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The pathophysiology of ALS involves many signs of a disruption in copper homeostasis, with both excess free levels and functional deficiency likely occurring simultaneously. This is crucial, as many important physiological functions are performed by cuproenzymes. While it is unsurprising that many ALS symptoms are related to signs of copper deficiency, resulting in vascular, antioxidant system and mitochondrial oxidative respiration deficiencies, there are also signs of copper toxicity such as ROS generation and enhanced protein aggregation. We discuss how copper also plays a key role in proteostasis and interacts either directly or indirectly with many of the key aggregate-prone proteins implicated in ALS, such as TDP-43, C9ORF72, SOD1 and FUS as well as the effect of their aggregation on copper homeostasis. We suggest that loss of cuproprotein function is at the core of ALS pathology, a condition that is driven by a combination of unbound copper and ROS that can either initiate and/or accelerate protein aggregation. This could trigger a positive feedback cycle whereby protein aggregates trigger the aggregation of other proteins in a chain reaction that eventually captures elements of the proteostatic mechanisms in place to counteract them. The end result is an abundance of aggregated non-functional cuproproteins and chaperones alongside depleted intracellular copper stores, resulting in a general lack of cuproenzyme function. We then discuss the possible aetiology of ALS and illustrate how strong risk factors including environmental toxins such as BMAA and heavy metals can functionally behave to promote protein aggregation and disturb copper metabolism that likely drives this vicious cycle in sporadic ALS. From this synthesis, we propose restoration of copper balance using copper delivery agents in combination with chaperones/chaperone mimetics, perhaps in conjunction with the neuroprotective amino acid serine, as a promising strategy in the treatment of this incurable disease.
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Introduction

Amyotrophic Lateral Sclerosis (ALS) is a heterogeneous neurodegenerative disease that primarily affects both upper and lower motor neurons, leading to their progressive degeneration and subsequent, often rapid loss of motor function and death (Brotman et al., 2022). Prognosis is very poor with a life expectancy ranging from 3 to 5 years from presentation of first symptoms, with the majority of deaths resulting from respiratory insufficiency (Niedermeyer et al., 2019; Masrori and Van Damme, 2020). ALS can be phenotypically classified into either limb onset (LO) cases with upper and lower motor neurons being affected, accounting for 70% of the cases, or Bulbar onset (25%) in which speech and swallowing issues first arise that are followed by later stage limb weakness (Zarei et al., 2015). ALS can also be genetically categorized as being either sporadic ALS (SALS) that represents 90–95% of all diagnoses and in which there is no known direct genetic contribution to the disease, or familial ALS (FALS) that makes up the remaining 5–10% of all cases where known genetic mutations such as in SOD1, TDP-43, FUS, and C9ORF72 predominate (Zarei et al., 2015). ALS is typically a late onset disease with a mean age of onset at 64 years old (Marin et al., 2016). However, cases of juvenile onset ALS (<25 years old) also emphasize the importance of genetic factors in contribution to the disease (Turner et al., 2012). Furthermore, sex is another factor, with males having a greater incidence of both SALS and FALS, the cause of this not yet being fully understood (McCombe and Henderson, 2010). The annual global incidence of ALS is 2.3/100,000 individuals, and in Europe and the USA its prevalence is between 5.2–6.2/100,000 individuals (Chiò et al., 2013; Xu et al., 2020). To date, there is no known cure for this disease and the only disease-modifying treatments currently approved are Riluzole and Edavorone, which only increase survival by 2–3 months or up to 6 months, respectively (Saitoh and Takahashi, 2020; Brooks et al., 2022).

The exact etiology of ALS remains unclear and has undergone many advancements since it’s conception as a purely motor neuron disease in 1869 (Masrori and Van Damme, 2020), although what remains central is the loss of function of the upper and lower motor neurons as described. In recent years much attention has been paid to the importance of genetic factors that contribute to ALS, that are all related protein aggregation in the spinal cord (Mejzini et al., 2019). Indeed, mouse models of ALS such as the well-used SOD1G93A and other models demonstrate that increased protein aggregation within the spinal cord is generally sufficient to induce symptoms that are the hallmark of the disease we call ALS, a fact that would place spinal cord protein aggregation as central to the disease (Todd and Petrucelli, 2022). This is not to exclude the importance of other aspects of ALS such as excitotoxicity, axonal transport issues, neuroinflammation and broader nutrient and metabolic deficiencies in ALS (De Vos and Hafezparast, 2017; Liu and Wang, 2017; Le Gall et al., 2020; Ludolph et al., 2023), though they are likely to be interlinked. Although we may touch on some of these issues in this review, we will focus on examining the pathways of protein aggregation and its downstream effects in the motor neurons for which exploration of the link between protein aggregation and pathological copper excess or deficiency is necessary (Posadas et al., 2023).

Copper imbalance can act twofold, firstly in excess as a cell stressor that can induce cuproptosis (Tsvetkov et al., 2022), and in deficiency in the loss of function of critical cuproenzymes that affect respiration and normal neuronal functioning (Hilton et al., 2024). This is most clearly demonstrated in the spinal cords of SALS patients as well as in SOD1G93A mice (Tokuda and Furukawa, 2016), showing that regardless of the cause in humans there is a loss of copper levels in the gray matter of the spinal cord and a decline in cuproenzyme function. There is also an increase in copper in the dorsolateral white matter columns that may also be subject to copper toxicity (Hilton et al., 2024), indicating that both toxicity and deficiency could happen simultaneously. It is therefore important to discuss the intricacies of copper metabolism, including how imbalance of this metal ion in the CNS leads to many of the hallmarks of ALS. In addition to this, we outline the functions of the major players in ALS such as superoxide dismutase 1 (SOD1), C9ORF72, TDP-43, and FUS, describing their general mechanisms and where known, their relationship with copper homeostasis and to a lesser degree their interactions with other metal ions. Finally, we discuss the known environmental risk factors and highlight how they participate in protein aggregation and their relevance to copper and protein aggregation. This is a key point as much of the cause of SALS appears to be environmental, as demonstrated by hotspots of increased ALS incidence or ALS risk-associated occupations in many countries (Caller et al., 2009; Henry et al., 2015; Goutman et al., 2022; Vasta et al., 2023). In this regard the most notable risk factors seem to be related with contamination of food or water sources with plant and algal toxins, and also heavy metals (Newell et al., 2022), all of which either enhance protein aggregation or interact with copper or cuproproteins in a detrimental manner (Dunlop et al., 2013; Jaishankar et al., 2014; Sheykhansari et al., 2018; Balali-Mood et al., 2021; Diaz-parga et al., 2021). In this review we attempt to synthesize the evidence to date into a coherent framework to outline the key mechanisms behind SALS and FALS, namely environmental causes that are compounded by genetic factors that lead to the disruption of proteostasis and cuproenzyme dysfunction that could fuel a vicious cycle of protein aggregation, further loss of cuproenzyme function in a terminal decline of motor neuron function known as ALS.



