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The term neurodegeneration with brain iron accumulation (NBIA) brings together a broad set of progressive and

disabling neurological genetic disorders in which iron is deposited preferentially in certain areas of the brain.

Among NBIA disorders, the most frequent subtype is pantothenate kinase-associated neurodegeneration (PKAN)

caused by pathologic variants in the PANK2 gene codifying the enzyme pantothenate kinase 2 (PANK2). 

neurodegeneration with brain iron accumulation (NBIA)

pantothenate kinase-associated neurodegeneration (PKAN)  pantothenate kinase 2 (PANK2)
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1. Introduction

Neurodegeneration with brain iron accumulation (NBIA) represents a group of rare genetic neurodegenerative

diseases that clinically manifest the presence of severe dystonia, rigidity, dysarthria, loss of ambulation,

parkinsonism, choreathetotic movements, retinal degeneration or optic nerve atrophy, neuropsychiatric disorders

and can lead to premature mortality . The most frequent pathological findings are iron deposits in the basal

ganglia and adjacent areas, and generalized axonal dilations (called spheroid bodies) in the central nervous

system (CNS), representing degenerated neurons . At present, more than 15 genes are associated with NBIA

disorders . However, the responsive genes of nearly 20% of the patients with clinical suspicion of NBIA are

unknown.

Despite the intense efforts in research on these diseases and the proposals of new therapeutic approaches, there

are still no effective treatments to halt the progression of neurodegeneration in NBIAs. Therefore, new therapeutic

strategies are necessary.

Pathological variants in the pantothenate kinase 2 (PANK2) gene, which encodes for an essential enzyme involved

in the coenzyme A (CoA) biosynthesis pathway, are one of the most prevalent NBIA subtypes; it represents nearly

50% of cases . Pantothenate kinase-associated neurodegeneration (PKAN) includes a continuous phenotypic
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spectrum with two major clinical forms: classic PKAN and atypical PKAN. Classic PKAN has an early onset in

childhood (usually in the first decade of life) and a rapid neurodegenerative progression. On the other hand,

atypical PKAN is characterized by a later onset (commonly in the second or third decade of life), and a slower

course of the disease . Despite this clinical classification, there are patients with early disease debut but

insidious progression or late start with fast progression.

The PANK gene family comprises PANK1a, PANK1b, PANK2, PANK 3 and PKAN4 genes, but only pathological

variants of PANK2 cause PKAN. PANK1, PANK2, and PANK3 isoenzymes are active as dimeric complexes with

different localizations in the cell. PANK2 is the only isoform to be expressed in mitochondria in humans and

primates , whereas PANK1 and PANK3 are commonly localized in the cytosol and nucleus . On the other hand,

PANK4 is a pseudo-pantothenate kinase that lacks kinase activity; however, it shows phosphatase activity

catalyzing the dephosphorylation of phosphopantothenate, 4′-phosphopantetheine and its derivatives .

The PANK2 enzyme catalyzes the key regulatory reaction in CoA biosynthesis in which pantothenate is converted

into 4′-phosphopantothenate using ATP. The main mechanism for controlling PANK2 activity is through allosteric

inhibition by acetyl-CoA and CoA thioesters .

2. Therapeutic Strategies 

At present no efficient therapy is available for PKAN. Thus, current treatments are aimed at controlling patient

symptoms . Although clinical trials with several compounds are in progress, PKAN treatments primarily aim to

control the main disease symptoms: spasticity, seizures, dystonia, or psychiatric disorders . Nevertheless,

several promising therapeutic approaches are currently in progress . These treatments can be summarized in

four categories: (1) iron chelation to eliminate iron accumulation in the brain; (2) metabolite supplementation to

correct metabolic deficits in the CoA pathway; (3) PANK isoforms activation to restore CoA biosynthesis; and (4)

gene therapy by introducing the wild-type PANK2 gene. However, some of these therapies have not been

successful, whereas others are under evaluation. For a detailed updated of current PKAN treatment approaches

see .

It is noteworthy that despite the importance of autophagy in neuronal homeostasis and pathological processes

such as neurodegeneration , there are few studies addressing autophagy modulation in PKAN disease models.

Recently, Huang et al. have shown that fumble (fbl), the human PANK2 homolog in Drosophila, interacts

genetically with PINK1 (PTEN-induced putative protein kinase 1), a key protein involved in the selective autophagy

of mitochondria (mitophagy) . In addition, mitochondrial fumble overexpression rescued PINK1 loss-of-function

defects such as mitochondrial dysfunction. Interestingly, vitamin B5 derivatives restored CoA/acetyl-CoA levels and

mitochondrial function, reversing the PINK1 deficiency phenotype .

