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ABSTRACT 

Mitochondrial impairment and metal dyshomeostasis are suggested to be associated 

with many neurodegenerative disorders including Alzheimer’s disease, Parkinson’s 

disease, Huntington’s disease, amyotrophic lateral sclerosis and Friedreich’s ataxia. 

Treatments aimed at restoring metal homeostasis are highly effective in models of these 

diseases, and clinical trials hold promise. However in general the effect of these 

treatments on mitochondrial metal homeostasis is unclear, and the contribution of 

mitochondrial metal dyshomeostasis to disease pathogenesis requires further 

investigation. This review describes the role of metals in mitochondria in health, how 

mitochondrial metals are disrupted in neurodegenerative diseases, and potential 

therapeutics aimed at restoring mitochondrial metal homeostasis and function. 

 

 

EXECUTIVE SUMMARY 

Metals in mitochondria: Mitochondria play an important role modulating cellular metal 

levels, including heme and Fe-S cluster synthesis. However much is still to be 

elucidated regarding the mechanisms of metal trafficking. 

Neurodegenerative diseases: Alzheimer’s disease, Parkinson’s disease, Huntington’s 

disease, amyotrophic lateral sclerosis and Friedreich’s ataxia all show changes in 

mitochondrial function and potentially altered metal homeostasis. 

Friedreich’s ataxia: Defect in protein involved in Fe-S cluster assembly causes 

mitochondrial iron accumulation and cytosolic iron depletion. Iron chelators that 

redistribute iron are showing potential for the treatment of this condition. 

Amyotrophic lateral sclerosis: Cellular potential for metallation of SOD1 contributes 

to its propensity to aggregate, which correlates with disease progression and severity, 

and may be driven by SOD1 localised to mitochondria. Treatments delivering copper 

alleviate symptoms in animal models. 

Alzheimer’s disease: Presence of metals in extracellular amyloid plaques, decreased 

cellular copper and zinc, and increased cellular iron. Redistribution of metals by 

ionophores is highly effective in animal models and clinical trials have generated 

encouraging results. 

Huntington’s disease: Although relatively underexamined, evidence exists for altered 

metal distribution. The metal ionophore PBT2 showed improvement in cognitive 

function but no change in motor impairment in a recent clinical trial. 

Parkinson’s disease: Mitochondrial impairment concurrent with iron accumulation and 

copper deficiency, which can be recapitulated by disease-associated mitochondrial 

toxins. Both copper delivery and iron redistribution restore function in animal models. 

Conclusions: Treatments aimed at redistributing metals have demonstrated 

effectiveness in these neurodegenerative diseases. However, further studies are 

required to determine the extent to which these effects relate to mitochondrial metal 

homeostasis, which will determine the degree to which mitochondrial metal 

dyshomeostasis drives disease, and whether it is a valid therapeutic target. 

 

 

 

METALS IN THE BRAIN 

The central nervous system (CNS) is physically isolated from the rest of the body by 

the blood-brain and blood-cerebrospinal fluid barriers. Entry and exit of molecules 

including metals are highly regulated. With the exception of during development before 

the barriers are fully formed, the majority of iron trafficks these barriers via transferrin, 



[1]. Copper likely enters the brain as free copper via the copper importer copper 

transporter 1 and exporter ATP7A [2]. Zinc is transported via 24 proteins divided into 

ZIPs that increase cytosolic zinc and ZnTs which decrease cytosolic zinc [3].  

 

In addition to their roles in mitochondria (see below) and protein folding and DNA 

regulation [3], transition metals such as iron, copper and zinc have specific roles in the 

brain. Copper and iron are required for synthesis of several neurotransmitters including 

dopamine, noradrenaline, adrenaline and 5-hydroxytrytamine [4,5]. Zinc and to a lesser 

extent copper are involved in neurotransmission, being released from vesicles into the 

synaptic cleft at up to high micromolar concentrations [3,5]. Iron is also critical for 

myelination of axons [4], while copper is required for iron trafficking via ceruloplasmin 

[5]. 

 

Mitochondrial impairment and metal dyshomeostasis are suggested to be associated 

with many neurodegenerative disorders. For some, such as Menkes disease, Wilson’s 

disease, and neurodegeneration with brain iron accumulation (NBIA), their 

pathogenesis is clearly linked to metal dyshomeostasis. However, this review will focus 

on other more common disorders including Alzheimer’s disease, Parkinson’s disease, 

Huntington’s disease, amyotrophic lateral sclerosis and Friedreich’s ataxia, for which 

a causative link is uncertain. 

 

 

METALS IN MITOCHONDRIA 
Mitochondria are small organelles responsible for generating energy via the electron 

transport chain, as well as roles in cell cycle and metal regulation. They are particularly 

important for the CNS given its high dependency on mitochondrial energy production: 

95% of total energy for the CNS is estimated to be derived from mitochondria, 

predominantly for ion transport to maintain membrane gradients [6]. Almost half of all 

proteins require a metal ion to function [7], and the mitochondrial proteome consists of 

about 1000 proteins, of which mitochondrial DNA encodes for only 13 [8]. 

Mitochondria have a key role in regulating cellular metal levels, hence mitochondrial 

metal homeostasis may contribute to the pathogenesis of neurodegenerative diseases 

and may be a key target for therapeutic interventions. Many important mitochondrial 

enzymes require transition metals such as iron, copper, zinc and manganese. The 

electron transport chain complexes contain multiple Fe-S clusters, heme moieties and 

copper centers (Fig. 1). Mitochondria are also the predominant site for the biosynthesis 

of Fe-S clusters [9] and initiation of heme synthesis [10]. Mitochondria are also 

responsible for generating substantial amounts of reactive oxygen species (ROS) in the 

form of superoxide and in turn hydrogen peroxide as a byproduct of the electron 

transport chain [11]. Metals including iron and copper can catalyse the generation 

highly reactive hydroxyl radicals from superoxide and peroxides, and dysregulation of 

mitochondrial metals in neurodegeneration can impact mitochondrial function, cause 

excessive generation of ROS and oxidative damage. Therefore these metals must be 

tightly regulated in mitochondria to prevent such reactions. Despite a great deal known 

about these processes, much is still to be elucidated regarding the trafficking and 

regulation of metals in mitochondria.  