ALS pathophysiology

The pathophysiology of ALS is characterized by the progressive degeneration and dysfunction of upper and lower motor neurons, although the exact mechanisms are unknown (Gordon, 2011). ALS can be due to heterogenous causes and subsequent heterogenous pathologies, which has made the exact determination of cause and development of effective treatment difficult (Hardiman et al., 2017; Tzeplaeff et al., 2023). In general, toxic protein aggregates form within the motor neurons that can cause RNA trafficking issues, mitochondrial damage, lysosomal dysfunction and synaptic signaling deficiencies (Hardiman et al., 2017). These aggregates are most commonly include of SOD1 aggregates, FUS, TDP-43 and C9ORF72, with both loss of normal protein function and formation of large aggregates that interfere with basic cellular processes (Hardiman et al., 2017). Vascular alterations occur before symptom onset, leading to increased hypoxia that stresses cellular metabolism (Nomura et al., 2019; Månberg et al., 2021). The combination of increased inflammation driven by microglia and release of toxic factors from astrocytes further stresses motor neurons, which includes elements of the complement system, pro-inflammatory cytokines such as tissue necrosis factor (TNF) as well as a reduced capacity of astrocytes to buffer extracellular glutamate that leads to neuronal glutamate excitotoxicity (Clarke and Patani, 2020; Yang et al., 2024). With regards to which toxic factors are specifically released by astrocytes, it is not fully known but may contain a cocktail of the aforementioned factors with other novel, yet to be identified mediators (Nagai et al., 2007). In the end, these combined factors contribute to the gradual degeneration and loss of executive motor functions in ALS patients (Haukedal and Freude, 2019; Vaz et al., 2021), a process which likely begins with the detachment of the motor neurons from the neuromuscular junctions in what is known as the dying back hypothesis (Verma et al., 2022).

Many of these functions that see decline in ALS are crucially dependent on copper including mitochondrial respiration, antioxidant defense, iron metabolism, neurotransmitter synthesis and vascular function (Uauy et al., 1987; Schuschke, 1997; Desai and Kaler, 2008). Furthermore, pathological unbound copper can from non-canonical copper interactions with ALS related proteins can influence other aspects of ALS such as protein aggregation, proteostasis and lysosomal function, which are the key areas of discussion in this review (Polishchuk and Polishchuk, 2016; John et al., 2021; Zuily et al., 2022). We will discuss the roles the major ALS related proteins such as SOD1, TDP-43, FUS, C9ORF72 as well disrupted systems such as the lysosomal and vascular systems and how they related to copper homeostasis. To begin, it is important to first of all discuss the role of main role of copper in the CNS and the problems when dysfunction arises.



Copper regulation: engines of enzymes

Owing to the catalytic properties of copper it is incorporated into many key enzymes. For example, in the functioning of mitochondrial cytochrome oxidase C complex 4 (COX4) which facilitates electron transport in oxidative respiration, or in SOD1 which provides defense against free radicals, and in ceruloplasmin (CP) which regulates cellular iron content (Uauy et al., 1998). Insufficient loading of copper into these enzymes results in impaired function despite adequate tissue protein levels, and this is a feature evident in both mouse models of ALS and in patients (Hilton et al., 2018, 2024). In these enzymes copper is usually co-ordinated by either histidine or cysteine residues positioned in precise geometries to ensure specificity in their function (Inesi, 2017). A list of catalytic cuproenzymes and their functions in humans is summarized in Table 1.



TABLE 1 List of catalytic cuproenzymes in the human central nervous system.
[image: Table1]

The loading of these enzymes is directly related to cellular copper homeostasis. Copper is firstly usually bound to albumin or another transporter such as CP and is then delivered to the cell (Harris and Percival, 1989; Moriya et al., 2008). The primary mechanism for intracellular copper import is via solute-like carrier 31A1 (SLC31A1), otherwise known as copper transporter 1 (CTR1), which accepts reduced copper Cu1+ for transport. However, it must first be reduced by a metalloreductase such as prion protein (PrP), amyloid precursor protein (APP), or members of the six transmembrane epithelial antigen of prostate (STEAP) family of metalloreductases, usually in conjunction with ascorbate, from Cu2+ to Cu1+ for cellular import (Hellman and Gitlin, 2002; Ohgami et al., 2006; Prohaska, 2008; Scarl et al., 2017). Once inside the cell, copper is quickly bound to glutathione (GSH) with which it becomes redox-inactive and can be further processed for storage in metallothionines (MT), or incorporation into chaperones as antioxidant 1 (ATOX1), CP, SOD1, COX4 through the help of molecular chaperones that stabilize the apo-enzyme and load it with copper (Prohaska, 2008; Santoro et al., 2020). Alternatively, Cu2+ can enter via divalent metal transporter 1 (DMT1) where it is likely rapidly converted to Cu1+ in the reducing environment of the cytosol (Koch et al., 2003; López-Mirabal and Winther, 2008). Cu1+ can also be transported into the lysosome via lysosomal ATP7A/B, where it acts as a storage site for copper that can be exocytosed in bulk to reduce intracellular copper loads, or otherwise exported back into the cytosol via CTR1/2 (Polishchuk and Polishchuk, 2016). ATOX1 can deliver Cu1+ to the trans Golgi network (TGN) where it incorporates copper into plasma membrane or export-bound proteins such as extracellular and cell surface bound SOD3, CP (both extracellular and cell surface bound), andalso delivers copper to the nucleus for gene transcription of, e.g., vascular endothelial growth factor (VEGF) and LOX (Hatori and Lutsenko, 2016; Liu Z. et al., 2022). The copper chaperone for superoxide (CCS) delivers Cu1+ to SOD1 for free radical scavenging (Schmidt et al., 2000). Cytochrome c oxidase copper chaperone 17 (COX17) delivers Cu1+ to cytochrome c oxidase 11 (COX11) and cytochrome c oxidase assembly protein (SCO1), that both finally deliver Cu1+ to COX to enhance oxidative respiration (Ruiz et al., 2021). Copper export from the cell can also be governed by ATP7A and ATP7B, that in conjunction with CTR1 help maintain the copper flux within the cell (Prohaska, 2008; Scheiber et al., 2014). This maintenance is summarized in Figure 1.

[image: Figure 1]

FIGURE 1
 Cellular regulation of copper: Cu2+ is provided by carriers such as albumin and CP and in the presence of a surface reductase such as STEAP, the copper is liberated and reduced to Cu1+ in co-ordination with ascorbate and taken in through copper transporter 1 (SLC31A1/CTR1). Alternatively, Cu2+ is transported intracellularly via DMT1 where it is likely internally reduced to Cu1+. Cu1+ is immediately sequestered by glutathione (GSH) which delivers it to chaperones, e.g., ATOX1, CCS, COX17 or for long-term storage in MT. ATOX1 delivers Cu1+ to the TGN where it supplies copper for incorporation into exported cuproproteins such as CP or SOD3 which may also be bound on the cell surface. ATOX1 also delivers Cu1+ to ATP7A/B (depending on cell type) where it is either exported from the cell or in other cases loaded into the lysosomes. The lysosome can directly export copper extracellularly via exocytosis or release Cu1+ back into the cytosol via CTR1/2. ATOX1 may also enter the nucleus and initiate transcription of responsive genes. CCS primarily delivers Cu1+ to Cu/ZnSOD (SOD1). COX17 delivers Cu1+ to mitochondrial COX11 and SCO1, which in turn both provide Cu1+ to COX4.


In the CNS, copper metabolism is mainly governed by astrocytes whose end feet surround the blood brain barrier (BBB). These cells have a great ability to buffer metal ions and are coupled to neurons in their copper metabolism (Scheiber et al., 2014).



Copper and cell death: how does copper kill?

