;
limited reports in

MPAN/BPAN

Human studies/
case reports

Variable clinical
benefit

CoA pathway
restoration CoA biosynthesis PKAN, CoPAN

Preclinical data in
CoPAN and PKAN;

clinical trial in PKAN
Clinical trial

PANK activation CoA biosynthesis PKAN Preclinical Early translational
development

PPARγ activation/
mitochondrial

support

Mitochondrial
dysfunction,

inflammation, iron
handling

PKAN, CoPAN Preclinical -

Autophagy
modulation

Autophagy-
lysosomal

dysfunction
BPAN, MPAN Preclinical -

Antioxidant and
anti-ferroptotic

strategies

Lipid peroxidation,
oxidative stress,

ferroptosis

PKAN, PLAN,
BPAN, MPAN

Preclinical, limited
patient reports Supportive/preclinical

AAV-mediated
gene replacement

Primary genetic
defect

PLAN, BPAN;
conceptual for

PKAN/CoPAN

Advanced preclinical
for PLAN/BPAN

Translational
development

6.1. Symptomatic Management and Iron-Targeting Strategies

Iron plays a vital role in multiple biological processes in the brain, including the synthe-
sis of neurotransmitters, oxidative phosphorylation, and energy production. Nevertheless,
excessive iron deposition is an eponymous feature of NBIA disorders and may contribute
to oxidative stress, lipid peroxidation, ferroptosis-related vulnerability, and neuronal injury.
Iron chelation has therefore been investigated as a potential disease-modifying strategy,
particularly in PKAN. However, this approach faces significant hurdles: iron chelators must
cross the blood–brain barrier (BBB) and reduce pathological iron excess without causing
systemic iron deficiency or regional brain iron depletion [121].

Currently, three iron chelators are clinically available: deferoxamine (DFO), deferasirox
(DFS), and deferiprone (DFP), with DFP being the most extensively studied in NBIA because
of its ability to cross the BBB.

In a randomized, double-blind, controlled trial involving a large cohort of PKAN
patients, 18 months of oral DFP administration significantly reduced GP iron accumulation
on MRI, showing a trend towards slower disease progression and maintaining a favorable
safety profile (NCT01741532) [122]. The same cohort was subsequently enrolled in an open-
label extension study in which all participants received DFP for an additional 18 months. No
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further differences were observed in patients previously treated with DFP during the initial
trial, while patients originally assigned to placebo showed a measurable slowing of disease
progression upon initiation of DFP therapy (NCT02174848) [122]. However, clinical efficacy
varied considerably among NBIA subtypes. DFP off-label treatment has been reported in
two siblings affected by MPAN. Symptom stabilization was observed in only one patient
and persisted over four years of follow-up, whereas the treatment was ineffective in the
other sibling [123]. This outcome suggests a possible correlation between therapeutic
response and individual disease presentation. Similarly, DFP treatment was attempted in
two unrelated BPAN patients. One patient showed no remarkable clinical response. For
the second patient, presenting milder symptoms, the treatment was interrupted shortly
after initiation due to an acute worsening of clinical manifestations [124,125]. Overall, these
reports indicate that the clinical utility of DFP remains variable and likely dependent on
the underlying genetic and clinical profile.

DFO is characterized by low lipophilicity and high molecular weight, which limit
its ability to cross the BBB after systemic parenteral administration [126]. The intranasal
administration may bypass the BBB and improve Central Nervous System (CNS) delivery
while limiting systemic adverse effects, as demonstrated in AD mouse models [127,128].
However, intranasal DFO requires frequent high-dose administration, causing irritation to
the nasal mucosa [126].

DFS has iron-chelating efficacy comparable to that of DFP, but its use is limited by
higher dose-related toxicity concerns [126].

Beyond classical chelators, multifunctional compounds with metal-binding, antioxi-
dant, or radical-scavenging properties, including curcumin, capsaicin, S-allylcysteine, or 5-
YHEDA, have been explored in other neurodegenerative contexts [126,129–131]. However,
their relevance to NBIA remains largely speculative because disease-specific preclinical
and clinical evidence is lacking.