 

Mitochondrial metal trafficking 

The outer mitochondrial membrane has 2-3nm pores, allowing the traverse of small 

molecules including metals [12]. In addition, the iron transporter, divalent metal 



transporter 1 (DMT1), has been detected in mitochondria [13], and may contribute to 

iron uptake across the outer mitochondrial membrane. Localisation of DMT1 to 

mitochondria in the brain is yet to be established.  

 

In contrast to the outer mitochondrial membrane, the inner mitochondrial membrane is 

impermeable to solutes and metal ions. Transport into the mitochondrial matrix is 

achieved predominantly (but not exclusively) via transporters of the mitochondrial 

carrier family (MCF) of which humans have 53 and yeast have 35 [14]. In mammals, 

mitoferrin 1 and mitoferrin 2 transport iron across the inner mitochondrial membrane 

[15,16]. Mammalian copper, manganese and zinc transporters are yet to be identified.  

 

In contrast, transporters for iron, copper, manganese and zinc have been identified in 

yeast. Yeast transport iron into the mitochondrial matrix via the mitoferrin homologues 

Mrs3 and Mrs4 [17], and potentially to a lesser extent by Mmt1, Mmt2 [18] and Rim2 

[19]. In addition to iron import, yeast proteins Mrs3, Mrs4 and Rim2 can also import 

copper ions [19,20], and recently another MCF protein, Pic2, was also found to import 

copper into the mitochondrial matrix in yeast [21]. Manganese is imported via Smf2p 

and Mtm1p [22]. How zinc ions are imported into the mitochondrial matrix is currently 

unclear, although Rim2 in yeast is capable of importing zinc [19]. These yeast studies 

suggest mammalian metal ion transport likely involves additional MCF transporters. 

 

No mechanisms for the export of iron ions from mitochondria have been definitively 

identified, raising the possibility that iron can only be exported from mitochondria as 

heme or Fe-S clusters, and any impairment of these processes will result in 

mitochondrial iron accumulation, as is the case in Friedreich’s ataxia (see below).  

 

An additional important pathway for metal redistribution and turnover from 

mitochondria is mitophagy, the lysosomal degradation of mitochondria, upon which 

metals contained with the degraded mitochondria can be redistributed from lysosomes 

throughout the cell. In depth analysis of the interactions between mitophagy, metal 

homeostasis and neurodegeneration is beyond the scope of the current review, however 

evidence for aberrant mitophagy in neurodegeneration is accumulating, including 

identification of the roles of Parkinson’s disease-associated proteins parkin and PTEN-

induced putative kinase 1 (PINK1) in the regulation of mitophagy [23]. Furthermore, 

an interaction between the regulation of mitophagy and metal homeostasis is emerging 

[24-26]. 

 

Mitochondrial metalloproteins 

The complexes of the electron transport chain are heavily dependent on iron, containing 

multiple Fe-S clusters and heme groups (Fig. 1). In addition, mitochondria contain 

many other iron-proteins, including a mitochondrial form of ferritin [27]. First 

discovered in 2001 [28], overexpression of mitochondrial ferritin causes mitochondrial 

iron accumulation and depletion of cytosolic iron [29]. Other mitochondrial iron-

proteins include the Fe-S cluster-containing proteins ferrochelatase responsible for 

inserting iron into protoporphyrin IX to generate heme [30], ferredoxin involved in Fe-

S cluster biosynthesis [31,32], and the tricarboxylic acid cycle enzyme aconitase 

involved in converting citrate to isocitrate [33]. Unlike cytosolic aconitase, 

mitochondrial aconitase does not exhibit iron regulatory activity when deficient of its 

Fe-S cluster [33]. 

 



Free copper is highly reactive and is therefore very tightly regulated. Estimates of free 

copper in yeast is less than one atom per cell [34], and entering copper is immediately 

bound by high affinity chaperones such as ATOX1, COX17 and CCS, which chaperone 

copper to ATP7A, cytochrome c oxidase (complex IV), and superoxide dismutase 1 

(SOD1), respectively [35,36]. Mitochondrial copper proteins include complex IV, 

SOD1, and their copper chaperones (Fig. 1). 

 

Delivery and incorporation of copper into complex IV in mitochondria is a highly 

regulated process involving multiple chaperone and assembly proteins including 

COX17, COX11, SCO1 and SCO2 [37]. Disruption of SCO1 and SCO2 not only 

impairs complex IV activity but also causes cellular copper deficiency, in a process that 

seems to be dependent upon the complex IV assembly protein Cox19 [38]. This study 

therefore suggests that in addition to providing copper to complex IV, mitochondrial 

copper chaperones also regulate cellular copper levels.  

 

SOD1 is an abundant antioxidant enzyme responsible for rapidly dismutating 

superoxide to hydrogen peroxide. A homodimer, each monomer contains a copper and 

zinc ion. Most SOD1 is cytoplasmic, but a small portion is located in the mitochondrial 

intermembrane space (IMS). Both SOD1 and its copper chaperone CCS enter 

mitochondria demetallated. CCS gains its copper ion within mitochondria, whereupon 

it metallates SOD1, preventing the exit of SOD1 from the mitochondrial IMS. Thus the 

location of SOD1 metallation depends on the location of CCS metallation [39]. 

Interestingly, the subcellular localization of CCS is modulated by oxygen 

concentration: high oxygen inhibits CCS import into mitochondria [39]. These high 

oxygen conditions are almost ubiquitous in in vitro systems, thus most in vitro 

conditions will suppress mitochondrial CCS, and therefore SOD1, localization. 

 

Originally discovered in yeast, the mitochondrial matrix contains a dynamic pool of 

copper bound not to protein but to as-yet unidentified low molecular weight ligand/s 

[40]. This matrix-residing copper was subsequently detected in mouse mitochondria 

and appears to be the source for IMS COX17 and CCS [41]. The low molecular weight 

ligand could easily cross the outer mitochondrial membrane, and is hypothesised to 

cross the inner mitochondrial membrane via an as yet unknown transport mechanism.  

 

In addition to SOD1, an important mitochondrial protein is superoxide dismutase 2 

(SOD2). SOD2 is a homotetramer containing one manganese ion per monomer. 

Residing in the mitochondrial matrix, SOD2 is important for detoxifying superoxide 

generated from the electron transport chain [42].  