As excess copper is extremely dangerous, the amount of unbound copper in a cell is estimated to be at less than 0.1%, with one free copper ion per cell under normal conditions (Rae et al., 1999; Manto, 2014). This strict regulation is due to free copper being able to interact with proteins in a non-canonical manner, affecting their structure and generating ROS via the Fenton reaction (Manto, 2014; John et al., 2021). Copper deficiency has long been known to cause mitochondrial dysfunction, demyelination, iron overload and neurodegeneration, and so adequate provision of copper to cuproenzymes is important (Cobine et al., 1868; Benetti et al., 2010; Gulec and Collins, 2014; Prodan et al., 2023). When a cell fails at copper management, either due to total overload or overload due to vulnerability from diminished chaperoning and storage ability, the cell will become oxidatively stressed and protein aggregation (in a unique form of programmed cell death known as cuproptosis) may occur (Charbonnier et al., 2022; Tsvetkov et al., 2022; Zuily et al., 2022). It is therefore likely that failure of the chaperone system itself can simultaneously cause functional deficiency and toxic overload. In ALS there is an imbalance of copper, with a mix of both copper deficiency and overload which can be explained by the mis-partitioning of copper stores, with a loss of cuproenzyme function and increased amounts of copper-bound aggregates, which will be discussed later (Gil-Bea et al., 2017; Barros et al., 2018; Chen Q. Y. et al., 2022). While copper is a well-known inducer of cell death, until recently the exact underlying mechanism in mammalian cells was not fully elucidated. Upon exposure to toxic levels of copper, the copper binds to lipoylated TCA cycle proteins such as dihydrolipoamide S-acetyltransferase (DLAT), promoting the formation of disulfide bonds and toxic aggregation of this protein and other related TCA cycle proteins inside the mitochondria, this being concomitant with the loss of Fe-S clusters. The net result is the triggering of a mitochondria-dependent programmed cell death. An important note is that chelation of the copper ions via the antioxidant GSH effectively prevents cuproptosis, whereas non-copper chelating antioxidants such as N-acetylcysteine (NAC) and Ebselen have no effect, this indicating that the copper ions themselves and not ROS are critical for cuproptosis (Tang et al., 2022; Tsvetkov et al., 2022).

Copper can also cause long-term stress to the cell in concentrations that are not immediately lethal, one such effect being protein aggregation. The exact mechanism for how copper induces aggregation is complex and requires understanding of the effect of pH, charge of the copper ion and oxygenation. An interesting study investigating the mechanisms of protein aggregation using E. coli elucidated that copper can induce protein aggregation both under aerobic and anaerobic conditions, though not equally (Zuily et al., 2022). Under anaerobic conditions a far greater amount of aggregation occurs, which is attributed to increased intracellular import of copper. This imported copper can exist as either Cu1+ or Cu2+ which exert their aggregation effects in different ways. Firstly, proteins that form aggregates bound to Cu1+ are richer in histidine and cysteine residues than those formed with Cu2+, this likely being due to Cu1+ being a soft acid and reacting more with the thiol groups present on these amino acids to alter the protein into non-native conformation states. Secondly, Cu2+ works by generation of ROS that oxidize cysteine residues to form non-native bonds on affected proteins (Pearson, 1963; Zuily et al., 2022). An example of this is the binding of Cu2+ to ubiquitin to its aggregation-prone regions, destabilizing its structure and leading to aggregation and functional failure of this core component of the ubiquitin proteasome system (UPS; Arnesano et al., 2009). Cu2+ can also promote protein aggregation by oxidizing and forming intramolecular cysteine bonds between two separate peptides through inner sphere electron transfer in a catalytic process (Prudent and Girault, 2009). This catalysis might in part explain why Cu2+ promotes Parkinson’s disease-associated protein α-synuclein aggregation without altering fibril structure, and is likely a central mechanism by which protein aggregation is accelerated by free Cu2+ (Rasia et al., 2005).

Conversely, copper deficiency can result in loss of cuproenzyme function, most notably COX4 of the mitochondrial electron transport chain. Metabolic reprogramming via copper-modulated COX4 assembly governs mitochondrial turnover as well as cell differentiation, with copper promoting mitochondrial biogenesis and oxidative respiration whereas decreasing copper concentration will downregulate COX4 expression and promote glycolysis and proliferation (Ruiz et al., 2021). The deficiency of COX activity evident in ALS patient spinal cords may potentially be caused by functional copper deficiency (Fujita et al., 1996; Borthwick et al., 1999). This is possible due to either gross copper deficiency or chaperone deficiency, as not all cuproenzymes are equally affected in ALS (Hilton et al., 2018, 2024).

Overall, the general effects of systemic copper deficiency can be best exemplified in Menkes disease patients, who harbor a genetic disease resulting in mutation of the ATP7A transporter which leads to severe systemic copper deficiency (Tümer and Møller, 2010). Usually this results in eventual death from COX4 and SOD1 dysfunction and ROS overload (Ruiz et al., 2021). The effective loss of function of these two enzymes in Menkes disease is reflected by a similar pathology in ALS that would suggest shared pathological mechanisms that stem from functional copper deficiency. Furthermore, copper deficiency has also been shown to induce mitochondrial swelling, a feature also seen in SOD1 mutant motor neurons, indicating another possible link between copper deficiency and ALS (Vande Velde et al., 2011; Smith et al., 2019; Ruiz et al., 2021).



Copper and the heat shock response

When cells encounter a variety of different stressors such as heat, osmotic, hypoxic, and oxidative stress, the heat shock protein (HSP) response is activated to generally enhance cell survival under such conditions (Hu et al., 2022; Jeyachandran et al., 2023), as well as the unfolded protein response (UPR) upon detection of the accumulation of misfolded or unfolded proteins (Hetz et al., 2020). Similarly, when cells are challenged with toxic levels of copper they also rapidly begin to upregulate a range of UPR and HSP related genes (Saporito-Magriñá et al., 2018). This is followed by the ubiquitin proteasome (UPS) and autophagy systems that work to combat the dangers of copper-induced protein aggregation. One of the major functions of the HSP system is in regulation of protein quality control by assisting in the proper folding of proteins as well as disaggregation of existing protein aggregates. HSP70 is quickly and highly upregulated during copper toxicity, which co-ordinates with other HSPs for disaggregation (Parsell et al., 1994; Duennwald et al., 2012; Mokry et al., 2015; Saporito-Magriñá et al., 2018). This indicates that protein quality control is of primary concern for cells that encounter a copper-related stressor.

In ALS, levels of elements of the HSP system (e.g., HSP70, HSP27 and HSP90) are significantly elevated in SALS patients and HSPs are also significantly elevated in the brains of C9ORF72-ALS/FTD patients (Miyazaki et al., 2016; Mordes et al., 2018). The importance of HSP27 and HSP70 is striking as they are more highly expressed in spinal motor neurons than in other neurons, suggesting an increased reliance of motor neurons on HSP systems (Mattson, 2002). Interestingly, HSPs themselves can be disabled by being sequestered in aggregates. For instance, SOD1 and HSPs occur together in aggregates in both SOD1 mutant mice spinal cords and in post-mortem ALS spinal cords (Mattson, 2002). This observation has led to the hypothesis that high levels of unfolded WT or unfolded mutant SOD1 can act by directly sequestering HSPs and depleting the cell of this valuable defense mechanism (Mattson, 2002; Kalmar et al., 2014). In order to understand more about how each of the major aggregate-prone proteins interact with copper and contribute to the resultant pathology, we will discuss the major protein dysfunctions and their related pathways involved in ALS.



SOD1: β-sheets, metals, and aggregation

SOD1 is best known for its key role as an intracellular defense mechanism against ROS such as superoxide anions (O2−), whereby SOD1 catalyzes the dismutation of O2−. Into H2O2 via the following reaction: 2O2−. + 2H+ → O2 + H2O2. The majority of O2− is localized within the cytoplasm, but is also found in the nucleus, peroxisomes and mitochondrial intermembrane space (Crapo et al., 1992; Nandi et al., 2019). Each SOD1 enzyme comprises of 2 β-barrel subunits that are held together by a disulfide bridge between cysteine residues 57–146 to form a dimer, with each monomer coordinating a copper ion between histidine residues that possess the redox cycling ability necessary for catalytic dismutation (Berdyński et al., 2022). Interestingly, SOD1 can also be translocated into the nucleus upon ROS generation sources such as H2O2 and paraquat (PQ), whereupon it acts as a transcription factor binding DNA and promotes antioxidant gene expression (Tsang et al., 2014).