A complementary strategy is to modulate iron import rather than remove accumulated
iron. Transferrin receptor 1 (TfR1) mediates cellular uptake of transferrin-bound iron, and its
palmitoylation physiologically limits receptor internalization and iron entry. Impaired TfR1
palmitoylation and recycling were reported in fibroblasts from several NBIA subtypes, sug-
gesting a possible convergent mechanism for pathological iron accumulation [12]. Moreover,
PKAN hiPSC-derived astrocytes showed an increase in transferrin uptake associated with
altered endocytosis and impaired endosomal trafficking [63]. In this context, pharmacologi-
cal induction of TfR1 palmitoylation has been proposed as a therapeutic strategy to reduce
iron influx. Artesunate restored TfR1 palmitoylation and reduced cellular iron uptake in
patient-derived fibroblasts, supporting proof of concept for iron-import modulation [12]. How-
ever, this approach remains preclinical, and its translational relevance is uncertain because
artemisinin derivatives may also increase oxidative stress, lipid peroxidation, or endoplas-
mic reticulum stress in vulnerable neuronal contexts [132,133]. Further studies are therefore
required before TfR1 palmitoylation can be considered a viable therapeutic target in NBIA.

However, current evidence suggests that iron overload is often a downstream component
of NBIA pathogenesis rather than the primary disease driver. Iron-directed therapies may
therefore mitigate iron toxicity or slow disease progression, but they are unlikely to provide
a definitive treatment when used alone. In the absence of direct genetic correction, more
effective strategies will likely require disease-specific or combinatorial approaches able to
address the broader metabolic and organelle pathways disrupted in each NBIA subtype.
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6.2. Metabolic and Pathway-Directed Small-Molecule Strategies
6.2.1. CoA Pathway Restoration in PKAN and CoPAN

Several preclinical studies in PKAN models have explored supplementation with
CoA, pantetheine, 4′-phosphopantetheine, or related intermediates to bypass the PANK2-
dependent step and restore downstream CoA biosynthesis.

CoA supplementation partially or completely rescued pathological phenotypes in
PKAN and, to a lesser extent, CoPAN models, including patient iPSC-derived neurons and
astrocytes, C. elegans, Drosophila, and zebrafish [23,55,61,62,71,134]. However, exogenous
CoA is thought to inefficiently cross cell membranes and to be rapidly degraded in serum
to 4′-phosphopantetheine [134].

Dietary administration of pantethine, the stable disulfide form of pantothenic acid
in zebrafish and Drosophila PANK-deficient models, improved the motor phenotype,
indicating that partial metabolic rescue can be achieved despite upstream enzymatic
deficiency [55,135,136]. In addition, pantethine supplementation via drinking water pre-
vented motor neurodegeneration and significantly ameliorated the phenotype in Pank2 KO
mice subjected to a ketogenic diet-induced metabolic stress [60].

Studies on Drosophila and Pank2 KO mice showed that oral administration of the
membrane-permeable CoA intermediate 4′-phosphopantetheine corrected the primary
CoA pathway-related biomarkers and ameliorated phenotypical or molecular alterations,
as well as rescued secondary perturbations in iron homeostasis, dopamine metabolism,
and mitochondrial function [134,137]. Similarly, acetyl-4′-phosphopantetheine was able
to prevent or reverse the PKAN-related phenotype in flies and mice [138]. Importantly,
precursor-based strategies may be less straightforward in CoPAN than in PKAN, because
COASY catalyzes the final two steps of CoA biosynthesis and may still be required to
convert downstream intermediates into CoA.

Based on these encouraging preclinical findings, a randomized, double-blind, placebo-
controlled clinical trial evaluated oral fosmetpantotenate in a large cohort of PKAN patients.
Fosmetpantotenate was designed to replace phosphopantothenate, thereby bypassing the
defective enzymatic step. Although the treatment was safe and well tolerated, it failed to
demonstrate clinical efficacy, showing no significant improvement in symptoms or slowing
of disease progression [139]. More recently, an ongoing phase 2 clinical trial (NCT04182763)
has been designed primarily to assess safety, tolerability, and pharmacodynamic biomarkers
in PKAN patients treated with 4′-phosphopantetheine [140].