 

While much remains to be elucidated regarding zinc in mitochondria, it appears that 

neuronal mitochondria have a labile pool of zinc that responds to cellular conditions 

[43]. Recent advances in fluorescence resonance energy transfer-based zinc sensors 

may further illuminate zinc regulation and trafficking between mitochondria and other 

organelles. For example, mitochondrial zinc is mobilised to the cytosol following 

glutamate exposure in neurons, while glutamate in the presence of zinc causes 

accumulation of zinc into neuronal mitochondria [44]. Mitochondrial zinc appears to 

change less rapidly than nuclear zinc [45], and mitochondrial zinc levels seem to vary 

between cell types [46]. 

 



Zinc is required in the mitochondrial matrix for zinc finger proteins [47], many of which 

are involved in protein transport across mitochondrial inner membrane [48]. Taking 

advantage of the propensity of zinc finger proteins to bind DNA, engineered zinc finger 

nucleases targeting mitochondrial DNA have been generated [49], and have been 

demonstrated to eliminate specifically-targeted mutated DNA [50]. This also suggests 

zinc and zinc finger proteins are involved in regulating transcription of mitochondrial 

DNA. 

 

 

FRIEDREICH’S ATAXIA 

Friedreich’s ataxia (FRDA) is an inherited autosomal recessive neurodegenerative 

disease caused by GAA repeat expansion in the frataxin gene. Most commonly 

developing during childhood and adolescence [51], clinical features of FRDA include 

gait and limb ataxia resulting in poor balance and coordination [52]. Neuropathological 

indications include degeneration of the dentate nucleus in the cerebellum and the dorsal 

root ganglion, sensory and motor tracts of the spinal cord [53]. The mutation in the 

frataxin gene leads to deficiency of the mitochondrial matrix protein frataxin. FRDA 

patients exhibit abnormally low levels of frataxin, and the rate of degeneration 

correlates with the level of frataxin [54]. Frataxin is required for development: deletion 

of the frataxin gene is embryonically lethal in mice [55]. 

 

Frataxin is involved in Fe-S cluster biosynthesis in mitochondria [56]. Loss of frataxin 

impairs Fe-S cluster proteins, including mitochondrial respiratory chain complexes and 

aconitase [57-60]. Frataxin is also required for non-mitochondrial Fe-S cluster proteins 

[61], hence although Fe-S cluster biosynthesis machinery is present in the cytosol of 

mammalian cells in addition to mitochondria [62], functional mitochondrial Fe-S 

cluster machinery is required for cytosolic Fe-S cluster generation [63]. Deficient Fe-S 

cluster biosynthesis caused by loss of frataxin directly impairs cellular iron regulation 

via the iron sensor, iron responsive element binding protein 1 (IRP1). IRP1 is a 

bifunctional cytosolic protein that displays aconitase activity when containing an Fe-S 

cluster. However, when Fe-S clusters are deficient, as in FRDA, IRP1 binds to iron 

responsive elements on the mRNA of iron regulatory proteins, regulating their 

expression to promote mitochondrial iron uptake in order to synthesis more Fe-S 

clusters. Loss of frataxin also increases the mitochondrial iron importer mitoferrin 2 

[64]. Hence disrupted frataxin results in mitochondrial iron overload and cytosolic iron 

depletion [65,66] (Fig. 2). This accumulation of mitochondrial iron causes 

mitochondrial impairment, possibly via iron-mediated radical generation [65,66]. Loss 

of frataxin also impairs heme biosynthesis as the final enzyme of heme synthesis, 

ferrochelatase, requires an Fe-S cluster. Reintroduction of frataxin to frataxin-deficient 

yeast cells corrects the iron imbalance between mitochondria and cytosol [67]. 

 

The above studies provide evidence for the role of frataxin in mitochondrial iron 

homeostasis. However, evidence for disrupted iron metabolism in FRDA patients is 

mixed. Several studies have detected signals consistent with elevated iron in the dentate 

nucleus of FRDA patients using non-invasive MRI and transcranial sonography 

methods [68-72]. However, a more recent MRI study found no apparent change in the 

iron content of dentate nucleus [73]. Furthermore, histological studies fail to detect iron 

deposits, changes in total iron or ferritin in the dentate nucleus or dorsal root ganglion 

of FRDA patients [74-77]. This has led some to conclude that Fe-S cluster deficiency 

is an inconsistent effect and mitochondrial iron accumulation a late event in FRDA 



[78]. These conflicting results could be explained by the fact that FRDA patients retain 

some frataxin, and this small remaining amount of frataxin may be sufficient to prevent 

the overt iron dysregulation observed in FRDA models. Indeed, clinically FRDA does 

seem to involve mild metal dyshomeostasis, such as redistribution of metals including 

iron, copper and zinc and metal-trafficking proteins including metallothioneins in the 

affected regions of human FRDA brain [76,77]. Furthermore, cells cultured from 

FRDA patients and mouse models exhibit a modest increase in mitochondrial iron [79-

82], and dysregulated mitochondrial iron is evident in human FRDA cardiac tissue 

[57,74].  

 

Treatments for Friedreich’s ataxia  

Iron-mediated radical generation is implicated in mitochondrial dysfunction in FRDA.  

Sequestering the excess mitochondrial iron by overexpression of mitochondrial ferritin 

is protective in fibroblasts from FRDA patients [83]. However, the clinical utility of 

this strategy is limited as it does not address the depletion of cytosolic iron. Therefore, 

therapies aimed at redistributing cellular iron have been studied. Potent iron chelators 

such as deferoxamine (DFO) are not appropriate as they deplete total iron content and 

actually decrease frataxin levels [84]. A better strategy involves the use of compounds 

with only moderate affinity for iron. Clinically approved for treatment of iron overload, 

deferiprone is able to redistribute iron subcellularly and can promote iron export to 

adjacent cells or to extracellular transferrin [85]. In the context of Parkinson’s disease 

(PD), deferiprone was recently shown to decrease labile iron from mitochondria in vivo 

[86]. Deferiprone has shown efficacy in in vitro and drosophila models of FRDA, 

decreasing mitochondrial iron and improving mitochondrial function [87,88], and was 

identified from a screen of small molecules as a compound inducing an increase in 

frataxin levels [89].  