Up to 20% of all FALS cases and therefore 1–2% of all ALS cases are directly linked to SOD1 mutations and the vast majority of these patients primarily experience motor symptoms (Gertz et al., 2012; Marangi and Traynor, 2015). The familial SOD1 mutations are also extremely varied, with 185 mutations currently having been identified, and molecular modeling has been used to predict the effects of many of these variants. The most severe variants such as D109Y, L126, N86s and G72S affect the metal ion binding or catalytic sites, while G37R, G41S, G93C affect the β-sheet organization, and K3E, D90A, D109Y and G37R modify the overall electrostatic charge. These varied mutations can thus contribute to structural disorder, loss of catalytic function and/or aggregation (Berdyński et al., 2022).

SOD1 is also innately liable to misfold and accumulate as aggregates for several reasons. Firstly, SOD1 contains multiple sequences in its amino acid structure that result in β-sheets which are prone to amyloid fibril formation and thus aggregation, a feature that is conserved in both SALS and FALS SOD1 (Ivanova et al., 2014). This is especially true for monomeric apo-SOD1, as in this state the central β-sheets are prone to unfolding and thus expose their binding sites (Jahan and Nayeem, 2020). Secondly, the stability of SOD1 is also determined by sufficient metalation of apo-SOD1 into holo-SOD1 with zinc and copper, which greatly enhances SOD1 structural stability and reduces SOD1 aggregate formation. Thirdly, the formation of oxidized disulfide bonds within the SOD1 structure between cysteine residues further strengthens the protein structure, whereas reduced disulfide bonds, as seen in apo-SOD1, facilitate misfolding and aggregation (Lelie et al., 2011; Sheng et al., 2012; Boyd et al., 2020).

This combined process of metalation, cysteine bond formation and progression from aggregation-prone monomer to more stable dimer is naturally achieved by the cognate chaperone for SOD1, CSS. CSS facilitates transport and loading of copper into the structure of SOD1 in the final stages of maturation into holo-SOD1, and also promotes the formation of disulfide bonds in the SOD1 structure, thereby stabilizing the enzyme through two mechanisms (Casareno et al., 1998; Luchinat et al., 2017). It is also noteworthy that in the CNS, SOD1 exists in a 12-30x molar excess compared to CCS (Rothstein et al., 1999), that presents the possibility of CCS insufficiency in SOD1-overexpressing models. This concept has led to the hypothesis of CCS availability in proportion to SOD1 as being a rate-limiting condition in effective SOD1 maturation and aggregation prevention, and hence it is a target of interest for therapeutic intervention (Williams et al., 2016). In addition to this, one study had reported that in ALS mice and human patient tissue, CCS was sequestered in all aggregates identified, which indicates a pressure on chaperoning and proper metalation capacity (Watanabe et al., 2001). This is further demonstrated by the evidence of mislocalisation of CCS along with dysfunctional SOD1 within ALS patient spinal cords (Trist et al., 2022b). It is important to note that overexpression of CCS in the mouse SOD1G93A model significantly exacerbated disease progression in these mice (Son et al., 2007), which has been strongly suggested to be due to an interference with mitochondrial function due to CCS overexpression induced copper deficiency (Son et al., 2008; Williams et al., 2016). We therefore emphasize that CCS would be beneficial only combined with copper supplementation to reduce the risk of further copper chelation.

The significance of improved metalation, specifically with copper, has been confirmed by several studies in vivo. Firstly, a study in SOD1G37R mice demonstrated that overexpression of human CTR1 (hCTR1) is protective by increasing copper transport into neurons and restoring function to the accumulated pool of enzymatically inactive cuproenzymes (e.g., CP and SOD1; Hilton et al., 2018). Furthermore, delivery of copper to the CNS of SOD1G93A mice using the bis(thiosemicarbazonaes) PET scanning agent Copper diacetyl-bis(N4-methylthiosemicarbazone; Cu-ATSM) led to increased survival and improved cognitive performance (Vieira et al., 2017; Lum et al., 2021). When combining increased CNS copper delivery and promoting disulfide bond formation, survival can be further enhanced, as is the case of SOD1G93A mice that co-express human copper chaperone for superoxide (hCCS) (hCCS x SOD1G93A) in conjunction with CuATSM administration from birth. These mice had significantly increased spinal cord holo-SOD1 and survived for an average of 540 days, whereas normal SOD1G93A mice survived an average of 130 days, representing an almost 4-fold increase in lifespan. In addition, the disease progression could be stopped and started by addition or withdrawal of Cu-ATSM, respectively, indicating its potential use not only in the prevention of the disease but also in its treatment (Williams et al., 2016; Molnar-Kasza et al., 2021). Conversely, simple exposure to copper without chaperones or delivery agents in vitro strongly enhances the aggregation of SOD1, so the correct chaperoning of copper is essential (Li et al., 2013).

In this regard, the copper homeostasis within the motor neurons themselves is of utmost importance and has been found to be disrupted in ALS patient spinal cords as well as in the SOD1G93A mouse model (Williams et al., 2016; Hilton et al., 2024). The effect we believe could be twofold, either through toxicity caused by the excess of redox active copper that is free to form harmful reactive oxygen species (ROS) that can cause damage through lipid peroxidation and DNA damage (Sauzéat et al., 2018; Sheykhansari et al., 2018), or by functional deficiency as previously mentioned, although the two may not be mutually exclusive.

One study using Chinese hamster ovary (CHO) cells modified to express four different SOD1 mutants indicated increases in metal free protein aggregates and a copper deficiency that demonstrates this aggregation process alone is sufficient to induce copper deficiency in a variety of mutants (Bourassa et al., 2014). It therefore seems most likely that it is a functional deficiency initiated by protein aggregates, or the aggregation process in motor neurons, that is central to ALS. To further support this, markers for cuproptosis could be measured in ALS spinal cords to see if copper toxicity is concomitant with existing known markers of functional deficiency (Tang et al., 2022). Further evidence from ALS patients indicates that SOD1 aggregates can accumulate both within neurons and astrocytes (Kato et al., 2000). It is unclear whether these astrocytic aggregates have a similar effect on the copper homeostasis of astrocytes, but given the effects of copper depletion in the neurons and the effects of the SOD1 aggregates in CHO cells, one can speculate that a similar copper depletion could be occurring within astrocytes. This is important as astrocytes are well known to be critical to the nutritional support of neurons and act as the primary copper (and other metal ion) buffer in the CNS (Dringen et al., 2013). Such a lowered buffering capacity and dysfunction would likely exacerbate copper handling in neurons and other cells of the CNS and may also be another mechanism by which CuATSM exerts its positive effects.



TDP-43: cell stress, metals, and aggregation

TDP-43 is an RNA/DNA binding protein that is mostly expressed in the nuclei of all cell types during homeostasis, regulating transcription, translation and mRNA stability (Suk and Rousseaux, 2020). The most common targets of TDP-43 binding are RNAs that code for neuronal survival, development and regulation of synaptic proteins, with the net result of maintaining these mRNA levels (Polymenidou et al., 2011; Tollervey et al., 2011). However, TDP-43 can form aggregates that have been observed in 97% of ALS and 45% of frontotemporal lobar dementia (FTLD) cases, representing a large fraction of ALS aggregates that can be considered a hallmark of this disease (Suk and Rousseaux, 2020).