A complementary strategy is PANK activation, which aims to increase CoA biosyn-
thesis by stimulating residual or alternative pantothenate kinase isoforms rather than
supplying downstream intermediates. Pantazines are small-molecule PANK activators
designed to stabilize catalytically active enzyme conformations and overcome feedback
inhibition by acetyl-CoA [141–143]. This approach is particularly attractive for PKAN
because PANK1 and PANK3 remain genetically intact, but its clinical utility will depend on
brain exposure, long-term safety, and the ability to restore CoA-dependent pathways in the
most vulnerable neuronal populations.

6.2.2. PPARγ Activation and Mitochondrial Support in PKAN and CoPAN

Leriglitazone is a brain-penetrant peroxisome proliferator-activated receptor gamma
(PPARγ) agonist that has been investigated as a mitochondrial and anti-inflammatory strat-
egy in CoA-related NBIA disorders [144]. In PKAN patient-derived astrocytes, leriglitazone
restored mitochondrial respiration, reduced cytosolic iron overload, and increased cell
viability [145]. These effects suggested that PPARγ activation may counteract downstream
consequences of impaired CoA metabolism, including mitochondrial dysfunction and iron
dyshomeostasis. The therapeutic potential of leriglitazone was also evaluated in an in-
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ducible neuronal Coasy KO mouse model of CoPAN. In this model, leriglitazone improved
motor performance, restored iron homeostasis, and mitigated neurodegeneration and neu-
roinflammation. However, treatment did not extend survival, indicating that modulation
of downstream pathways was insufficient to fully reverse the disease phenotype caused by
the complete absence of the protein [74]. This discrepancy supports the view that PPARγ
activation may provide partial disease modification but is unlikely to replace strategies
directly targeting the primary genetic defect.

6.2.3. Autophagy Modulation in BPAN and MPAN

For BPAN, autophagy modulation represents a direct therapeutic rationale because
WDR45/WIPI4 directly participates in autophagosome formation and autophagy-related
membrane dynamics [112]. In WDR45-deficient cellular and mouse models, mTOR in-
hibition with rapamycin reduced endoplasmic reticulum stress and alleviated neuronal
death [111].

Among repurposable metabolic interventions, L-serine has emerged as a candi-
date molecule due to its role in CNS development, synaptic plasticity, and neuronal
signaling [146,147]. This amino acid selectively activates autophagic–lysosomal enzymes
such as cathepsins B and L, thereby increasing cellular proteolytic efficiency [148]. It has
been associated with antioxidant and neuroprotective properties in vitro, in vivo, and in
clinical trials for neurodegenerative disorders, including Amyotrophic Lateral Sclerosis
(ALS) and Hereditary Sensory and Autonomic Neuropathy type 1 (HSAN1) [149,150]. In
BPAN patient fibroblasts, L-serine rescued lysosomal dysfunction by reducing lysosomal
enlargement, restoring lysosomal enzymatic activity, mitigating oxidative stress, and signif-
icantly decreasing iron and oxidized lipid accumulation, including pathological lipofuscin
aggregates derived from lipid peroxidation [151].

Autophagy-modulating approaches may also be relevant to MPAN, although C19orf12
is not a canonical autophagy gene. Patient-derived MPAN fibroblasts showed impaired
autophagy initiation, which was corrected by carbamazepine and other autophagy-
modulating compounds [103].

Collectively, these findings indicate that autophagy modulation represents a rational
therapeutic strategy for BPAN and a potentially actionable downstream target in MPAN.