2.1. Strategy for Finding Alternative Treatments for Pantothenate Kinase-
Associated Neurodegeneration Using Patient-Derived Cellular Models
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A key finding to support the utility of cellular models in PKAN research was that the supplementation with

pantothenate, the substrate for the PANK2 enzyme, was able to increase PANK2 expression levels in patient-

derived fibroblasts carrying pathologic variants with residual enzyme levels . Moreover, the pantothenate-

mediated up regulation of PANK2 levels was accompanied by the correction of all pathological alterations

associated with PKAN such as iron/lipofuscin overload, increased lipid peroxidation and impaired mitochondrial

bioenergetics. Furthermore, the positive effect of pantothenate was confirmed in iNs generated by direct

reprogramming of PKAN fibroblasts . These observations suggest that cell models may be a useful tool to

identify patients with PANK2 mutations that respond in vitro to pantothenate supplementation. More importantly,

these observations support the possibility of their treatment with high doses of pantothenate. In addition, these

results suggest that personalized screening strategies in PKAN may facilitate the detection of more

pharmacological chaperones (PCs) capable of increasing and stabilizing the expression levels and activity of the

mutant PANK2 enzyme in specific mutations.

Many mutations in human diseases provoke the destabilization of the mutant proteins. Curiously, compounds that

work as PC can rescue the activity of unstable proteins . However, individual patients will be only suitable

for therapy with PC depending on their specific genotype . Supporting this assumption, it has been shown that

several PANK2 pathological variants, but not all, can be rescued by pantothenate . Therefore, a strategy for

selecting more positive PCs in PKAN cellular models can lead to the identification of potential therapeutic

alternatives in patients harboring specific mutations. Following this approach, several rare diseases can be already

treated with PCs : For Gaucher disease, Diltiazem, an antihypertensive drug ; for cystic fibrosis, Doxorubicin,

an anti-cancer anthracycline, for cystic fibrosis ; for Pompe disease, Acetylcysteine, a mucolytic agent ; for

Fabry and Gaucher disease, Ambroxol, another mucolytic agent ; for hyperinsulinemic hypoglycemia,

Carbamazepine and dibenzazepine, ; for GM2 gangliosidosis, Pyrimethamine, an anti-parasitic drug ; and for

Pendred syndrome, Salicylate, a well-known anti-inflammatory agent . For PKAN disease, an allosteric brain-

permeable PANK activator (PZ-2891) has been found . Interestingly, a knockout mouse model of brain CoA

deficiency under PZ-2891 therapy showed weight gain, improved locomotor activity and extended life span . The

aim of this therapeutic approach is to compensate for the loss of PANK2 by the activating of the other PANK

isoforms .

2.2. Precision Medicine in Pantothenate Kinase-Associated Neurodegeneration

Precision medicine is an emerging approach that considers the adaptation of clinical management to the genetic

characteristics of each patient. Clinical precision medicine for the management of genetic neurodegenerative

disorders seems a more rational strategy in contrast to the traditional “one drug fits all patients” approach . In

fact, genetic neurodegenerative diseases can present heterogeneous clinical characteristics even in patients

carrying the same disease or pathological variant. Furthermore, as several metabolic or signaling pathways can be

secondarily affected it is highly unlikely that patients can benefit from a single drug. Genetic neurological diseases

are promising models for precision medicine due to the increasing knowledge of the genetic basis of the disease

and clinical classification, the increased number of biomarkers, and the existence of possible disease-modifying

treatments .
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In this context, precision medicine strategies using patient-derived fibroblasts and iNs could help optimize

therapeutic approaches in PKAN.

Strategies based on precision medicine are currently applied in different health disciplines such as cardiology,

nutrition, and oncology, as well as in rare diseases . In neurodegenerative diseases, the first approaches

based on precision medicine have been more relevant in Alzheimer’s disease (AD). Thus, anti-amyloid-β

monoclonal antibody therapy is now being tested in patients with mutations known to cause AD with the aim of

preventing neurodegeneration in patients with similar genetic alterations (ClinicalTrials.gov number NCT01760005,

accessed on 5 May 2023). In addition, APOE (apolipoprotein E) variants can identify individuals at higher risk for

AD , making them interesting biomarkers for earlier diagnosis, and the implementation of treatment and/or

prevention strategies. Today, Parkinson's Disease (PD) is treated as one clinical entity, but many researchers

emphasise that PD encompasses different sub-groups that can benefit from the approaches of precision medicine

. However, the complex nature of PD and AD, together with clinical phenotypic heterogeneity, present significant

challenges to successfully implementing personalized medicine in these diseases.

