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A B S T R A C T 

Amyotrophic lateral sclerosis (ALS), within the broader motor neuron disease (MND) spectrum, is a progressive 

neurodegenerative disorder involving upper and lower motor neurons. Disturbances in metal-ion homeostasis may interact 

with excitotoxicity, mitochondrial dysfunction, oxidative stress, protein aggregation, neuroinflammation and regulated cell 

death. This review examines zinc (Zn), copper (Cu), magnesium (Mg), calcium (Ca), cobalt (Co), iron (Fe), manganese (Mn) 

and selenium (Se). These elements have dual biological roles: They are essential cofactors at physiological concentrations but 

can become harmful when deficient, redistributed, poorly sequestered or excessive. Calcium dysregulation is closely linked to 

excitotoxic motor-neuron injury; iron accumulation provides a mechanistic connection to oxidative stress and ferroptosis; and 

copper/zinc biology is particularly relevant to SOD1-associated ALS. Targeted copper delivery with CuATSM and iron 

chelation represent important experimental approaches, although neither is established therapy and chelation has worsened 

outcomes in other neurodegenerative diseases. Observational associations involving zinc and selenium remain insufficient to 

establish supplementation as disease-modifying therapy, and magnesium, manganese and cobalt have plausible biological roles 

but limited clinical treatment evidence. Overall, current evidence favors correction of documented nutritional deficiencies and 

avoidance of excessive exposure rather than empirical high-dose mineral supplementation. Future work should integrate metal 

speciation, imaging, metalloproteomics, genetic stratification and longitudinal clinical outcomes to identify patients in whom 

metal-directed interventions may be rational. 

Key words: Amyotrophic lateral sclerosis; motor neuron disease; zinc; copper; magnesium; calcium; cobalt; iron; 

manganese; selenium; SOD1; oxidative stress; ferroptosis; metal homeostasis. 

 

1. Introduction 
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder characterized by 

degeneration of upper and lower motor neurons. Its biology is multifactorial and includes glutamatergic 

excitotoxicity, mitochondrial dysfunction, oxidative and nitrosative stress, impaired axonal transport, 

neuroinflammation and abnormal protein aggregation [1,2]. Metal ions are relevant because they act 

both as essential cofactors and as potential mediators of neuronal injury. Iron, copper, manganese and 

zinc participate in antioxidant enzymes and mitochondrial metabolism; calcium and magnesium 

regulate excitability and intracellular signaling; and selenium is incorporated into selenoproteins that 

control redox balance [3–5]. 

A key difficulty is that an abnormal metal concentration does not automatically mean that 

supplementation is indicated. ALS can alter nutritional status, metabolism, renal handling, body 

composition and inflammatory signaling. A metal abnormality may therefore represent a cause, 

consequence, biomarker or epiphenomenon. Prospectively collected samples help to address reverse 

causation, whereas measurements made after symptom onset cannot [6]. The present review evaluates 

the mechanistic and clinical evidence for Zn, Cu, Mg, Ca, Co, Fe, Mn and Se, with particular attention 

to therapeutic implications, and summarizes the quality of evidence for each element (Tables 1–5, 

Figures 1–6). 
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2. Conceptual Framework: The “Goldilocks” Principle 
Metal biology in ALS is best understood as a concentration- and compartment-dependent phenomenon. 

Deficiency may impair enzyme activity or protein stability, physiological concentrations support 

neuronal function, while excess labile metal can promote oxidative chemistry, mitochondrial injury, 

protein aggregation or regulated cell death [3–5]. Total tissue or blood concentration is therefore an 

imperfect readout: what matters is the labile, protein-bound and subcellular distribution of each metal. 

This framework is especially important for SOD1 biology. Cu/Zn-SOD1 requires both metals for 

normal maturation, but disease-associated SOD1 variants can produce toxic gain-of-function effects 

that are not simply corrected by increasing copper or zinc [4,7]. 