6.3. Antioxidant and Anti-Ferroptotic Strategies
6.3.1. α-Lipoic Acid as an Antioxidant Strategy in PKAN

α-lipoic acid (ALA) is an antioxidant compound that reduces pro-inflammatory signaling
and ROS production, thereby enhancing cellular survival and mitochondrial function. Given
its neuroprotective properties, ALA has been evaluated in fibroblasts and induced neurons
derived from PKAN patients. In these models, ALA treatment reduced iron accumulation
and lipid peroxidation, improved mitochondrial function, and increased residual PANK2
expression [152]. Consistently, ALA administration significantly reduced iron levels in a
zebrafish model of induced iron accumulation [153]. These results suggest that ALA may
deserve further evaluation, particularly in PKAN patients retaining residual protein activity.

6.3.2. D-PUFAs and Vitamin E for Lipid-Peroxidation Control in PLAN

Autoxidation of PUFAs produces toxic lipid peroxidation products that can damage
cellular and mitochondrial membranes. This mechanism is particularly relevant to PLAN
because PLA2G6 deficiency impairs phospholipid remodeling and increases vulnerability
to oxidative membrane damage. Deuterated PUFAs (D-PUFAs), in which allylic hydrogens
have been replaced by deuterium, were developed to slow lipid peroxidation and stabilize
membrane lipids [154].
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Within the NBIA spectrum, deuterated linoleic acid rescued locomotor abnormalities
in the Drosophila PLAN model. Beneficial effects were also observed in PLAN patient
fibroblasts, where treatment reduced lipid peroxidation and improved mitochondrial
membrane potential [88,121,155]. Oral administration of deuterated linoleic acid was
reported in two INAD subjects, with preliminary evidence of clinical stabilization [156].

A combination of antioxidant molecules, including vitamin E and omega-3, was
reported to reduce oxidative stress and lipid peroxidation in PLAN patient fibroblasts
and induced neurons generated by direct reprogramming. Vitamin E also partially re-
versed senescent morphology, prevented iron and lipofuscin accumulation, and reduced
mitochondrial network fragmentation [94].

Similar outcomes resulted from the treatment of PKAN and BPAN cultured fibroblasts
with the same antioxidants, and clinical stabilization has also been described in patients
receiving these supplements in combination with baseline neurological medication [157–159].
Although these findings support a common rationale across different NBIA forms, antioxidant
supplementation should be considered a supportive or pathway-modulating strategy rather
than a corrective treatment for the primary genetic defect.

6.3.3. NAC and Acetyl-Leucine as Exploratory Strategies in MPAN

N-acetyl-L-cysteine (NAC) is a thiol antioxidant that directly scavenges reactive oxy-
gen species and serves as a precursor for cysteine and glutathione synthesis [160]. In
C19orf12 KO M17 neuroblastoma cells, NAC supplementation reduced lipid peroxidation
and partially rescued mitochondrial structural and respiratory abnormalities [101]. These
findings support oxidative stress and ferroptosis-related damage as actionable downstream
targets in MPAN, although the evidence remains limited to cellular models.

Acetyl-leucine has recently emerged as an exploratory candidate in MPAN based
on patient-derived neuronal models. In midbrain dopaminergic neurons generated from
MPAN patient iPSCs, treatment with acetyl-leucine reduced MHC-I levels, suggesting
a possible effect on neuronal stress or neuroinflammatory signaling [28]. However, this
finding remains preliminary, and it is not yet clear whether MHC-I reduction reflects a
disease-modifying mechanism, a secondary stress response, or a model-specific readout.

6.4. Gene-Based and Precision Genetic Strategies

Gene-based therapies represent an attractive therapeutic approach for monogenic
neurological conditions, particularly for recessive disorders [161]. In NBIA, these strategies
could correct the primary molecular defect rather than merely modulate downstream
consequences such as iron dyshomeostasis, oxidative stress, mitochondrial dysfunction, or
impaired autophagy. However, their translation remains challenging because effective treat-
ment will require early diagnosis, adequate central nervous system delivery, appropriate
cell-type targeting, durable expression, and careful control of transgene dosage.