 

Deferiprone has been assessed in clinical trials for the treatment of FRDA. In a study 

of only nine adolescent FRDA patients, 20-30mg/kg/day deferiprone treatment was 

demonstrated to specifically decrease the iron content of the dentate nucleus, as 

approximated by an indirect MRI method [69]. Treatment with deferiprone also seemed 

to improve ataxia symptoms, although there was no placebo group with which to 

compare [69]. In another trial of only FRDA patients, deferiprone (20mg/kg/day) 

combined with idebenone was found to decrease iron content of the dentate nucleus, 

but had mixed effects on symptoms [68]. More recently, a placebo-controlled clinical 

trial of deferiprone treatment in FRDA patients generated mixed results [90]. The 

lowest dose tested (20mg/kg/day) induced possibly beneficial results in patients with 

mild disease, whereas higher doses worsened symptoms [90]. These trials indicate that 

redistributing iron may be an effective treatment for FRDA, but precise dosage control 

is required for optimal results. 

 

 

AMYOTROPHIC LATERAL SCLEROSIS 

Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset neurodegenerative disease in 

which motor neurons in spinal cord and brain degenerate, resulting in progressive loss 

of motor function and paralysis [91]. Deterioration is rapid, and the average lifespan 

after diagnosis is 3-5 years [92]. Following the discovery of mutations in SOD1 in 1993 

[93], a growing number of genes have been associated with the 5-10% of familial ALS 

cases [94], including TAR DNA binding protein 43 (TDP-43), fused in sarcoma (FUS) 

and valosin-containing protein (VCP), while the causes of sporadic ALS are yet to be 



determined. Although mutations in SOD1 only account for up to 20% of familial cases 

[95], and therefore only ~2% of ALS patients, most data to date has been generated 

utilising SOD1 models. 

 

One consistent feature of sporadic ALS patients [96] and multiple ALS models [97,98] 

is the presence of abnormal mitochondria in the spinal cord. Furthermore, a missense 

mutation in the CHCHD10 gene encoding a mitochondrial protein apparently important 

for mitochondrial structure and function has recently been associated with ALS and 

frontotemporal dementia, and muscle fibers from these patients exhibit mitochondrial 

abnormalities [99]. In addition to the well-characterised mitochondrial abnormalities 

reported in multiple mouse models of ALS involving overexpression of mutated SOD1 

[97], mitochondrial abnormalities have also been reported in mutated VCP [100,101], 

TDP-43 [102,103], and FUS [104] models. This appears to be a very early pathological 

feature of transgenic ALS model mice: abnormal mitochondria are evident in mice 

expressing mutant SOD1 before symptom onset [102,105,106]. One report observed 

mitochondrial morphology changes as early as one week of age in spinal cord of mutant 

SOD1 mice [107]. That these abnormalities precede other pathology has led to 

speculation that mitochondrial impairment may be an initiating element in ALS.  

 

ALS is associated with elevated iron, with increased iron and iron-related proteins in 

the serum of ALS patients [108], and elevated iron in motor cortex of ALS patients as 

detected by MRI [109-111]. Evidence from SOD1 mice indicates this includes elevated 

mitochondrial iron [112]. Little evidence for alteration in metals has been reported in 

non-SOD1 models, although TDP-43-A315T mice have recently been shown to exhibit 

elevated manganese, copper and zinc in the spinal cord [113]. Although yet to be 

confirmed, these changes may contribute to mitochondrial dysfunction.  

 

Interactions between superoxide dismutase 1 and mitochondria 

Although SOD1 is a mainly cytosolic protein, a small portion is localised within 

mitochondria. Evidence suggests the interaction of SOD1 with mitochondria is altered 

in ALS, and as SOD1 is a Cu/Zn protein, this may have implications for metal 

homeostasis in ALS.  

 

Most ALS-associated mutated forms of SOD1 retain their antioxidant enzymatic 

function, hence mutations in SOD1 appear to impart a toxic gain of function to the 

protein. Mutated forms of SOD1 are more prone to misfolding and aggregation than 

wild-type SOD1. Indeed, all SOD1-dependent familial ALS cases and some sporadic 

ALS cases exhibit SOD1 aggregations and inclusions in spinal cord motor neurons 

[114].  

 

One hypothesis is that aggregated SOD1 impairs mitochondrial function. Misfolded 

mutated SOD1 associates with the cytoplasmic face of mitochondria [115], where it 

impairs mitochondrial functions, including binding and inhibiting mitochondrial 

voltage-dependent anion channel 1 [116], inhibiting mitochondrial import proteins 

[117] and toxic interactions with Bcl2 [118].  

 

Additionally, a small portion of total cellular SOD1 is found within mitochondria, 

localised to the IMS. The presence of SOD1 in mitochondria appears to be important 

for normal function: SOD1-deficient motor neurons in vitro and in vivo show 

mitochondrial deficits and axonal abnormalities, and re-introduction of SOD1 



exclusively to mitochondria rescued this phenotype [119]. However, in mice expressing 

ALS-associated mutated forms of SOD1, SOD1 is found localised to mitochondria 

concurrent with mitochondrial abnormalities and impaired activity [120,121]. More 

recently, selective targeting of mutated SOD1 to mitochondria caused progressive 

disease recapitulating many features of ALS, but no muscle denervation [122]. 

Furthermore, improving mitochondrial function (via enhanced Ca2+ buffering) in 

multiple SOD1-dependent models of ALS decreased aggregation of SOD1 and rescued 

motor neurons, but did not extend survival or alter muscle denervation [123]. Hence 

mitochondrial SOD1 appears to play a key role in the pathogenesis of ALS, but alone 

cannot completely recapitulate the disease phenotype. 

 

Localisation of SOD1 to the mitochondrial IMS is mediated by its oxidation and 

metallation. Mature SOD1 cannot enter mitochondria, only immature reduced apo-

SOD1 monomer can cross the outer mitochondrial membrane. Retention of SOD1 in 

mitochondria requires IMS-localised CCS [124,125] for its maturation in the same 

manner as cytosolic SOD1 and CCS [126] (Fig. 3). Mature SOD1 cannot exit 

mitochondria, and as such is trapped in the mitochondrial IMS. Interestingly, copper-

loading is not required for mitochondrial retention of SOD1 [125], indicating the 

potential for mitochondrial accumulation of copper-deficient SOD1, potentially 

promoting mitochondrial dysfunction.  