Table 1. Biological and therapeutic significance of the eight metals 

Metal Major physiological role ALS/MND-related mechanism Therapeutic evidence 

Zn SOD1 structure; >300 enzymes; 

transcription factors; synaptic 

function 

Zn-deficient SOD1 misfolding; 

aggregation; oxidative/nitrosative stress 
Insufficient; high-dose supplementation may 

cause Cu deficiency 

Cu SOD1; cytochrome-c oxidase; 

ceruloplasmin 
Redox stress; SOD1 maturation (CCS-

dependent); mitochondrial dysfunction 
CuATSM experimental; human benefit 

unproven 

Mg ATP-dependent reactions; ion 

channels; NMDA-receptor 

block 

Altered excitability and Ca²⁺ 

homeostasis 
No established disease-modifying evidence 

Ca Excitability; synaptic signaling; 

mitochondrial function 
Ca²⁺ overload; excitotoxicity; 

mitochondrial injury 
Pathway target; Ca supplementation not 

indicated 

Co Central atom of vitamin B12 Possible exposure/toxicity marker No therapeutic evidence 

Fe Electron transport; heme; Fe–S 

enzymes 
Fenton chemistry; ferroptosis; 

ferritin/MRI iron signal 
Conservative chelation investigational 

Mn Mn-SOD (SOD2); glutamine 

synthetase; metabolism 
Mitochondrial redox balance; excess 

neurotoxicity 
No established ALS therapy 

Se Glutathione peroxidases (incl. 

GPX4); thioredoxin reductases 
Antioxidant defense; ferroptosis 

protection 
Plausible but clinically unproven 

Abbreviations: CCS, copper chaperone for SOD1; GPX, glutathione peroxidase; SOD, superoxide dismutase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Integrated model of metal-ion dysregulation in ALS/MND. Calcium, iron/copper redox chemistry and metal-

dependent protein misfolding converge on mitochondrial failure, regulated cell death and neuro-inflammation. The 

scheme summarizes convergent pathways rather than asserting a single causal sequence. 

 

3. Zinc (Zn) 
Zinc is required for hundreds of proteins, transcription factors, antioxidant systems and normal synaptic 

biology. It also contributes structurally to Cu/Zn-SOD1. Perturbed zinc binding can influence SOD1 

stability and aggregation, and zinc-deficient SOD1 has been shown to induce nitric oxide-dependent 
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apoptosis in cultured motor neurons [7,8]. Zinc deficiency can also impair normal protein function more 

broadly [3,4]. 

Human observational studies have reported associations between zinc status and ALS. In a case-control 

study of US veterans, blood zinc and selenium were inversely associated with ALS, whereas copper 

was positively associated [9]. In a case-control study nested within the prospective EPIC cohort, higher 

erythrocyte zinc was associated with lower ALS risk (odds ratio 0.50; 95% CI 0.27–0.94, highest vs 

lowest tertile), whereas cadmium and lead were associated with higher risk (Figure 2) [6]. The lead 

estimate had a confidence interval that included 1. These findings are hypothesis-generating and do not 

demonstrate that zinc supplementation prevents or treats ALS. 

 
Figure 2. Prospective blood-metal associations with ALS risk. Odds ratios (95% CI; highest vs lowest tertile) from a 

nested case-control study within the EPIC cohort (107 cases, 319 controls) [6]. Zinc was inversely associated and 

cadmium positively associated with ALS; the lead interval crosses 1. Association does not establish causation. 

 

A small pilot study of zinc plus copper in sporadic ALS reported a possible slowing of ALSFRS-R 

decline, but the study was very small and inadequately powered to establish efficacy [10]. Importantly, 

excessive zinc can induce copper deficiency. Empirical high-dose zinc supplementation is therefore not 

established therapy and may create a second nutritional problem [10]. The distinction between 

epidemiological association and therapeutic indication is central: any supplementation should be guided 

by documented deficiency and appropriate monitoring [6,9,10]. 

 

4. Copper (Cu) 
Copper is required for Cu/Zn-SOD1, cytochrome-c oxidase and several other enzymes involved in 

mitochondrial respiration and redox regulation. Copper is therefore indispensable to neuronal 

metabolism, but poorly controlled redox-active copper can also contribute to oxidative injury [4,5]. In 

SOD1 maturation, the copper chaperone CCS inserts copper and promotes disulfide formation; failure 

of metalation leaves an immature, aggregation-prone enzyme (Figure 3) [7]. 