The formation of TDP-43 aggregates is linked to (but not entirely dependent on Fernandes et al., 2020) its ability to form cytoplasmic stress granules upon oxidative stress, heavy metal exposure, hypoxia, heat shock, viral infection or osmotic stress (Khalfallah et al., 2018). These stress granules temporarily halt protein translation in order to protect mRNA that will be released upon removal of the stressor, thus allowing normal translation to resume (Protter and Parker, 2016). In this regard TDP-43 is recruited to form a part of stress granules where it is essential in maintaining stress granule structural integrity (Khalfallah et al., 2018). These granules exist as a membrane-less organelle, in part due to the ability of TDP-43 to undergo liquid–liquid phase separation (LLPS). This process involves the assembly of TDP-43 into liquid droplets that likely assist its ability to maintain the phase separation of the stress granule to form isolated liquid compartment within the cell which houses the fragile mRNA (Babinchak et al., 2019).

However, under conditions of prolonged stress TDP-43 in the stress granules will accumulate in a dissociation-resistant gel form. This is in part explained by a structurally important observation that TDP-43 contains an intrinsically disordered prion-like domain that at neutral pH can self-assemble into β-sheet-rich oligomers (Lim et al., 2016; Suk and Rousseaux, 2020). If chronically stressed, these TDP-43 aggregates can persist even after removal of the stressor and dissolution of the stress granules and contribute to the aggregate load in the cells (Parker et al., 2012a; Ratti et al., 2020). The effects of genetic mutations of TDP-43 identified in FALS and SALS can vary, from increasing the fragmentation propensity and neurotoxicity (such as in Q331K and M337V mutants) and also excess stability, for instance through increased cysteine disulfide bond-forming regions in G348C mutants that promote aggregation (Kabashi et al., 2008; Sreedharan et al., 2008; Ling et al., 2010).

A wide range of viruses including human endogenous retrovirsues (HERVs), severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and herpes simplex virus-2 (HSV) and enterovirsues (EV) have all been shown to interact with TDP-43, which is unsurprising due to its role in RNA regulation (Rahic et al., 2023). The first characterization of TDP-43 was from its inhibitory effects on HIV-1 replication, thus indicating this response as a potential mechanism of combating viral infection (Ou et al., 1995; Rahic et al., 2023). Although a later study challenged this notion and showed no inhibitory effect of TDP-43 on HIV replication, a recent study reported that TDP-43 overexpression negatively impacts HIV viral fusion and inhibits infection (Nehls et al., 2014; Cabrera-Rodríguez et al., 2022). In addition, Coxsackievirus B3 (CVB3) increased the translocation of nuclear TDP-43 to the cytoplasm, leading to formation of TDP-43 aggregates. However, upon TDP-43 knockdown, viral titres were increased (Fung et al., 2015; Xue et al., 2018b), suggesting the protective role of TDP-43 against viral infections. This relationship between viral infections and TDP-43 may be connected as copper is linked to LLPS induction in general, a topic that will be discussed later.

Metal ion balance is significantly altered in ALS patient CSF and blood, with significant increases in manganese, copper, aluminum, cadmium, zinc, lead, vanadium and uranium (Roos et al., 2013). Lead and mercury salts increase TDP-43 aggregation in vitro (Ash et al., 2019) and zinc directly induces TDP-43 aggregation due to its binding to RNA recognition sites and decreasing TDP-43 thermostability, an effect not evident with either copper or iron (Caragounis et al., 2010; Garnier et al., 2017). Cadmium works differently by competitively displacing zinc from its binding site in SOD1, thereby leading to protein folding defects and inactivating the enzyme while simultaneously generating ROS (Huang et al., 2006; Oggiano et al., 2021). Together, this stresses the importance of environmental metal ion toxicity as a contributing factor to ALS.

Metal ions can also contribute to ROS production by directly participating in redox reactions. Numerous studies indicate occupational exposure and residence proximity to areas treated with agrochemicals, in particular herbicides and pesticides, as being a significant risk factor for developing ALS (Bonvicini et al., 2010; Kamel et al., 2012; Malek et al., 2012; Andrew et al., 2021). A well-studied example is the herbicide paraquat (PQ; mentioned earlier for its effects on SOD1) that is better known for the relationship between exposure and risk of developing Parkinson’s Disease (PD) and its use in inducing mouse models of PD (Che et al., 2018; Tangamornsuksan et al., 2019). PQ exerts its toxicity via ROS generation by redox cycling, a mechanism which has been demonstrated in vitro to induce TDP-43 aggregation (Parker et al., 2012a; Gao et al., 2020). Interestingly, an earlier study on rice leaves indicated this toxicity is mediated by interaction with copper and iron ions that decrease SOD1 activity, with decreased toxicity when chelating away these ions (Chang and Kao, 1997). However, a later in vitro study showed that in contrast, copper in conjunction with ionophores such as Cu-ATSM or glyoxal-bis(N4-methylthiosemicarbazone) (Cu-GTSM), can prevent paraquat-induced stress granule formation, TDP-43 aggregate formation and cytotoxicity, thus indicating the protective role of adequate intracellular copper loading in preventing TDP-43 mislocalisation and aggregation (Parker et al., 2012b).

Although the exact mechanisms of the interaction between TDP-43 and copper are not well understood, TDP-43A315T transgenic mice that express a familial mutation of TDP-43 demonstrate an increase in spinal cord metal ion levels, notably zinc, manganese and copper (Dang et al., 2014). Interestingly, these three divalent metal ions have also been shown to be involved in prion diseases (Leach et al., 2006). The exact reason for this elevation of these ions has yet to be determined, but this study does indicate the ability of aberrant TDP-43 to induce metal ion dysfunction that can pressure metal ion buffering systems with pathological consequences. Conversely, studies of the direct interaction between copper and TDP-43 are lacking, but it appears that elevated copper levels are insufficient to induce TDP-43 aggregation in cells in vitro whereas zinc is able to induce this aggregation (Caragounis et al., 2010). The effects of copper on TDP-43 are thus likely much less direct than in the case of copper on SOD1, but conversely TDP-43 defects appear to significantly increase divalent metals ion levels including copper (Dang et al., 2014). Furthermore, TDP-43 can co-aggregate with canonical copper binding enzymes such as SOD1 that could inactivate them and thus contribute to functional cuproenzyme deficiency (Trist et al., 2022a). As such, TDP-43 induction through a variety of mechanisms could induce aberrant metal ion and copper distribution and thus contribute to the disturbed copper levels we see in ALS patients spinal cords (Hilton et al., 2024).



FUS: cell stress, DNA repair, and manganese superoxide dismutase

Similarly to TDP-43, FUS is another DNA/RNA binding protein that is involved in the cell stress response. It is responsible for DNA damage repair, DNA stability, RNA transcription, transportation and alternative splicing and is mainly localized inside the nucleus (Yang et al., 2014; Ishigaki and Sobue, 2018). Upon DNA damage FUS forms a liquid–liquid phase separated zone around the damage site to recruit DNA repair enzymes and maintain them at high concentration, and facilitates DNA repair in a compartment separate from the rest of the cell (Patel et al., 2015). However, FUS can also be localized to the cytoplasm to participate in stress granule formation. Here it can co-localize with TDP-43, this being governed by intrinsically disordered prion-like domains (PLDs; Sama et al., 2013; Aulas and Vande, 2015).