The main phases of a personalized medicine approach applied to PKAN are illustrated in Figure 1. First, a skin

biopsy is performed to generate fibroblast cultures. Subsequently, fibroblasts are characterized by examining the

main alterations of PKAN disease such as iron/lipofuscin accumulation, lipid peroxidation, senescent morphology,

and mutant protein expression levels. In addition to verifying PANK2 function, the expression levels of downstream

proteins such as mtACP are also evaluated. Next, pharmacological screening is carried out to identify the

compounds capable of correcting the alterations detected. In parallel, induced neurons are generated by indirect or

direct reprogramming, verifying that they express the neuronal markers. Finally, the positive compounds identified

in the fibroblast screening are evaluated in the induced neurons.
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Figure 1. Cell-based disease modeling and drug screening approach in PKAN. PKAN patient-derived cellular

models, fibroblasts, and iNs, can be useful tools for mimicking pathophysiological alterations of the disease and

screening potential therapies. iNs = induced neurons; mtACP= mitochondrial acyl carrier protein.

Using this strategy, 7 positive commercial supplements (pantothenate, pantethine, vitamin E, omega 3, α-Lipoic

acid, L-carnitine, and thiamine) have been recently identified . All of them were able to eliminate

iron/lipofuscin accumulation, increase PANK2 and mtACP protein levels, and correct the altered phenotype in

responsive mutant cells.

The rationale of pantothenate supplementation assumes that mutant enzymes may function better with higher

substrate concentrations. The ability of high-dose pantothenate supplementation to improve the activity of a
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functionally deficient PANK enzyme is supported by in vitro studies where the affinity of the enzyme for

pantothenate can be low but the reaction is still functional . These observations are interesting because they

indicate that pantothenate supplementation at high doses may be clinically useful for patients carrying pathological

variants with residual PANK2 expression levels and/or activity. However, this therapeutic strategy is not effective in

patients carrying frameshift mutations causing termination codons in both alleles that encode the expression of an

incomplete/truncated protein. For this reason, in vitro evaluation of the effect of pantothenate supplementation on

patient-derived cells may provide valuable information on the response of specific pathological variant subgroups.

Furthermore, it is necessary to check whether pantothenate treatment can reach the proper concentration to

achieve the desired functional effects in the human brain in vivo. A strategy to solve this difficulty would be to

perform combined treatments with pantothenate and other pantothenate derivatives such as pantethine with the

aim of increasing pantothenate concentrations in the blood and in the brain.

Pantethine is a physiological compound synthesized from pantothenic acid and cysteamine, participating as a

metabolic intermediate in the biosynthesis of CoA. Pantethine treatment can increase pantothenate levels in the

blood because it is highly unstable, and it is rapidly transformed into pantothenate and cysteamine .

Pantethine supplementation has been shown to rescue PKAN phenotypes in several biological models such as

bacteria , Drosophila , zebrafish  and mice . The therapeutic potentiality of pantethine in PKAN has

been mainly evaluated in animal models, although the compound has been used as a lipid-lowering agent in

clinical studies . Recently, the safety and efficacy of pantethine (60 mg/day during 6 months) in fifteen children

with PKAN have been evaluated . The conclusions of this research were that pantethine supplementation did

not alter serum CoA levels or improve clinical symptoms. The poor therapeutic efficacy of pantethine in PKAN

patients in this research may be due to (1) the low number of patients under treatment; (2) the treatment duration

was short; (3) a low dose concentration or low bioavailability of pantethine. However, as pantethine

supplementation can increase blood pantothenate concentrations, the combination of both pantothenate and

pantethine can be more efficient in specific patients.