The four fundamental approaches to gene therapy, namely gene silencing, gene re-
placement, gene addition, and gene editing, are based on the delivery of genetic material
into the cells to replace defective genes, introduce new genes, or modify the expression
of existing genes through the use of viral or non-viral vectors [162–164]. Among these
strategies, adeno-associated virus (AAV)-mediated gene replacement currently represents
the most advanced approach for recessive NBIA forms, whereas allele-selective silencing,
antisense oligonucleotides, and genome editing remain less mature or applicable only to
specific genetic contexts.

https://doi.org/10.3390/neurolint18070133

https://doi.org/10.3390/neurolint18070133


Neurol. Int. 2026, 18, 133 15 of 27

AAV-Mediated Gene Replacement

Gene therapy has achieved the most advanced preclinical progress primarily in PLAN
and BPAN. These approaches use AAV vectors to deliver functional copies of the defective
genes, aiming to restore cellular homeostasis in affected neuronal populations.

A landmark study in PLAN used AAV-mediated delivery of human PLA2G6 cDNA to
rescue the phenotype of a KO mouse model. The therapeutic transgene was driven by the
ubiquitous EF1α promoter and packaged into the synthetic AAV-PHP.eB serotype, known
for its robust BBB penetration in mice. Intracerebroventricular (ICV) administration in
pre-symptomatic pups improved sensorimotor function, extended survival, and preserved
cerebellar Purkinje cells, which are key sites of pathology due to phospholipid metabolism
defects [165]. However, it has also been demonstrated that the PhP.eB serotype showed
very high transduction efficacy in selected mouse strains but poor brain transduction in
non-human primates, limiting its direct clinical translation and supporting the need for
clinically relevant AAV capsids and delivery routes [166].

In parallel with academic preclinical studies, an investigational AAV9-based PLA2G6
gene therapy program for INAD has entered translational development. The program is
designed for one-time cerebrospinal fluid administration and has received Orphan Drug
Designation from both the U.S. Food and Drug Administration (https://www.accessdata.fda.
gov/scripts/opdlisting/oopd/detailedIndex.cfm?cfgridkey=960923, accessed on 7 October
2026) and the European Commission (https://ec.europa.eu/health/documents/community-
register/html/o2845.htm, accessed on 7 October 2026). However, peer-reviewed clinical
efficacy data are not yet available, and this program should therefore be regarded as a
translational pipeline candidate rather than an established therapeutic approach.

Similarly, gene therapy for BPAN has yielded encouraging preclinical data. Carisi
et al. developed a novel knock-in mouse model harboring the WDR45 c830 + 1g > a
hemizygous variant, which recapitulates early-onset hyperactivity, as shown by open-field
testing, and autophagy blockade, as indicated by reduced LC3-II and p62 accumulation.
Pre-symptomatic ICV delivery of AAV9-WDR45 under the synthetic and constitutive
JeT promoter was able to prevent the neurological alteration and correct the autophagic
markers without overt adverse effects, providing preclinical proof-of-concept for WDR45
gene replacement in BPAN [167].

Gene replacement strategies for NBIA caused by inborn errors of CoA biosynthesis
remain at an earlier stage of development. AAV9-mediated delivery of full-length human
PANK2 has been proposed as a rational strategy for PKAN, and early preclinical work with
stereotactic delivery to the GP of the Pank2 KO mouse model has been announced [121].
However, peer-reviewed efficacy and safety data have not yet been published.

Similarly, no published studies have yet tested AAV-based COASY gene replacement in
disease-relevant CoPAN models. However, available in vitro and in vivo complementation
studies provide initial support for the feasibility of this approach. Human COASY expres-
sion restored metabolic defects in mutant yeast models, as well as rescued developmental,
mitochondrial, and motor abnormalities in zebrafish and Drosophila Coasy/Dpck-deficient
models [30,70,71]. These findings provide cross-species evidence that restoration of COASY
activity can correct key consequences of enzyme deficiency, thereby providing a foundation
for future preclinical validation.