Reports of copper in human ALS samples are heterogeneous. Altered copper and other trace metals 

have been described in CSF and plasma [11], higher blood copper was associated with ALS in one case-

control study [9], whereas a CSF study reported lower copper in ALS and spinal-onset patients than in 

controls [12]. A study of human spinal cord tissue also reported disrupted copper availability in sporadic 

ALS [13]. These discordant directions underline the importance of matrix, method and disease stage. 

The most clinically interesting copper-directed strategy has been CuATSM, a brain-penetrant copper-

containing compound designed to deliver copper selectively in pathological environments. SOD1 

mouse studies reported neuroprotection and increased survival, including striking effects in mice co-

expressing the copper chaperone [14–16]. Early human CuATSM studies were encouraging but lacked 

the evidentiary strength of randomized trials, and results of the randomized phase 2/3 study 

(NCT04082832) had not been formally published when this review was prepared. Subsequent post-
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mortem analysis did not show significant preservation of motor-neuron density or reduction of TDP-43 

pathology in treated patients compared with untreated patients [17]. CuATSM therefore remains an 

important experimental proof-of-concept rather than an established ALS treatment. It should not be 

confused with copper supplementation, which has no demonstrated benefit and can be toxic. 

 
Figure 3. Metalation of SOD1 and sites of therapeutic intervention. Zn binding and CCS-mediated Cu insertion 

generate mature Cu/Zn-SOD1; metal loss or variant-induced destabilization yields misfolded SOD1 with toxic gain of 

function [7,8]. CuATSM (experimental) delivers copper [14–16], whereas tofersen lowers SOD1 synthesis [18]. 

 

5. Magnesium (Mg) 
Magnesium is an essential intracellular cation involved in ATP-dependent reactions, mitochondrial 

metabolism, ion-channel regulation and NMDA-receptor physiology. Because extracellular Mg2+ 

blocks the NMDA-receptor channel in a voltage-dependent manner, magnesium influences calcium 

entry and is mechanistically relevant to excitotoxicity [3,19]. 

Multi-element CSF panels have been used to compare metal patterns across neurodegenerative diseases 

[20], and the relationship between dietary magnesium intake and ALS risk has been examined in large 

prospective cohorts [21]. These observations have not translated into convincing evidence that 

magnesium supplementation modifies disease progression. Correction of documented magnesium 

deficiency is clinically reasonable; high-dose supplementation as an ALS therapy is not evidence-based. 

 

6. Calcium (Ca) 
Calcium is central to the pathophysiology of motor-neuron excitotoxicity. Reduced astroglial glutamate 

transport has been documented in ALS tissue [22]. Vulnerable motor neurons express Ca2+-permeable 

AMPA receptors and have relatively low calcium-buffering capacity; deficient RNA editing of the 

GluA2 subunit has been implicated in increased Ca2+ permeability [19,23,24]. CSF from ALS patients 

preferentially elevates intracellular calcium in motor neurons through AMPA/kainate receptors [25]. 

Excess intracellular Ca2+ promotes mitochondrial Ca2+ loading, respiratory-chain dysfunction, reactive 

oxygen species generation, ATP depletion and cell death (Figure 4). Mitochondrial Ca2+ capacity is 

impaired before symptom onset in SOD1G93A mice, and mutant SOD1 increases motor-neuron 

vulnerability to excitotoxicity through oxidative stress and perturbed calcium homeostasis [26,27]. 
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Riluzole, which reduces glutamatergic transmission, remains a cornerstone of therapy [28]. The 

therapeutic target is therefore pathological intracellular calcium loading-not dietary calcium deficiency-

and calcium supplementation should be based on conventional clinical indications rather than used as 

an ALS disease-modifying strategy. 

 
Figure 4. Mechanism of calcium-mediated excitotoxicity in motor neurons. Impaired glutamate clearance, Ca2+-

permeable AMPA receptors and low Ca2+-buffering capacity increase cytosolic Ca2+, driving mitochondrial overload, 

protease/nNOS activation and cell death [19,22,23,26]. 

 

7. Iron (Fe) 
Iron is essential for mitochondrial electron transport, heme synthesis and numerous enzymes. In its 

labile form, however, Fe2+ participates in Fenton chemistry: Fe2+ + H2O2 → Fe3+ + OH− + •OH. This 

chemistry can amplify oxidative damage [3,4]. 