Signs of oxidative and increased ROS production after iron exposure have been previously reported in PKAN

cellular models . Consistent with these findings, Alvarez-Cordoba et al., found increased content of carbonylated

proteins and mitochondrial lipid peroxidation in PKAN fibroblasts . Lipid peroxidation is generally described as a

chain reaction caused by the oxidative damage of polyunsaturated fatty acids (PUFA) resulting in the generation of

lipid peroxyl radicals, hydroperoxides and aldehyde derivatives . Three stages are described during the process

of lipid peroxidation: initiation, propagation, and termination . The chemical reactions associated with each of

these steps can be found elsewhere . Peroxidation of lipids can disturb the assembly of the membrane, causing

alterations in fluidity, permeability and ion transport . Furthermore, many breakdown metabolites, such as

malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) are generated in this process . MDA and 4-HNE protein

and DNA adducts modify multiple cellular processes and participate in secondary crosslinking reactions which may

worsen the pathophysiology of the disease. In addition, lipid aldehydes may affect protein kinases and

phosphatase activities leading to the abnormal activity of various transcription factors involved in cellular

homeostasis .
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Lipid peroxidation in organelles with high iron content, such as mitochondria, and alteration in membrane-

dependent cellular processes such as vesicle trafficking and/or autophagy/mitophagy, can cause iron accumulation

in lipofuscin granules, which in turn increases lipid peroxidation of membranes . This vicious cycle of events that

augment each other may aggravate and precipitate the progression of neurodegenerative diseases such as PKAN.

Membrane antioxidants, such as vitamin E, can block this vicious cycle in neurodegenerative diseases by stopping

lipid peroxidation propagation .

In addition, vitamin E is a necessary nutrient for neural development and neurological function . This fact,

together with much evidence demonstrating that neurodegenerative diseases are associated with oxidative stress

and lipid peroxidation, leads to the hypothesis that the progression of neurodegeneration may be mitigated by

membrane antioxidants such as vitamin E . Several works in human and animal models of vitamin E deficiency

assessed its participation in protecting the brain, and more specifically the cerebellum, from oxidative damage .

Lipid peroxidation has been related to the initiation and progression of many neurodegenerative disorders,

including Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) .

Likewise, PKAN’s pathomechanisms are directly related to the overproduction of ROS and mitochondrial redox

imbalance . Particularly, lipid peroxidation and increased ROS production have been detected in fibroblast and

iNs derived from PKAN’s patients, . Thus, the inhibition of lipid peroxidation propagation might slow the

course and ameliorate the severity of PKAN disease.

The positive effects of omega-3 fatty acids treatment in many disorders are now well known by many studies

assessing their implication in multiple biochemical functions, including the improvement of antioxidant defenses ,

the synthesis of anti-inflammatory factors, increased cellular membranes fluidity, and the modulation of gene

expression . Interestingly, it has been reported that omega-3 fatty acids supplementation also has

antioxidant effects by suppressing lipid peroxidation . In addition, they have been implicated in synaptic

plasticity, contributing to the enhancement of cognitive activity . Scientific evidence is accumulating on the

potential efficacy of omega-3 fatty acids treatment in neurodegenerative diseases in general , and in AD and

PD in particular .

α-Lipoic acid is a pleiotropic organosulfur compound necessary for mitochondrial activity and energy generation, as

well as for regulating gene expression . α-Lipoic acid is produced from plants, animals, and humans and is

synthesized de novo in mitochondria using mtFAS II, S-adenosylmethionine, and iron-sulfur group intermediates

. α-Lipoic acid has a determinant role in oxidative metabolism characterized by its antioxidant properties; this is

the reason why it has neuroprotective and anti-inflammatory properties . In this respect, α-lipoic acid can

decrease the levels of proinflammatory molecules and eliminate ROS and reactive nitrogen species (RNS) . In

addition, α-lipoic acid supplementation has been shown to reduce lipid peroxidation and increase cellular

antioxidant activity .

From an energetic point of view, α-lipoic acid acts as a cofactor for pyruvate dehydrogenase (PDH), α-ketoglutarate

dehydrogenase (KDH), protein H of the glycine cleavage system (GCS) and branched-chain ketoacid
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dehydrogenase . Furthermore, several studies have demonstrated that α-lipoic acid also has chelating

properties on metals such as iron or copper and a positive impact on oxidative stress and lipid peroxidation .

These findings suggest that α-lipoic acid is an interesting compound for the treatment of neurodegenerative

diseases such as PKAN. Corroborating this hypothesis, α-lipoic acid supplementation decreased significantly iron

accumulation in responsive PKAN fibroblasts and iNs . These results are also consistent with the positive effect

of α-lipoic acid supplementation on reducing the age-dependent iron overload in the rat cerebral cortex .

Moreover, α-lipoic acid also avoided iron overload caused by ferric ammonium citrate supplementation in a

zebrafish model .

In summary, antioxidants such as vitamin E, omega 3 and α-lipoic acid can protect cell membranes from oxidative

stress and lipid peroxidation, a principal pathological feature present in PKAN  and other NBIA disorders .