7. Translational Gaps and Future Perspective
As our understanding of NBIA pathogenesis improves, therapeutic development is

progressively moving from symptomatic management toward mechanism-based interven-
tions. However, this transition remains incomplete. Iron chelation, metabolic supplementa-
tion, antioxidant strategies, autophagy modulation, and gene replacement approaches have
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all provided useful proof-of-concept data, but none has yet established broad clinical dis-
ease modification across NBIA disorders [122,140,151,156,165]. A central challenge is that
most available treatments target downstream consequences of disease, whereas neuronal
dysfunction may already be advanced by the time patients receive a diagnosis.

Therapeutic timing is likely to be one of the strongest determinants of efficacy. Sev-
eral NBIA forms begin before iron accumulation becomes radiologically evident, and
irreversible neuronal loss may precede overt clinical deterioration. This is particularly
relevant for early-onset disorders, in which motor decline, developmental impairment, or
neurodegeneration can progress rapidly. Therefore, future therapies will require earlier
molecular diagnosis, better genotype-based risk stratification, and disease-stage-specific
treatment strategies. Interventions that are ineffective in advanced disease may still be
valuable if administered before extensive neuronal loss has occurred [168].

A second major limitation is the lack of robust translational biomarkers. Brain MRI
remains central for diagnosis and for monitoring iron accumulation, but radiological
improvement does not necessarily predict clinical benefit. This mismatch was evident
in iron-chelation studies, where reduced pallidal iron did not consistently translate into
substantial functional improvement. Future efforts should prioritize the identification of
simple, reliable biomarkers that more directly reflect disease-relevant biology, including
quantitative MRI, plasma and/or Cerebral Spinal Fluid (CSF) circulating biomarkers, and
omics-based signatures. Such biomarkers are needed not only for efficacy assessment but
also for dose selection, patient stratification, and the identification of outcome measures for
future clinical studies [169,170].

Natural history studies have been published for PKAN, BPAN, and PLAN, providing an
essential framework for patient stratification, outcome selection, and trial design [171–174].
However, available data remain limited by small cohorts, phenotypic heterogeneity, and
variable progression rates. Future studies should further harmonize longitudinal clinical
scales, MRI protocols, digital motor measures, caregiver-reported outcomes, and biomarker-
supported endpoints to improve the sensitivity of trials in ultra-rare NBIA disorders. Recent
Quantitative Susceptibility Mapping (QSM) data in genetically confirmed NBIA patients
further support the potential value of quantitative MRI for measuring basal ganglia iron depo-
sition and developing imaging biomarkers for natural history studies and future trials [175].

Given the high global burden of mental disorders and their major contribution to
disability, neuropsychiatric and cognitive outcomes should be systematically captured in
NBIA natural history studies and interventional trials [176]. This is particularly important
for disorders such as BPAN, PKAN, CoPAN, PLAN, and MPAN, in which cognitive decline,
developmental impairment, behavioral symptoms, or psychiatric manifestations may
contribute substantially to disease burden.

Preclinical development faces parallel limitations. Many cellular and animal models re-
produce selected disease mechanisms but fail to capture the full human phenotype. PKAN
mouse models, for example, have provided valuable biochemical information but only
limited neurodegenerative features [58]. Conversely, severe developmental models may be
useful for pathway validation but less suitable for testing post-symptomatic therapeutic
rescue. Disease-relevant human iPSC-derived cells and animal models should therefore be
integrated rather than used in isolation. For gene-based therapies, preclinical models must
also define CNS biodistribution, target-cell requirements, therapeutic expression windows,
immunogenicity, and long-term safety.

Gene replacement is among the most rational strategies for recessive NBIA disorders,
but its translation will not be straightforward. AAV-based approaches for PLAN and BPAN
have provided encouraging preclinical evidence, whereas PKAN and CoPAN remain
at earlier stages [165,167]. For these disorders, the key unresolved issues are not only
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vector delivery, dosage control, timing of intervention, and durability of expression, but
also the high development and manufacturing costs associated with ultra-rare diseases.
Emerging platforms, including mRNA delivery through lipid nanoparticles (LNPs), may
eventually provide alternative strategies with potential advantages in affordability, safety,
and reversibility [177].