 

Aggregation of SOD1 is initiated by unfolded immature demetallated SOD1 monomers 

[127]. Hence the more or longer SOD1 exists in this immature state, the more likely 

aggregation will occur. This is mediated by three main factors: metallation, the level of 

expression, and the presence of mutations that lower the stability of the monomer. 

Inhibition of SOD1 metallation promotes aggregation by prolonging the half-life of the 

inherently unstable immature SOD1, increasing the likelihood of misfolding. Hence 

sufficient supply of Cu to SOD1 via CCS is essential. In regards to mutated forms of 

the protein, each mutation alters the stability of SOD1 to a different extent, and the 

propensity of each to aggregate correlates with disease progression [128]. Expression 

level of SOD1 also correlates with disease progression. For example, disease 

progression is dependent upon the expression level of SOD1-G93A in transgenic mice, 

where mice containing ~25 copies of the transgene (high-copy) have substantially 

shorter disease course than mice with 8-10 transgene copies (low-copy) [129], and even 

slower disease course in mice with very low expression of SOD1-G93A (4 copies) 

[130]. Furthermore, mice overexpressing wild-type SOD1 also develop mitochondria 

impairments [131] and ALS-like symptoms [132], albeit at a slower rate than mice 

overexpressing mutant SOD1. When these mice are crossed with SOD1-G93A-

expressing mice, disease course is accelerated as compared to SOD1-G93A alone 

[131]. This indicates that the absolute expression level of SOD1 contributes to disease 

progression, in synergy with the aggregation potential of the forms of SOD1 expressed. 

 

Overexpression of SOD1 necessitates an elevated requirement for intracellular Cu. 

Although SOD1 is already a highly abundant protein, it can be overexpressed up to 20-

fold in commonly used SOD1 mouse models [133]. This elevated demand for Cu could 

deplete other cellular cuproproteins such as complex IV in mitochondria, causing the 

mitochondrial and energy impairments evident in the animals. CCS overexpression 

would have much the same effect, sequestering Cu for SOD1 while depleting other 

cuproproteins. Indeed, double transgenic CCSxG93A-SOD1 mice exhibit impaired 

complex IV activity [134], likely due to elevated demand for copper by the 



overexpressed SOD1 and CCS depleting cellular copper for other purposes including 

complex IV. These mice exhibit a severe phenotype of extremely rapid death within 36 

days along with severe mitochondrial impairment and accumulation of mitochondrial 

aggregated SOD1 [135]. 

 

The zinc content of SOD1 also contributes to its toxicity. Expression of zinc-deficient 

SOD1 renders drosophila hypersensitive to mitochondrial toxins and is neurotoxic 

[136]. Mice expressing mutated SOD1 also exhibit elevated CNS iron, including 

increased mitochondrial iron load and upregulated mitochondrial iron trafficking 

[112,137,138]. 

 

It is important to note that the localization of SOD1 to mitochondria is modulated by 

additional factors that are relevant to in vitro models. Entry of CCS into mitochondria 

is dependent upon oxygen levels, whereby high oxygen concentrations such as those 

present in most in vitro systems inhibit CCS import into mitochondria [39]. Thus CCS 

and thereby SOD1 localisation to mitochondria will be suppressed under most in vitro 

conditions. Furthermore most in vitro environments contain supraphysiological glucose 

concentrations, shifting energy production from mitochondrial oxidative 

phosphorylation towards glycolysis. Hence there is a greatly diminished reliance on 

mitochondrial function in vitro as compared to in vivo conditions. These factors hamper 

the study of SOD1 in relation to mitochondria, potentially leading to an under-

appreciation of the importance of mitochondrial SOD1. 

 

Treatments for amyotrophic lateral sclerosis  

Most preclinical studies have utilised mutated SOD1 mouse models, and although 

testing of therapeutic strategies in non-SOD1 models is desirable, SOD1 mouse models 

still most closely recapitulate the disease phenotype. 

 

The copper delivery compound diacetylbis(4-methylthiosemicarbazonato)CuII 

(CuII(atsm)) has shown strong efficacy in both the SOD1-G93A and SOD1-G37R 

mouse models of ALS [139-141]. In these models, CuII(atsm) treatment delayed 

symptom onset and progression, improved survival and prevented motor neuron death 

[139-141]. Interestingly, mutant SOD1 levels [141] and activity [139] were increased 

following CuII(atsm) treatment. Further examination revealed that CuII(atsm) increased 

the metallation of SOD1 in the spinal cord of the mice, with incorporation of the 

delivered Cu into endogenous SOD1 [141]. In a currently ongoing study, CuII(atsm) 

treatment of double transgenic CCSxSOD1-G93A overexpressing mice has thus far 

abolished symptoms and prevented the rapid death evident in this model [142]. Exactly 

how CuII(atsm) rescues the phenotype in these mice is unclear. One possibility is that 

CuII(atsm) promotes the metallation and maturation of SOD1 in the cytosol, preventing 

entry into mitochondria. Alternatively, CuII(atsm) may deliver Cu to mitochondria 

whereby apo-SOD1 is metallated in the mitochondrial IMS. Both scenarios promote 

the maturation of SOD1 and limit the presence of apo-SOD1 in mitochondria, 

potentially inhibiting SOD1 aggregation (Fig. 3). Regardless, these studies show that 

limiting the presence of apo-SOD1 by promoting SOD1 maturation via copper delivery 

slows disease progression.  

 

Iron chelation has been shown to extend survival and improve locomotor function in 

the SOD1-G37R mouse model [112]. Furthermore, 8-hydroxyquinoline-derived 

compounds 5-((4-(2-Hydroxyethyl)-1-piperazinyl)methyl)-8-quinolinol (VK28) and 5-



((methyl(2-propynyl)amino)methyl)-8-quinolinol (M30; Fig. 4) are also protective in 

SOD1-G93A mice [138,143]. These results were ascribed to the iron chelating effect 

of the compounds, alleviating iron accumulation and iron-mediated oxidative stress. 