On the other hand, L-carnitine, a quaternary amine (3-hydroxy-4-N-trimethylaminobutyrate) that is synthesized

from the amino acids lysine and methionine, is necessary for the translocation of fatty acids to the mitochondrial

compartment for β-oxidation. In addition, L-carnitine has a role in carbohydrate metabolism, stimulates

mitochondrial biogenesis by increasing gene expression of mitochondrial components, and prevents the

accumulation of toxic products or reactive radicals . Mitochondrial dysfunction in PKAN may impair fatty acid

β-oxidation which can preferentially affect brain metabolism. Furthermore, dysfunction of the mitochondrial

respiratory chain provokes an increase in the NADH/NAD (+) ratio that inhibits β-oxidation and secondarily L-

carnitine deficiency . Therefore, L-carnitine as a natural compound that can increase cellular energy production

may have therapeutic potential in PKAN. Recently, many works have shown the positive effects of L-carnitine

supplementation on mitochondrial function in several pathologies .

Furthermore, as PDH deficiency is a major pathologic feature of PKAN, PDH-enhancing agents such as thiamine

 may act as an interesting adjuvant therapy. Thiamine has many functions in cell metabolism since it functions

as a cofactor of several multimeric enzymes such as PDH and α-KGDH complexes that participate in the Krebs

cycle. In addition, it has been described that thiamine treatment has positive effects in several patients with PDH

deficiency due to pyruvate dehydrogenase alpha subunit (E1) mutations .

Interestingly, all positive compounds identified after personalized drug screens (pantothenate, pantethine, vitamin

E, omega 3, α-lipoic acid, L-carnitine, and thiamine) increased PANK2 transcripts and protein expression levels

and up-regulated key transcription factors such as NF-Y, FOXN4, and hnRNPA/B  which are involved in

PANK2 gene expression . Furthermore, it is known that these positive supplements also activate mitochondrial

biogenesis through the expression of essential regulators such as peroxisome proliferator-activated receptor

coactivator-1α (PGC1α) and mitochondrial transcription factor A TFAM . Taken together, these data provide

useful information on the molecular mechanisms involved in the positive effect of pantothenate, pantethine, vitamin

E, α-lipoic acid, omega 3, L-carnitine, and thiamine.

It is hypothesized that partial correction of PANK2 expression levels by these compounds may increase CoA

biosynthesis in the mitochondrial compartment, allowing 4′-phosphopantethenylation of essential mitochondrial
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proteins such as mtACP, mitochondrial10-FTHFDH (ALDH1L2) and AASS . In agreement with this hypothesis,

the results showed that the expression levels of several 4′-phosphopantetheine carrier proteins in PKAN cells were

increased in responsive pathogenic variants after pantothenate, pantethine, vitamin E, omega 3, α-lipoic acid, L-

carnitine or thiamine supplementation .

3. Polytarget Therapy in Pantothenate Kinase-Associated
Neurodegeneration

Since several compounds have a positive effect on PKAN cell models, an interesting approach would be to

examine their therapeutic efficacy both individually or in combination in controlled clinical trials. In fact, the strategy

of combining several compounds that simultaneously affect different cellular pathways or processes are standard

procedure in many important therapeutic areas such as cancer, Alzheimer’s disease (AD), Parkinson’s disease

(PD), inflammation, epilepsy, depression, and other psychiatric disorders and may be more effective in controlling

complex diseases such as PKAN . Disadvantages of monotherapies can thus be overcome by

designing drug combinations that modulate multiple targets .

Cellular models derived from patients with genetic neurodegenerative diseases allow for the systematic

identification of drugs and their potential synergistic combinations that can rapidly move into preclinical

development and clinical practice .

The progression of neurodegenerative diseases contributes to various factors such as mitochondrial dysfunction,

iron accumulation, oxidative stress, inflammation, as well as genetic and environmental factors . Therefore,

multitargeted therapies with antioxidant and mitochondrial-stimulating compounds may address the multifactorial

and complex nature of these diseases more effectively . Multitarget therapeutic approaches have recently

become a useful strategy in the development of potential treatments for neurological disorders .

However, since the crossing of substances to the brain depends on transport mechanisms present in the blood-

brain barrier and the diffusion of these compounds also depends on the physicochemical characteristics of the

molecule, further studies are warranted on the clinical effects of the positive compounds considering its

bioavailability, pharmacokinetics and, in particular, its transport through the blood-brain barrier .
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