FUS mutations are the second most common in FALS (3.2% of all FALS; Blair et al., 2010). These mutations primarily affect the ability of FUS to remain in a soluble liquid–liquid phase and enhance transition into liquid solid phase fibrous aggregates with mutation loci on their PLDs impairing protein translation (Dutertre et al., 2014; Patel et al., 2015). FUS also contains zinc finger domains that participate in its recognition of RNA (Wang et al., 2015), and the NIH protein database predicts that human FUS exhibits metal ion binding ability (FUS FUS RNA binding protein, 2023). Although it is currently unknown whether zinc can directly influence FUS aggregation, owing to the similarities between FUS and TDP-43 in form and function, it is possible that metal ions interact with FUS and promote its aggregation in a similar way as they do with TDP-43 (Garnier et al., 2017), although this remains to be experimentally verified. However, it has recently been shown that metal ions including zinc and copper can facilitate the LLPS of FUS that has been modified with an N-terminal hexahistidine tag, a modification that was used to demonstrate the influence of metal ion-histidine interactions in LLPS activity of proteins (Li et al., 2022). Further studies could be performed to in vitro to directly elucidate the effect of metal ions such copper and zinc in the propensity of wild-type and ALS risk associated variants of FUS to LLPS and ultimately FUS aggregation.

Aside from the direct effects on copper, FUS has also been shown to be a transcription regulator governing the expression of manganese super oxide dismutase (MnSOD; Dhar et al., 2014). This is important as MnSOD is the main form of SOD present in the mitochondria where it exerts superoxide dismutase activity with arguably greater overall importance than Cu-Zn-containing SOD1 (Holley et al., 2011). This is succinctly demonstrated by the inability of SOD1 over-expression to prevent the neonatal lethality of MnSOD deficiency, whereas SOD1 knockout in mice has not been shown to be directly lethal (Copin et al., 2000; Saccon et al., 2013). In FALS patients FUS mutations have been identified that result in lower systemic levels of MnSOD that are suggested to lead to slow and cumulative oxidative damage in mitochondria (Dhar et al., 2014). This is relevant as a lack of MnSOD activity can exacerbate symptoms and speed up mortality in SOD1G93A mice that could also be due to increased pressure on overall ROS dismutase activity and mitochondrial health (Andreassen et al., 2000). Increased levels of MnSOD seen in presymptomatic SOD1G93A rats has been postulated to be a compensatory mechanism for the loss of functional SOD1 (Stamenković et al., 2017), an increase that is also evident in the ALS patient spinal cords (Liu et al., 1998). Therefore, whatever the cause of disruption in FUS signaling such as aggregation (Shelkovnikova et al., 2014), there will be downstream effects on the ability to contribute to the overall SOD activity of the cell. The disruption of both of these elements of SOD activity evident in ALS may be a key element in understanding the role of FUS in ALS, via the shared overlap between copper and manganese dependent systems governed by SOD1 and FUS-regulated MnSOD.



C9ORF72: haploinsufficiency and aggregate toxicity

Given that C9ORF72 mutations are the most frequent mutation in ALS, FALS and FTD, understanding the function of the gene and the effects of its mutation have been extensively investigated (Gijselinck et al., 2012; van Blitterswijk et al., 2013; Maharjan et al., 2017; Gossye et al., 2020). The mutation itself usually consists of expanded hexanucleotide repeats (HRE) consisting of multiple G4C2 repeats in the non-coding region of C9ORF72 (Reddy et al., 2013). These HREs can be detrimental by (i) haploinsufficiency, where the RNA itself fails to be translated properly, resulting in lowered C9ORF72 protein levels and (ii) by translation of dipeptide repeat proteins (DPR) which are neurotoxic and contribute to degeneration of neurons in the CNS (Shi et al., 2018). Furthermore, carriers of C9ORF72 HREs are associated with shorter survival. In order to understand how haploinsufficiency and translation of dipeptide repeat proteins (DPR) contribute to ALS, we must first investigate the homeostatic functions of C9ORF72.

C9ORF72 is a multifunctional protein that is an important regulator of vesicle trafficking, autophagy, RNA transport and localization, nuclear DNA damage repair and cytoskeletal organization, and is highly expressed in myeloid cells and neurons (Smeyers et al., 2021; He et al., 2023). Like TDP-43 and FUS, C9ORF72 plays a prominent role in SG regulation. C9ORF72 co-localizes with aggregates of messenger RNA ribonuclear proteins called P-bodies and also co-localizes with SGs, and reduction in C9ORF72 leads to inhibition of the SG assembly (Parker and Sheth, 2007; Maharjan et al., 2017). C9ORF72 is mainly located in the nucleus where it is involved in DNA damage repair (Maharjan et al., 2017; He et al., 2023). The DNA and RNA processing capability is similar mechanistically to that of TDP-43 and FUS, as C9ORF72 also undergoes LLPS owing to its PLDs that are rich in polar uncharged amino acids (e.g., asparagine, glutamine and glycine; King et al., 2012; Boeynaems et al., 2017).

C9ORF72 interacts with Rab-GTPases and regulates the trafficking of vesicles between different cellular compartments including endosomal transport, autophagy and lysosomal biogenesis (Smeyers et al., 2021). In myeloid cells the deletion of C9ORF72 leads to exocytosis of lysosomal enzymes and impaired lysosomal function, which in turn leads to an inflammatory response and tissue damage (Smeyers et al., 2021). Cultured stem cell-derived neurons from C9ALS/FTD patients display dysregulation in Rab signaling and reduced autophagy (Webster et al., 2018; Zhang et al., 2018).

In addition to these functions, C9ORF72 is highly expressed in myeloid cells such as monocytes, microglia and dendritic cells (O’Rourke et al., 2016; Smeyers et al., 2021), and has been shown to regulate the activity of STING (stimulator of interferon genes), a major regulator of immune responses. STING plays a key role in the detection of viral and bacterial pathogens and triggers the production of type I interferons and other cytokines (Ahn and Barber, 2019; Kabelitz et al., 2022). Deletion of the C9ORF72 gene in myeloid cells in mice led to hyperactivation through increased production of type 1 interferons and conditions reminiscent of autoimmune diseases such as lymphoid hypertrophy and splenomegaly (McCauley et al., 2020). This is suggested to result from decreased autophagic degradation of STING. The increase in type 1 interferons is also seen in C9ORF72 ALS and FTD patients, supporting the critical role of C9ORF72 in repressing excessive inflammation in myeloid cells in FTD and ALS (McCauley et al., 2020).

Aside from haploinsufficency, the toxic translated DPRs also contribute not only in terms of aggregate formation, but also by reducing proteasome function. This is achieved by poly-GA aggregates recruiting large numbers of the 26S proteasome which is structurally altered and impaired in function (Guo et al., 2018). It is important to note that copper positively enhances 26S proteasome function degrading CCS, although the exact mechanism is not fully understood (Bertinato and L’Abbé, 2003). Overall, the direct relationship between copper and C9ORF72 has not been established, but given the ability of copper to induce protein aggregation in a variety of neurodegenerative proteins it would be beneficial to directly assay this in vitro. However, the most important impact that C9ORF72 aggregation has on copper homeostasis may be related to its propensity to aggregate. In particular the C9ORF72 poly-GR aggregates have been shown to induce TDP-43 aggregates (Cook et al., 2020). The interactivity of these protein aggregates is important with regards to copper homeostasis, a topic that shall be discussed in the next section.