The structurally related compounds clioquinol and PBT2 (Fig. 4), which share the 

metal-binding domain with VK-28 and M30, have been shown to redistribute both 

copper and zinc (see AD below). In addition to iron, M30 can also bind copper [144], 

while zinc binding has not been reported. Therefore, the possibility remains that the 

neuroprotective effects of M30 may also involve copper or zinc redistribution. However 

copper and zinc were not investigated, nor were the effects of these compounds on 

mitochondria. 

 

A small phase I/II clinical trial assessed combined zinc (90mg/day) and copper 

(2mg/day) administration in 8 ALS patients. The study reported the treatment was well 

tolerated, but had no effect on ALS progression [145]. 

 

 

ALZHEIMER’S DISEASE 

Alzheimer’s disease (AD) is an age-associated progressive neurodegenerative disease 

neuropathologically characterised by neuronal death, cortical amyloid plaques rich in 

amyloid-β (Aβ) peptide and neurofibrillary tangles containing hyperphosphorylated 

tau. A prominent feature of AD brain is mitochondrial impairment (reviewed in [146]). 

Human AD brain displays evidence of decreased mitochondrial number and 

mitochondrial damage [147,148], decreased complex IV activity [149-151] and 

deletions in mitochondrial DNA correlate with impaired complex IV activity in human 

AD brain [152]. Transgenic mice modeling AD exhibit impaired mitochondrial 

function and reactive oxygen species (ROS)-related mitochondrial damage 

[147,153,154]. Indeed mitochondrial dysfunction is an early feature in transgenic AD 

mice (reviewed in [155]), as evidenced for example by impaired Ca2+ uptake [156] and 

decreased complex IV activity [157] from 2 months of age. Furthermore, Aβ has been 

shown to accumulate in mitochondria in humans and transgenic mice [157-159], 

potentially contributing to mitochondrial dysfunction. 

 

AD is also characterised by altered biometal homeostasis, including iron, copper and 

zinc [160]. Iron is elevated in human AD brain [161-163], whereas copper levels are 

decreased [164], specifically in the soluble phase [165]. Furthermore copper and zinc 

accumulate within extracellular amyloid plaques [166], potentially depleting 

intracellular copper and zinc levels. This could contribute to mitochondrial impairments 

such as the decreased complex IV activity evident in human AD brain [149-151].  

 

Decreased cellular copper may also contribute to iron accumulation: insufficient 

cellular copper may impair activity of the cuproenzyme ceruloplasmin, important for 

iron export from glial cells, leading to cellular iron accumulation, as has been suggested 

for PD [167]. The amyloid precursor protein (APP) may also contribute to iron 

accumulation. While the exact function of APP is unknown, it seems to play a role in 

iron export from neurons with APP knockout cells and animals displaying neuronal 

iron accumulation [168,169]. Knockout of tau also leads to neuronal iron accumulation 

possibly via decreased trafficking of APP to the plasma membrane [170]. Accumulation 

of iron may influence mitochondria in AD, as it has been shown that overexpression of 

mitochondrial ferritin prevents Aβ toxicity in vitro, whereas knockdown increases Aβ 

toxicity in vivo [171]. Furthermore, it may be through interactions with metals that 



mitochondrial impairment is driven or exacerbated by Aβ localised to mitochondria 

[159]. 

 

Treatments for Alzheimer’s disease 

Metal dyshomeostasis in AD includes localisation of copper and zinc in extracellular 

amyloid plaques, resulting in intracellular depletion of these metals, and iron 

accumulation within cells. Therapies aimed at redistributing metals have proven 

effective in models of AD. For example, the 8-hydroxyquinoline-derived metal 

ionophores clioquinol and PBT2 have been demonstrated to traffic copper and zinc into 

cells, prevent Aβ toxicity in vitro, decrease extracellular Aβ levels in vivo and improve 

the behavioural phenotype of AD model mice [172-175]. Clioquinol also effectively 

restored iron levels and reversed cognitive deficits in tau knockout mice, which develop 

symptoms consistent with both AD and PD [170,176]. Pyrrolidine dithiocarbamate, 

another copper ionophore, is similarly protective in the APP/PS1 mouse model of AD 

[177]. M30, a bifunctional iron-chelating compound containing the N-propargyl moiety 

of the monoamine oxidase inhibitor rasagiline and the same 8-hydroxyquinoline-

derived metal-binding domain as clioquinol and PBT2 (Fig. 4), also demonstrated 

cognitive and neuropathological benefits in APP/PS1 mice [178], while the potent iron 

chelator deferasirox conjugated to lactoferrin attenuated cognitive deficits in a rat Aβ 

injection model of AD [179]. Delivery of exogenous copper to APP/PS1 mice via 

treatment with glyoxalbis(N(4)methylthiosemicarbazonato)CuII (CuII(gtsm)) restored 

intracellular copper levels, decreased insoluble Aβ levels and improved cognition 

[180]. 

 

Metal redistribution therapies for the treatment of AD have also been assessed in 

clinical trials. Although designed to target aluminium and yet to be replicated, a 

placebo-controlled clinical trial in 1991 showed that the iron chelator DFO significantly 

slowed cognitive decline in AD patients [181]. Clioquinol and PBT2 have also been 

tested in phase II clinical trials of AD, both exhibiting limited but promising results on 

cognitive function [182-184]. Although the utility of clioquinol is hampered by the 

potential for contamination during mass production, PBT2 has no such limitations. 

 

Thus interventions aimed at correcting metal homeostasis improve neuronal function 

including mitochondrial function. However, the extent to which these treatments 

directly influence mitochondrial metals is unclear, and whether the restoration of 

mitochondrial function is a direct effect or subsequent to outcomes elsewhere in the 

cell is also unclear. 

 

 

HUNTINGTON’S DISEASE 

Huntington’s disease (HD) is an inherited autosomal dominant neurodegenerative 

disease caused by a CAG expansion in the huntingtin gene. Characterised by 

progressive chorea and cognitive impairment, HD involves the selective loss of striatal 

neurons and aggregation of the mutated huntingtin (Htt) protein. While the function of 

Htt is yet to be fully elucidated, mutant Htt is prone to proteolytic cleavage and 

neurotoxic aggregation [185]. HD features prominent mitochondrial dysfunction, 

possibly via interaction with mutant Htt [186]. 