MRI and neuropathological studies have identified increased iron-related signals and iron accumulation 

in the motor cortex of people with ALS [29,30], and higher serum ferritin has been associated with 

shorter survival [31]. These findings connect iron to oxidative stress and potentially to ferroptosis, a 

regulated cell-death pathway characterized by iron-dependent lipid peroxidation that is restrained by 

the selenoenzyme GPX4 [32,33] (Figure 5). 

Iron chelation is therefore a rational experimental strategy. In an open-label pilot study of 

“conservative” chelation with deferiprone in 23 patients, treatment was well tolerated without anemia 

over 12 months, and declines in ALSFRS-R and body-mass index were smaller during the first three 

months of treatment than during an untreated run-in period; however, the study was small and 

uncontrolled [34]. A larger randomized placebo-controlled trial (FAIR-ALS II, NCT03293069) has 

completed recruitment, but I was unable to locate published efficacy results. Caution is warranted: 

randomized trials of deferiprone in Parkinson's disease and early Alzheimer's disease reported clinical 

worsening despite brain-iron lowering [35,36]. Iron deficiency itself is harmful; indiscriminate iron 

restriction is therefore inappropriate. 
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Figure 5. Iron, lipid peroxidation and ferroptosis in ALS. Labile Fe2+ drives Fenton chemistry and phospholipid 

peroxidation; GPX4 (selenium-dependent) and cystine uptake restrain ferroptosis [32,33]. Deferiprone is investigational 

in ALS [34] and was detrimental in Alzheimer's and Parkinson's disease trials [35,36]. 

 

8. Manganese (Mn) 
Manganese is required for mitochondrial Mn-superoxide dismutase (SOD2) and several metabolic 

enzymes, including glutamine synthetase. Excessive manganese exposure, however, can be neurotoxic. 

An earlier study reported higher CSF manganese in ALS than controls [37]. More recent evidence is 

less consistent: a 2026 systematic review and meta-analysis of 12 studies found no statistically 

significant overall difference in manganese concentrations between ALS and controls and identified 

substantial heterogeneity [38]. This illustrates why single-study metal measurements should not be used 

to justify supplementation. 

 

9. Selenium (Se) 
Selenium is incorporated into glutathione peroxidases (including GPX4), thioredoxin reductases and 

other selenoproteins that regulate oxidative stress. Glutathione peroxidase catalyzes the reduction of 

hydrogen peroxide and lipid hydroperoxides, making selenium biologically relevant to ALS oxidative-

stress pathways and to ferroptosis defense [4,33]. 

Human observational studies have reported inverse associations between selenium status and ALS risk 

or severity [9,39]. A small combination-treatment study (Alsamin; selenium with other antioxidants, 

amino acids and nimodipine) reported increased glutathione peroxidase activity and a possible slowing 

of progression, but only the combination produced the biochemical change, so the individual 

contribution of selenium cannot be determined [40]. A Cochrane review found no significant effect in 

the individual randomized studies, including a combination of methionine, vitamin E and selenium 

(Alsemet), and concluded that evidence for antioxidants in ALS is insufficient [41]. Selenium therefore 

remains mechanistically plausible but clinically unproven as an isolated ALS treatment. 
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10. Cobalt (Co) 
Cobalt is physiologically important as the central atom of vitamin B12. Free or excessive cobalt 

exposure can have toxic effects. Cobalt has been included in some multi-element CSF and plasma 

panels [11,20], but no consistent, replicated ALS-specific pattern has emerged from them. There is 

currently no convincing evidence that cobalt deficiency causes ALS or that cobalt supplementation 

improves ALS/MND outcomes. Cobalt is therefore better regarded as a biomarker/exposure variable in 

ALS metallomics research than as a therapeutic target. 

 

11. Integrated Mechanisms 
Metal dyshomeostasis can converge on several major ALS pathways (Figure 1). Calcium excess 

promotes excitotoxicity; iron and copper can amplify oxidative chemistry; zinc and copper 

abnormalities can affect SOD1 structure and redox biology; manganese abnormalities can influence 

mitochondrial antioxidant capacity; magnesium affects excitability and calcium regulation; and 

selenium supports glutathione-dependent antioxidant defense [3–5,19,32]. These pathways converge 

on mitochondrial dysfunction, ATP depletion, oxidative injury, impaired axonal transport, 

neuroinflammation and regulated cell death. The interaction is therefore more accurately represented as 

a network than as a single-metal deficiency syndrome. 