Metal ions, LLPS, and co-aggregation of ALS proteins

The similarity between each of these ALS associated proteins is that they all undergo LLPS, including SOD1 (Gu et al., 2023). This is because intrinsically disordered domain-containing proteins are naturally susceptible to aggregation (Ayyadevara et al., 2022), and also to metal ion-included LLPS (Sołtys et al., 2023). In particular, copper and zinc can induce LLPS as seen in AD with both Aβ and Tau undergoing LLPS in response to metal ion-induced stress (Fu et al., 2024). In PD α-Synuclein also undergoes LLPS via copper exposure (Ray et al., 2020). Furthermore, even IDPs on mosquito receptors undergo LLPS induced by copper ions (Więch et al., 2021). Many viruses also utilize LLPS within the infected cell to enhance their replication and therefore have been implicated in neurodegenerative diseases, such processes again being regulated by copper and zinc (Monette and Mouland, 2020). In this regard copper and zinc both display strong intracellular antiviral abilities, which may explain why certain families of DNA viruses contain decoy SOD1 homologs that can bind and render copper ions inactive (Monette and Mouland, 2020; Rani et al., 2021). The connection between viral infection, LLPS, metal ion homeostasis and neurodegeneration thus serves to address the association of viruses with ALS (Celeste and Miller, 2018; Xue et al., 2018a; Bellmann et al., 2019). While it appears that excess or displaced metal ions (especially copper and zinc) can act as initiators of LLPS, and thus aggregation of IDPs, it has yet to be demonstrated in all the aforementioned ALS-related proteins.

Although ALS-related proteins and their propensity to aggregate due to metal ions has been discussed, it is important to note the complex interplay between these proteins in forming aggregates and conversely the effect that this has on copper homeostasis. Interestingly, TDP-43 and FUS can both induce prion-like seeding and misfolding of SOD1, potentially through the release of naked aggregates or within disease-associated exosomes from stressed neurons (Pokrishevsky et al., 2016). This cross-protein aggregation therefore raises the issue that such as the seeding of aggregation prone proteins such as SOD1 in ALS. This would therefore demonstrate an interplay between the effect of excess copper on promoting the aggregation of certain proteins, but also explain why TDP-43 and FUS aggregates exacerbate functional copper deficiency, namely by sequestering and disabling SOD1 into aggregates and thus further reducing the total copper binding capacity of the cell. This resultant lowered copper binding capacity most probably explains the severe copper depletion seen in the aforementioned SOD1 mutant cell lines (Bourassa et al., 2014), and depletion of copper in the gray matter in human SALS spinal cords (Hilton et al., 2024).

Interestingly, copper depletion could also perpetuate a vicious cycle of aggregation, as copper depletion has been demonstrated to lead to upregulation of SOD1 protein synthesis as a response to reduced SOD1 activity that results in elevated levels of unmetallized non-functional SOD1 (Arciello et al., 2011). Ironically, the elevated levels of non-stable apo-SOD1 would be vulnerable to further seeded aggregation that perpetuates the cycle of copper deficiency and aggregation (Sheng et al., 2012). Taken together, it has therefore been argued that SOD1 misfolding is a key feature of not only of SOD1 FALS but also of SALS (Pokrishevsky et al., 2016; Paré et al., 2018). Interestingly, this aggregation can also occur in reverse, as exogenous SOD1G93A aggregates can cause aggregation and propagation of TDP-43 between neurons, thus further adding to the vicious cycle (Zeineddine et al., 2017). Hypothetically, a sufficient aggregation catalyst such as unbound copper (Capanni et al., 2004), or else an environmental toxin such as β-N-methylamino-L-alanine (BMAA; Ra et al., 2021), viral infection (Xue et al., 2018a), heavy metal toxicity (Ash et al., 2019) or a combination could initially seed the misfolding of one of these aggregation-prone species in the supersaturated cytosol to trigger a chain reaction and resultant vicious cycle that will gradually end in copper depletion and loss of cuproenzyme function that is characteristic of ALS. A simplified summary of the ALS protein aggregate interactions is illustrated in Figure 2.
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FIGURE 2
 Proposed Interaction between ALS related proteins aggregates and the downstream consequences of dysfunction. Beginning with the right panel, SOD1 aggregates can be induced by TDP-43 and FUS aggregates, likewise TDP-43 aggregates can in return be induced by SOD1 aggregates establishing a potential feedback loop. In addition, C9ORF72 Poly GR aggregates induce TDP-43 aggregation that can again contribute to SOD1 aggregation. SOD1 aggregates lead to the diminished copper buffering capacity of the cell and ultimately reduced bound copper levels in the cell, diminished copper levels trigger SOD1 synthesis that results in un-metallated aggregation-prone SOD1 that contribute to further SOD1 aggregation. Unbound copper may possibly serve as a trigger to begin the cycle of aggregation due ability to trigger SOD1 aggregation.




Lysosomes: copper and acid

Lysosomes are organelles responsible for the degradation of cellular waste products or foreign materials encountered through endocytosis, phagocytosis or autophagy. Lysosomes are often dysfunctional in many neurodegenerative diseases such as ALS, AD, PD, and MS (Bonam et al., 2019; Root et al., 2021). Lysosomes function by creating an enclosed membrane-bound space separated from the cytosol with a low pH of around 4.5–5. The pH is maintained by vacuolar-type H+ translocating ATPases (v-ATPase) which pump protons into the lysosomal lumen in an ATP-dependent manner (Mindell, 2012). The low pH is essential for the functioning of 60 different hydrolytic enzymes that include nucleases, lipases, proteases and others (Bonam et al., 2019).

Lysosomes are also a major storage site of copper, an important function that is tightly regulated. Copper staining with fluorescent copper sensor 1 (CS1) reveals strong co-localisation with lysosomes, indicating that it is a primary site of copper accumulation in the cell (Price et al., 2012). This is further supported by lysosomes expressing CTR1 and ATP7A and ATP7B which are all differentially regulated to modulate lysosomal copper concentrations (Polishchuk and Polishchuk, 2016). Lysosomes also act as a sensor of copper levels and will initiate lysosomal exocytosis of copper from cells if too high levels are detected (Peña et al., 2015; Polishchuk and Polishchuk, 2016).

Another major role of lysosomal copper is as an antimicrobial agent through enhancing ROS generation. When copper ions are present in lysosomes at low pH in the presence of H2O2, the copper ions are predominantly in the Cu1+ state and are thus more efficient in catalyzing the formation of hydroxide radicals (Xing et al., 2018). Although detrimental to the cell if left uncontrolled in the cytosol, this reaction is functional against pathogens in the lysosome. For example, LPS and IFN-γ stimulation enhance CTR1 expression on macrophages for intracellular copper import and ATP7A upregulation for copper trafficking to phagosomes to facilitate bactericidal activity through catalysis of H2O2 and HO• formation (White et al., 2009). However, in the absence of copper the bactericidal activity of macrophages was reduced by almost 80% (White et al., 2009). Another study reported similar findings with Salmonella typhimurium whereby copper accumulation was essential for a robust response against this intracellular pathogen (Achard et al., 2012).

The role of copper in lysosomal enzyme function is a poorly studied field. However, an important enzyme, acid sphingomyelinase (ASM), is known to utilize copper as a co-factor in the catalytic degradation of sphingomyelin. Mutations in this protein cause Niemann–Pick disease, characterized by lipid waste accumulation in lysosomes (Qiu et al., 2003). More research is needed to understand whether other enzymes require copper as cofactors and also to determine the charge state of copper in these dysfunctional enzymes.

The result of mutations in C9ORF72 or any ALS-related gene that disrupts proper lysosomal functioning will affect the pH and functionality of copper within the system, thus further impairing waste product degradation. Conversely, dysfunction in the copper chaperoning or buffering systems will affect functioning of lysosomal proteins. For example, Cu2+ has specifically been shown to inhibit V-ATPase activity which leads to decreased H+ trafficking, thus illustrating the importance of tight regulation of cytosolic copper (Miner et al., 2019). It is noteworthy that free Cu2+ can interact with anionic phospholipids and be reduced to Cu1+, whereby it binds to form a copper-lipid complex that stabilizes and stiffens the structure, affecting not only V-ATPase but also other membrane-bound organelle function (Garcia et al., 2005; Miner et al., 2019). Furthermore, given the importance of copper in the functioning of the lysosome, the ALS-related copper deficiency would have a detrimental effect on proper lysosomal functioning.