 

While evidence for the involvement of metals in HD is limited, histological and MRI 

studies demonstrate elevated iron in the basal ganglia of HD patients (reviewed in 



[187]). Copper was also reported to be elevated in the basal ganglia of HD patients 

[188], although other studies report conflicting results, confirming elevated iron but not 

copper [189,190]. Nevertheless, iron and copper are elevated in transgenic Htt mice 

[191,192], and the quinolinic acid model of HD increases striatal copper content 

[193,194]. Furthermore, copper-related proteins are increased in HD brain, including 

ceruloplasmin and metallothionein [189,195]. Application of the iron chelator DFO 

induces Htt expression in vitro, suggesting a role for Htt in iron homeostasis [196]. The 

HD-associated mitochondrial toxin 3-nitropropionic acid causes zinc accumulation in 

vitro [197]. Whether these disruptions in metal homeostasis extend to mitochondria is 

yet to be confirmed.  

 

Treatments for Huntington’s disease  

Although striatal copper content is increased in HD patients and the quinolinic acid 

model of HD, copper supplementation before quinolinic acid treatment boosted 

antioxidant defenses in mice [194]. Intraventricular treatment with the iron chelator 

DFO improved the motor phenotype of transgenic Htt mice [192]. Treatment with the 

metal ionophore PBT2 extended survival and improved motor function in transgenic 

Htt mice [198]. Very recently, a phase II clinical trial of PBT2 in HD patients found 

limited although promising results of the drug on cognitive function, but no effect on 

motor function [199]. As the mechanism of action of PBT2 is thought to involve 

redistribution of metals (see above), these results suggest that the metal dyshomeostasis 

evident in HD may be involved in pathogenesis of the disease. As with similar 

treatments for AD, the effect of these treatments on mitochondrial metals and function 

remain unclear. 

 

 

PARKINSON’S DISEASE 

PD is a progressive age-related neurodegenerative disease characterised by motor 

(resting tremor, bradykinesia, and rigidity) and cognitive impairments [200]. 

Neuropathologically, PD involves a selective loss of dopaminergic neurons in the 

substantia nigra region of the basal ganglia and α-synuclein aggregation in Lewy bodies 

[201,202]. 

 

Mitochondria are hypothesised to be a key target in PD. Mitochondrial complex I is 

deficient in the affected brain regions in human PD brain [203,204], and mitochondria 

of the substantia nigra are exquisitely sensitive to mitochondrial toxins such as 

rotenone, 6-hydroxydopamine (6OHDA), 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) and paraquat. Exposure to these toxins recapitulates many 

pathological features of PD, and exposure in humans has been linked to increased risk 

of acquiring PD [205]. 

 

The substantia nigra of PD brain also exhibits elevated iron (reviewed in [206]) and 

diminished copper content [207,208], which may contribute to mitochondrial deficits. 

Activities of copper trafficking proteins [208] and cuproproteins such as ceruloplasmin 

[167] are also impaired in PD, leading to decreased cellular copper and increased 

cellular iron, respectively. Not only is iron elevated in human PD brain, but also in 

response to PD-related mitochondrial toxins including MPTP in monkeys [209,210] 

and mice [211,212], rotenone in monkeys and rats [213], and 6OHDA in rats [214]. 

MPTP treatment of mice also decreases copper content [215], ceruloplasmin activity 

[167] and ferroportin levels [212] in the substantia nigra, all of which promote cellular 



iron accumulation. Tau deficiency also causes nigral iron accumulation and 

parkinsonism in transgenic mice [170].  

 

The elevated nigral iron levels have been reported to be mainly localised to 

mitochondria [216]. That mitochondrial toxins implicated in PD cause iron 

accumulation strongly indicates a direct link between nigral iron content and 

mitochondrial activity. One hypothesis suggests that inhibition of complex I increases 

ROS levels, impairing Fe-S cluster assembly, leading to disrupted regulation of iron 

and mitochondrial iron accumulation reminiscent of FRDA (Fig. 2) [213]. Also 

contributing to impaired Fe-S cluster assembly and therefore mitochondrial iron 

accumulation is depletion of nigral glutathione, which is a consistent pathological 

hallmark of PD [217-219]. Glutathione is required for glutaredoxin 2 to facilitate Fe-S 

cluster assembly [220]. Hence glutathione, iron and mitochondrial dysfunction appear 

to be inextricably linked in the pathogenesis of PD. Which of these factors initiate 

disease and which are downstream remains unclear. 

 

Zinc is also disrupted in PD. Deficiency of ATP13A2 protein (otherwise known as 

PARK9, in which mutations are associated with PD) was recently shown to induce 

mitochondrial zinc accumulation and dysfunction [221], and PD-associated toxins  

cause zinc accumulation in vitro [197]. 

 

Treatment for Parkinson’s disease  

As iron is elevated in the substantia nigra in PD, many treatments for PD have focused 

upon sequestering this iron. Genetic overexpression of mitochondrial ferritin protects 

against MPTP and 6OHDA toxicity in mice [222,223], and also depletes cytosolic iron, 

preventing 6OHDA-induced iron redistribution and mitochondrial damage [223]. 

 

Pharmacological iron chelation paradigms have shown efficacy in several in vivo 

models of PD. DFO administration is protective in animal models of PD [224-228]. 

However, in these studies DFO was injected directly into the brain or administered to 

weanling mice without fully functional blood-brain barrier (BBB). Peripherally 

administered DFO has shown efficacy in 6OHDA-treated rats, although the first dose 

was administered prior to 6OHDA application [229]. DFO is highly water-soluble and 

there is only limited evidence that it can cross the BBB. Compounds aimed at 

improving the BBB permeability of DFO have greatly potentiated neuroprotective 

effects in vitro [230], and may have improved efficacy in vivo. 

 

The clinically available cell-permeant iron chelators deferiprone and deferasirox 

protect dopaminergic neurons in the substantia nigra of rats against 6OHDA toxicity 

when administered peripherally before 6OHDA and deferasirox also when 

administered directly to the substantia nigra after 6OHDA lesion [229]. Deferiprone 

also effectively rescues nigral dopaminergic neurons, decreases mitochondrial iron and 

rescues motor impairment in MPTP-treated mice [86].  