Table 2 summarizes the principal human studies discussed above, and Table 3 places metal-directed 

interventions alongside established therapies. Figure 6 gives a qualitative overview of the maturity of 

the evidence base for each element. 

Table 2. Selected human studies of metals in ALS/MND 

Study Design / sample Principal finding Interpretation 

Peters TL 2016 [9] Case-control, US veterans; 163 

ALS, 229 controls; blood ICP-MS 
Se and Zn inversely, Cu positively 

associated with ALS 
Post-onset sampling; reverse 

causation possible 

Peters S 2021 [6] Nested case-control in EPIC; 107 

cases, 319 controls; erythrocyte 

metals 

Zn OR 0.50 (0.27–0.94); Cd OR 2.04 

(1.08–3.87); Pb OR 1.89 (0.97–3.67) 
Prospective; hypothesis-

generating 

Oggiano 2018 [39] Exploratory study of trace 

elements vs clinical severity 
Se suggested protective; Pb suggested risk 

factor 
Exploratory; small 

Chen 2022 [12] CSF ICP-MS; ALS (spinal/bulbar 

onset) vs controls 
Cu lower in ALS and spinal onset; Ni 

higher in spinal onset 
Single-centre; cross-

sectional 

Salehcheh 2026 [38] Systematic review/meta-analysis; 

12 studies of Mn 
No significant overall Mn difference; 

substantial heterogeneity 
Mn data inconsistent 

Moreau 2018 [34] Open-label pilot of deferiprone; 23 

patients, 12 months 
No anemia; smaller early ALSFRS-R and 

BMI decline vs run-in 
Uncontrolled; not proof of 

efficacy 

Yang 2023 [17] Post-mortem comparison of 

CuATSM-treated vs untreated 

patients 

No significant difference in neuron 

density or TDP-43 burden 
Argues against pathological 

rescue 

Abbreviations: ICP-MS, inductively coupled plasma mass spectrometry; OR, odds ratio (95% CI). 

 

12. Interaction with Established ALS Treatment 
Metal biology should be regarded as a complementary mechanistic field rather than a replacement for 

evidence-based ALS management. Riluzole and edaravone address glutamatergic and oxidative 

pathways, respectively [28,42], while tofersen is a genotype-specific therapy for SOD1-associated ALS. 

Tofersen reduces SOD1 protein production rather than attempting to normalize SOD1 metalation 

[18,43]. Metal-directed interventions may eventually complement these approaches, particularly if 

biomarkers can identify patients with specific pathological metal redistribution. At present, however, 
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no Zn, Cu, Mg, Ca, Co, Fe, Mn or Se supplementation regimen has been established as a stand-alone 

disease-modifying therapy for ALS/MND. 

Table 3. Metal-related and established therapeutic approaches in ALS/MND 

Approach Target / mechanism Evidence Status / caveat 

Riluzole [28] Reduces glutamatergic excitotoxicity Randomized controlled trial Established therapy 

Edaravone [42] Free-radical scavenging Randomized trial in selected patients Approved in some 

jurisdictions 

Tofersen [18,43] SOD1 antisense; lowers SOD1 

synthesis 
Randomized phase 3 trial; regulatory 

approval 
SOD1-ALS only; not metal-

based 

CuATSM [14–17] Cu delivery to SOD1/mitochondria Strong in mice; human pathology 

negative 
Experimental 

Deferiprone [34–36] Conservative iron chelation Open-label ALS pilot; worse 

outcomes in AD and PD trials 
Investigational; caution 

Zn ± Cu [10] Nutritional supplementation Very small pilot Not recommended 

empirically 

Se-containing 

antioxidant 

combinations [40,41] 

Glutathione peroxidase support Small studies; Cochrane: insufficient Unproven 

 

 
Figure 6. Qualitative evidence map by element and evidence type. This figure is a literature characterization by the 

author, not a treatment ranking or efficacy score; it is consistent with Table 4. 

 

13. Clinical and Research Implications 
The most defensible clinical approach is to identify genuine nutritional deficiencies, minimize excessive 

environmental or occupational exposure, and avoid high-dose empirical mineral supplementation. 