Epigenetic reactivation and gene-modifying approaches are even less mature. In BPAN,
reactivation of the silent wild-type WDR45 allele represents an interesting concept because
of X-linked disease biology, but current evidence remains cellular and far from clinical
implementation [178]. Moreover, genome-editing approaches or gene expression modulation
by antisense oligonucleotides (ASOs) are currently more speculative and should be viewed as
long-term perspectives rather than near-term therapeutic options [126,179].

Given the mechanistic complexity of NBIA, single interventions may not be suffi-
cient. The most plausible future strategy is combination therapy, in which disease-specific
correction is paired with modulation of convergent downstream pathways. For example,
gene replacement or CoA-pathway restoration may need to be combined with approaches
targeting mitochondrial dysfunction, lipid peroxidation, iron dyshomeostasis, ferroptosis,
autophagy defects, or neuroinflammation [180].

Together, these gaps define the main priorities for the next phase of NBIA translational
research. The field now needs models that predict human therapeutic response, biomarkers
that capture disease activity, and trials designed around early intervention and small patient
populations. Only by integrating causal therapies with pathway-modulating strategies
will it be possible to move beyond symptomatic treatment toward clinically significant
disease modification.

8. Conclusions
NBIA disorders illustrate how a shared neuroradiological feature can arise from differ-

ent genetic and molecular defects. Although brain iron accumulation remains central to
diagnosis, current evidence indicates that iron dyshomeostasis is often part of a broader
network of downstream pathogenic events involving CoA metabolism, lipid remodeling,
mitochondrial dysfunction, autophagy impairment, vesicle trafficking defects, oxidative
stress, and ferroptosis-related vulnerability. This concept has important therapeutic im-
plications because strategies focused exclusively on iron removal are unlikely to provide
broad disease modification across genetically distinct NBIA forms.

Therapeutic development is therefore moving toward mechanism-based approaches,
including CoA-pathway restoration, mitochondrial and antioxidant support, lipid-
peroxidation control, autophagy modulation, and gene replacement. These strategies
have generated promising preclinical results, but clinical translation remains limited by dis-
ease rarity, phenotypic heterogeneity, incomplete disease models, lack of robust biomarkers,
and the difficulty of treating patients before irreversible neuronal damage occurs. Future
progress will require earlier molecular diagnosis, disease-stage-specific intervention, har-
monized natural history data, and trial designs adapted to ultra-rare populations. Finally,
effective treatment will likely depend on combining causal or pathway-restoring therapies
with interventions targeting convergent downstream mechanisms.
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Abbreviations
The following abbreviations are used in this manuscript:

NBIA Neurodegeneration with brain iron accumulation
CP Ceruloplasmin
FTL Ferritin light chain
FTH1 Ferritin heavy chain
PKAN Pantothenate kinase-associated neurodegeneration
CoPAN COASY protein-associated neurodegeneration
BPAN β-propeller-associated neurodegeneration
MPAN mitochondrial membrane protein-associated neurodegeneration
PLAN PLA2G6-associated neurodegeneration
INAD Infantile neuroaxonal dystrophy
ANAD Atypical neuroaxonal dystrophy
EOPD Early-onset Parkinson’s disease
MECR Mitochondrial trans-2-enoyl-CoA reductase
GP Globus pallidus
SN Substantia nigra
PPCS Phosphopantothenoylcysteine synthetase
PPCDC Phosphopantothenoylcysteine decarboxylase
PPAT 4′-phosphopantetheine adenyltransferase
DPCK Dephospho-CoA kinase
PUFA Polyunsaturated fatty acids
MAM Mitochondria-associated membrane
DFO Deferoxamine
DFS Deferasirox
DFP Deferiprone
TfR1 Transferrin receptor 1
PPARγ Peroxisome proliferator-activated receptor gamma
ALA α -lipoic acid
NAC N-acetyl-L-cysteine
AAV Adeno-associated virus
HSAN1 Hereditary sensory and autonomic neuropathy type 1
ASOs Antisense oligonucleotides
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