 

Following the success of these studies in animal models, deferiprone was recently 

tested in a placebo-controlled clinical trial of PD patients [86]. This study demonstrated 

for the first time that clinical iron chelation is an effective therapeutic option for the 

treatment of PD. Deferiprone treatment improved symptoms in PD patients and 

specifically decreased nigral iron content. Importantly, this treatment did not affect 

systemic iron levels or those of other brain regions. As discussed above, rather than 



simply sequester iron, deferiprone has been shown to subcellularly redistribute iron 

[85]. Hence, redistribution of iron out of the mitochondria of nigral neurons may 

contribute to this clinically effective treatment in PD patients.  

 

The copper content of the substantia nigra is specifically decreased in PD [207,208]. 

Administration of copper sulfate protects against MPTP toxicity [231]. Paradoxically, 

copper sequestration via the copper chelator D-penicillamine also provides partial 

protection against MPTP toxicity in mice, albeit at high doses [232]. Delivery of copper 

via CuII(atsm) potently rescues dopaminergic neurons in the substantia nigra of PD 

model mice, including 6OHDA and MPTP models [233]. The mechanism of action of 

CuII(atsm) is uncertain, but given that PD substantia nigra is deficient in copper and 

that CuII(atsm) is effective in mitochondrial toxin models suggests the delivery of 

copper may improve mitochondrial function.  

 

8-hydroxyquinoline-derived compounds have been investigated as therapeutics for PD.  

Clioquinol, VK28 and M30 all contain the same metal-binding domain (Fig. 4). 

Clioquinol treatment protects against MPTP toxicity in mice [222] and MPP toxicity in 

vitro [212]. VK28 prevents 6OHDA-induced loss of striatal dopamine in rats, and 

prevents mitochondrial lipid peroxidation in response to iron in vitro [234]. M30, a 

multifunctional molecule combining the metal-chelating 8-hydroquinoline domain with 

the monoamine oxidase inhibitor domain of the PD drug rasagiline [235], is 

neuroprotective when administered to mice following MPTP insult, preventing 

dopamine depletion, restoring tyrosine hydroxylase levels and preventing loss of 

dopaminergic neurons [236]. The effects of these 8-hydroxyquinoline-derived 

compounds have been largely ascribed to iron chelation or stabilization of hypoxia 

inducible factor-1α via iron chelation-mediated prolyl hydroxylase inhibition 

[212,237]. However, the neuroprotective effects of these compounds may additionally 

be in part due to copper or zinc redistribution in the brain, as appears to be the case for 

the 8-hydroxquinoline-derived compounds clioquinol and PBT2 in the context of AD 

(see above). Indeed, M30 also reportedly binds copper [144], while zinc binding has 

not been reported. Trafficking of metals other than iron by VK28 or M30 remains to be 

investigated, and the effect of these interventions on mitochondrial metals has not been 

studied in detail. 

 

 

FUTURE PERSPECTIVES 

Neurodegenerative diseases including AD, PD, ALS, HD and FRDA all prominently 

feature mitochondrial dysfunction and metal dyshomeostasis. Treatments aimed at 

correcting metal homeostasis are highly effective in animal models of these diseases. 

However, further investigation in disease models is required to elucidate the mechanism 

of action of these treatments and to what extent they modulate mitochondrial metals 

and function. Redistribution of metals has thus far proven to be a valid therapeutic 

strategy, with recent clinical trials demonstrating beneficial effects. This success 

justifies more extensive clinical testing to clarify their potential clinical utility. It is 

important to consider the changes in mitochondrial metals in the context of disease 

pathology, involving neuronal death and extensive gliosis. For example, iron released 

from dying neurons may be accumulated in adjacent glia, and a loss of copper may 

reflect the loss of mitochondrial complex IV from dying neurons. This highlights the 

need for further investigation at the cellular level to elucidate the causes of metal 

changes. Together these studies will determine the contribution of mitochondrial metal 



dyshomeostasis to disease pathogenesis, and whether direct targeting of mitochondrial 

function and metal trafficking is a valid therapeutic target. 
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FIGURE LEGENDS 

Figure 1. Mitochondrial metalloproteins. Some of the most important metalloproteins 

in mitochondria are depicted. Iron-containing proteins include complexes of the 

electron transport chains, aconitase, ferredoxin and ferrochelatase, the latter two 

involved in Fe-S cluster (red squares) assembly and heme synthesis (red octagon), 

respectively. Mitochondrial ferritin resides in the matrix and stores iron in much the 

same manner as cytosolic ferritin. SOD1 in the intermembrane space contains 2 copper 

and zinc ions, while the manganese protein SOD2 resides in the matrix. The matrix also 

contains labile iron (red circles), copper (green circles) and zinc (blue circles).  

 

Figure 2. Iron dyshomeostasis in Friedreich’s ataxia. Under normal conditions, frataxin 

is involved in Fe-S cluster (red square) assembly in mitochondria. Fe-S cluster 

association with IRP1 prevents its iron regulatory actions. In Friedreich’s ataxia, 

frataxin is depleted, leading to a deficiency of Fe-S assembly. IRP1 lacking Fe-S 

upregulates translation of iron trafficking proteins, leading to elevated iron (red circles) 

uptake. As there is a need for Fe-S clusters, iron is trafficked to mitochondria, resulting 

in mitochondrial iron overload and cytosolic iron depletion. 

 

Figure 3. Superoxide dismutase 1 (SOD1) in mitochondria. In the cytosol, the mature, 

copper- (green circles) and zinc- (blue circles) containing SOD1 homodimer (dark 

grey) is formed when apo-SOD1 monomer receives copper from its chaperone CCS 

(light grey; 1). Apo-SOD1 monomer can also enter the mitochondrial intermembrane 

space, where it matures by association with CCS also localised to the mitochondrial 

intermembrane space (2), and is then trapped and cannot exit mitochondria. Apo-SOD1 

can also aggregate within mitochondria (3), potentially causing mitochondrial 

dysfunction. The copper delivery drug CuII(atsm) can deliver copper to the cytosol or 

mitochondria, providing copper for CCS (4), promoting the maturation of SOD1 and 

preventing SOD1 aggregation. 

 

Figure 4. Structure of 8-hydroxyquinoline-derived compounds. These compounds 

have been assessed in animal models and clinical trials for the treatment of 

neurodegenerative diseases, variously alleviating symptoms and extending survival. 

The compounds all retain the quinoline ring nitrogen atom and phenolate oxygen 

atom metal-binding domain of 8-hydroxyquinoline. 
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