Future trials should measure not only total metal concentrations but also metal speciation, protein 

binding, cellular localization and longitudinal change. Precision metallomics could combine ICP-MS, 

metalloproteomics, quantitative susceptibility MRI, nutritional assessment, genetic stratification and 

longitudinal ALSFRS-R and respiratory outcomes [5]. This approach may distinguish pathological 

metal redistribution from secondary nutritional changes and could identify patients most likely to 

benefit from targeted metal manipulation. Study designs should favor prospective sampling, adequately 
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powered randomized trials and pharmacodynamic biomarkers such as imaging iron burden, SOD1 

metalation state and neurofilament light chain. 

Table 4. Evidence interpretation 

Intervention Mechanistic 

evidence 
Animal evidence Human treatment 

evidence 
Current interpretation 

Zinc Strong Moderate Very limited Investigational; avoid empirical high 

dose 

CuATSM Strong Strong Inconclusive Experimental 

Magnesium Moderate Limited Insufficient Correct documented deficiency 

Calcium 

modulation 
Strong Strong No proof for 

supplementation 
Pathway target 

Iron chelation Strong Moderate Preliminary/inconclusive Experimental; caution 

Manganese 

manipulation 
Moderate Limited None established Avoid excess 

Selenium Strong Limited/moderate Insufficient Correct deficiency; research target 

Cobalt Weak Weak None Not a treatment target 

 

Table 5. Practical interpretation for clinical research 

Finding Reasonable interpretation What should not be inferred 

Documented Zn deficiency Correct deficiency using standard nutritional 

practice 
That high-dose Zn treats ALS 

Documented Cu deficiency Investigate cause and correct appropriately That Cu loading reverses SOD1 ALS 

High CNS iron signal Consider research/clinical context and differential 

diagnosis 
That all ALS patients require chelation 

Low Se status Correct confirmed deficiency That Se monotherapy is disease-modifying 

Low Mg status Correct deficiency That Mg megadosing treats ALS 

Abnormal Mn/Co exposure Assess environmental/occupational exposure That supplementation is therapeutic 

 

14. Conclusions 
Metal-ion homeostasis is an important component of ALS/MND biology and provides mechanistic links 

between excitotoxicity, oxidative stress, mitochondrial dysfunction, protein aggregation and regulated 

cell death. Calcium dysregulation and iron-associated oxidative injury are particularly important 

pathways, while copper/zinc biology is central to SOD1-associated ALS. Selenium and magnesium 

have plausible protective roles, whereas manganese and cobalt require careful interpretation because 

evidence is limited or inconsistent. 

The present evidence does not justify routine high-dose mineral supplementation as an ALS treatment. 

Correction of documented deficiencies and avoidance of excessive exposure are more defensible. The 

future of metal-based ALS therapy is likely to depend on precision correction of pathological metal 

redistribution rather than nonspecific supplementation. 
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Author Note 
This manuscript is a literature review and is not a treatment recommendation for an individual patient. 

Mineral supplementation or chelation should be undertaken only for a clinically justified indication and 

with appropriate medical monitoring. 

 

References 
[1] Brown RH Jr, Al-Chalabi A. Amyotrophic lateral sclerosis. N Engl J Med., 2017;377:162–172. 

[2] Peters OM, Ghasemi M, Brown RH Jr. Emerging mechanisms of molecular pathology in ALS. J Clin Invest., 

2015;125:1767–1779. 

[3] Sirabella R, Valsecchi V, Anzilotti S, et al. Ionic homeostasis maintenance in ALS: Focus on new therapeutic targets. 

Front Neurosci., 2018;12:510. 

[4] Sheykhansari S, Rodrigues D, Shahraki JY, et al. Redox metals homeostasis in multiple sclerosis and amyotrophic 

lateral sclerosis: A review. Cell Death Dis., 2018;9:348. 

[5] Tang M, Fleming E, Gu J. Trace elements dyshomeostasis and toxic metals neurotoxicity in neurodegenerative diseases. 

Biol Trace Elem Res., 2026 (in press). 

[6] Peters S, Broberg K, Gallo V, et al. Blood metal levels and amyotrophic lateral sclerosis risk: A prospective cohort. 

Ann Neurol., 2021;89:125–133. 

[7] Valentine JS, Doucette PA, Zittin Potter S. Copper-zinc superoxide dismutase and amyotrophic lateral sclerosis. Annu 

Rev Biochem., 2005;74:563–593. 

[8] Estévez AG, Crow JP, Sampson JB, et al. Induction of nitric oxide-dependent apoptosis in motor neurons by zinc-

deficient superoxide dismutase. Science, 1999;286:2498–2500. 

[9] Peters TL, Beard JD, Umbach DM, et al. Blood levels of trace metals and amyotrophic lateral sclerosis. 

Neurotoxicology, 2016;54:119–126. 

[10] Helmold B, Nathaniel G, Barkhaus P, et al. ALSUntangled #78: Zinc. Amyotroph Lateral Scler Frontotemporal 

Degener., 2025;26:599–603. 

[11] Roos PM, Vesterberg O, Syversen T, Flaten TP, Nordberg M. Metal concentrations in cerebrospinal fluid and blood 

plasma from patients with amyotrophic lateral sclerosis. Biol Trace Elem Res., 2013;151:159–170. 

[12] Chen QY, Wu P, Wen T, et al. Association of cerebral spinal fluid copper imbalance in amyotrophic lateral sclerosis. 

Front Aging Neurosci., 2022;14:970711. 

[13] Hilton JBW, et al. Evidence for disrupted copper availability in human spinal cord supports Cu(II)(atsm) as a treatment 

option for sporadic cases of ALS. Sci Rep., 2024;14:5929. 

[14] Soon CP, Donnelly PS, Turner BJ, et al. Diacetylbis(N4-methylthiosemicarbazonato)copper(II) protects against 

peroxynitrite-induced nitrosative damage and prolongs survival in an ALS mouse model. J Biol Chem., 

2011;286:44035–44044. 

[15] Roberts BR, Lim NK, McAllum EJ, et al. Oral treatment with Cu(II)(atsm) increases mutant SOD1 in vivo but protects 

motor neurons and improves the phenotype of a transgenic mouse model of ALS. J Neurosci., 2014;34:8021–8031. 

[16] Williams JR, Trias E, Beilby PR, et al. Copper delivery to the CNS by CuATSM effectively treats motor neuron disease 

in SOD(G93A) mice co-expressing the copper-chaperone-for-SOD. Neurobiol Dis., 2016;89:1–9. 

[17] Yang Y, Rowe D, McCann H, et al. Treatment with the copper compound CuATSM has no significant effect on motor 

neuronal pathology in patients with ALS. Neuropathol Appl Neurobiol., 2023;49:e12919. 

[18] Miller TM, Cudkowicz ME, Genge A, et al. Trial of antisense oligonucleotide tofersen for SOD1 ALS. N Engl J Med., 

2022;387:1099–1110. 

[19] Grosskreutz J, Van Den Bosch L, Keller BU. Calcium dysregulation in amyotrophic lateral sclerosis. Cell Calcium, 

2010;47:165–174. 

[20] Hozumi I, Hasegawa T, Honda A, et al. Patterns of levels of biological metals in CSF differ among neurodegenerative 

diseases. J Neurol Sci., 2011;303:95–99. 

[21] Fondell E, et al. Magnesium intake and risk of amyotrophic lateral sclerosis: Results from five large cohort studies. 

Amyotroph Lateral Scler Frontotemporal Degener., 2015;16:356–363. 

[22] Rothstein JD, Martin LJ, Kuncl RW. Decreased glutamate transport by the brain and spinal cord in amyotrophic lateral 

sclerosis. N Engl J Med., 1992;326:1464–1468. 

[23] Kawahara Y, Ito K, Sun H, et al. Glutamate receptors: RNA editing and death of motor neurons. Nature, 2004;427:801. 

[24] Appel SH, Beers D, Siklos L, Engelhardt JI, Mosier DR. Calcium: The Darth Vader of ALS. Amyotroph Lateral Scler 

Other Motor Neuron Disord., 2001;2(Suppl 1):S47–S54. 

[25] Sen I, Nalini A, Joshi NB. Cerebrospinal fluid from amyotrophic lateral sclerosis patients preferentially elevates 

intracellular calcium and toxicity in motor neurons via AMPA/kainate receptor. J Neurol Sci., 2005;235:45–54. 

[26] Damiano M, Starkov AA, Petri S, et al. Neural mitochondrial Ca2+ capacity impairment precedes the onset of motor 

symptoms in G93A Cu/Zn-superoxide dismutase mutant mice. J Neurochem., 2006;96:1349–1361. 

[27] Kruman II, Pedersen WA, Springer JE, Mattson MP. ALS-linked Cu/Zn-SOD mutation increases vulnerability of motor 

neurons to excitotoxicity by a mechanism involving increased oxidative stress and perturbed calcium homeostasis. Exp 

Neurol., 2000;160:28–39. 

[28] Bensimon G, Lacomblez L, Meininger V. A controlled trial of riluzole in amyotrophic lateral sclerosis. N Engl J Med., 

1994;330:585–591. 



M. A. Pasha, Lett. & Rev. in Neuro. Sci., October 2026, volume 1, 62‒72. 

 

72 
 

[29] Yu J, Qi F, Wang N, et al. Increased iron level in motor cortex of amyotrophic lateral sclerosis patients: An in vivo MR 

study. Amyotroph Lateral Scler Frontotemporal Degener., 2014;15:357–361. 

[30] Kwan JY, Jeong SY, Van Gelderen P, et al. Iron accumulation in deep cortical layers accounts for MRI signal 

abnormalities in ALS: Correlating 7 Tesla MRI and pathology. PLoS One, 2012;7:e35241. 

[31] Nadjar Y, Gordon P, Corcia P, et al. Elevated serum ferritin is associated with reduced survival in amyotrophic lateral 

sclerosis. PLoS One, 2012;7:e45034. 

[32] Dixon SJ, Lemberg KM, Lamprecht MR, et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell, 

2012;149:1060–1072. 

[33] Yang WS, SriRamaratnam R, Welsch ME, et al. Regulation of ferroptotic cancer cell death by GPX4. Cell, 

2014;156:317–331. 

[34] Moreau C, Danel V, Devedjian JC, et al. Could conservative iron chelation lead to neuroprotection in amyotrophic 

lateral sclerosis? Antioxid Redox Signal, 2018;29:742–748. 

[35] Devos D, Labreuche J, Rascol O, et al. Trial of deferiprone in Parkinson's disease. N Engl J Med., 2022;387:2045–

2055. 

[36] Ayton S, Barton D, Brew B, et al. Deferiprone in Alzheimer disease: A randomized clinical trial. JAMA Neurol., 

2025;82:11–18. 

[37] Roos PM, Lierhagen S, Flaten TP, et al. Manganese in cerebrospinal fluid and blood plasma of patients with 

amyotrophic lateral sclerosis. Exp Biol Med., 2012;237:803–810. 

[38] Salehcheh M, Nikravesh M, Aghebat-Bekheir S, et al. Manganese concentrations in biological matrices and 

amyotrophic lateral sclerosis: A systematic review and meta-analysis. Neurol Sci., 2026;47:216. 

[39] Oggiano R, Solinas G, Forte G, et al. Trace elements in ALS patients and their relationships with clinical severity. 

Chemosphere, 2018;197:457–466. 

[40] Apostolski S, Marinković Z, Nikolić A, Blagojević D, Spasić MB, Michelson AM. Glutathione peroxidase in 

amyotrophic lateral sclerosis: The effects of selenium supplementation. J Environ Pathol Toxicol Oncol., 1998;17:325–

329. 

[41] Orrell RW, Lane RJM, Ross M. Antioxidant treatment for amyotrophic lateral sclerosis / motor neuron disease. 

Cochrane Database Syst Rev., 2007;(1):CD002829. 

[42] Writing Group on behalf of the Edaravone (MCI-186) ALS 19 Study Group. Safety and efficacy of edaravone in well 

defined patients with amyotrophic lateral sclerosis: A randomised, double-blind, placebo-controlled trial. Lancet 

Neurol., 2017;16:505–512. 

[43] U.S. Food and Drug Administration. FDA approves treatment for amyotrophic lateral sclerosis associated with a 

mutation in the SOD1 gene (tofersen, Qalsody). FDA; 2023. 

 