Hypoxia: copper, HIF-1, and vasculature

This aspect of hypoxia has been established in the SOD1G93A mouse model in which mutant mice have baseline impaired vascular endothelial growth factor (VEGF) in their spinal cords that preceded symptom onset. These mice also have an impaired ability to upregulate VEGF in response to hypoxia, demonstrating the effect of this aggregate-prone mutant in disrupting vascular signaling, an effect that is also seen in the G37R and G85R mutants (Murakami et al., 2003; Zhong et al., 2008). More recent studies in SOD1G93A mice further indicate a severely reduced spinal cord blood flow and glucose transport as a result of this vascular impairment (Miyazaki et al., 2012).

In hypoxic situations the body responds by upregulation of vascular endothelial growth factor (VEGF) in order to increase vascular supply to the affected areas, which is governed by the hypoxia-inducible family of genes (HIF; Liu et al., 1995; Pugh and Ratcliffe, 2003). HIF-1 is comprised of two subunits, HIF-1α and HIF-1β, that together are necessary for HIF-1 functioning. HIF-1α serves as the rate-limiting subunit that is continuously degraded via hydroxylation by prolyl-4-hydroxylase domain enzymes (PHD) and subsequent recognition and degradation by the UPS system under normoxic conditions (Wang et al., 1995; Huang et al., 1998). However, during hypoxia HIF-1α is no longer degraded and forms a dimer with HIF-1β in the nucleus to form the HIF-1 transcriptional complex on the hypoxia-responsive element (HRE) of target genes such as VEGF (Semenza, 2001). This process is also regulated by the protein factor inhibiting HIF-1(FIH-1) that serve as negative regulators by preventing interaction between the two subunits and co-factors, thus inhibiting transcription (Lando et al., 2002). The interplay between degradation and successful dimerization is directly controlled by the interaction of copper and its chaperones in the HIF system. Copper is necessary for this function and may be required for HIF-1 binding to the HRE, as depletion of copper completely blocks this binding and prevents VEGF expression (Feng et al., 2009). Furthermore, this activity of copper is dependent upon CCS, as CCS directly interacts with the HIF-1α and silencing of the CCS gene prevents HIF-1 activation (Jiang et al., 2007; Feng et al., 2009). Copper also functions by inhibiting the degradation of the HIF-1α subunit by inhibition of PHD enzymes, and FIH-1 also stabilizes the subunit even under normoxic conditions (Martin et al., 2005; Feng et al., 2009). The handling of copper intracellularly is thus an integral part of the downstream HIF-1 signaling pathways, including VEGF. In order to maintain this increased demand for copper during hypoxia, the primary intracellular copper transporter copper transporter 1 (CTR1) is upregulated by HIF-1 activity in an autoregulatory fashion (Zimnicka et al., 2014).

In ALS a high degree of co-aggregation may explain part of the proteotoxic stress. Members of the HSP family as well as CCS are included in SOD1, TDP-43 and FUS aggregates (Ciryam et al., 2017; Trist et al., 2022a). This indicates that sequestration of these chaperones and anti-aggregation proteins are one mechanism by which expanding aggregates reduce the ability of cells to adequately meet cellular signaling demands. Furthermore, hypoxic stress induces the aggregation of WT-SOD1 (Woo et al., 2021), which would suggest a vicious cycle of SOD1 aggregation and sequestration of CCS, HSPs and other chaperones, leading to decreased proteostasis, decreased HIF-1-VEGF signaling and even more hypoxia and more SOD1 aggregation. We can deduce that SOD1 aggregates themselves are the initiators of this hypoxic cycle as overexpression of this mutant protein in SOD1G93A mice results in vascular insufficiency. Attempts at restoring vascular deficits to the affected areas using the vasodilator ONO-1301-MS led to neuronal survival but had no effect on the overall life expectancy of ALS mice (Tada et al., 2019). The copper deficiency evident in SALS would only further inhibit HIF signaling due to the necessity of copper as a cofactor, and therefore this lack of copper would prevent proper vascularisation and an impairment of the hypoxic response. This demonstrates yet another arm of the positive feedback cycle of protein aggregation and functional copper deficiency.



Upper vs. lower motor neuron differences in handling copper

Although motor neurons are affected in ALS a distinction must be made between the phenotype of upper and lower motor neurons, as this greatly affects the interpretation of pathologies. Upper motor neurons (UMN) extend from the motor cortex in the brain descending via the lateral corticospinal tract in the dorsolateral white matter (DLWM) of the spinal cord, where they then synapse with lower motor neurons (LMN) that are located in the anterior horn gray matter (Zayia and Tadi, 2022). An interesting observation in ALS patient spinal cords indicates the LMN dense gray matter is strongly deficient in copper and that the UMN dorsolateral white matter exhibits signs of copper overload (Hilton et al., 2024).

Neuronal presynaptic vesicles are often loaded with copper and are released into the synaptic cleft upon stimulation, where they act acutely to block postsynaptic channels and thereby downregulate signal transmission. This is reversed if chronic exposure to copper occurs, as increases in copper in the postsynaptic neuron leads to increased surface translocation but not expression of the GluA1 subunit of AMPA, and ultimately increases AMPA receptor density (Opazo et al., 2014). In ALS post-mortem samples the LMN AMPA receptors are also highly upregulated in all brain regions, with SALS patients expressing significantly higher levels of GluA1 mRNA. However, one exception to this is in C9ORF72 patients, whose spinal cords only have increased AMPA receptor expression (Selvaraj et al., 2018; Gregory et al., 2020). The mechanisms for this upregulation in ALS are not well studied, but the implications are increased excitotoxicity for affected neurons that could be exacerbated by copper-induced AMPA receptor clustering on the cell surface (Opazo et al., 2014; Gregory et al., 2020).

Apart from receiving AMPA signals, lower motor neurons are acetyl cholinergic in their signaling as they interface directly with muscle fibers at the neuromuscular junction (Zayia and Tadi, 2022). Interestingly, two case reports of severe copper deficiency resulted in LMN degeneration that had strong similarities to ALS (Weihl and Lopate, 2006; Benkirane et al., 2022). This is significant, as experiments in male rats show that sufficient dietary intake of copper resulted in increased acetylcholine (Ach) levels that were concomitant with an increased vasodilatory response and vascular smooth muscle relaxation, the opposite of which is true with copper deficiency (Schuschke et al., 1999). Furthermore, copper deficiency has long been known to cause blood vessel macromolecular leakage and is crucial in vascular functioning (Schuschke, 1997). These observations indicate the insufficient vascular supply in SOD1G93A mice and highlights the importance of adequate copper supply.

ALS patient samples display excessive levels of copper in the DLWM (corresponding to the UMNs), high levels of insoluble copper, lower cuproenzyme activity in the whole spinal cord, and reduced levels of copper in the LMN gray matter (Hilton et al., 2024). Intuitively, UMN copper may be mislocalilzed and driven toward participating in aggregation, leading to functional copper deficiency. This could then lead to an interrupted supply of copper post-synaptically, resulting in LMNs that are copper deficient. As a result, both motor neurons would be affected and gradual loss of cuproenzyme activity would result in their death. It would be of benefit to experimentally clarify where gray matter LMNs receive the bulk of their copper supply from. This aspect of mispartitioning of copper may have been overlooked in the past, as this study found bulk spinal cord copper levels were not different from controls (Hilton et al., 2024). However, it is important to note that the spinal cord and brain have the slowest turnover of copper of any organ, indicating that whatever mispartitioning may happen, it will be slow to resolve (Levenson and Janghorbani, 1994).



Conclusion and future perspectives

From the evidence presented herein we demonstrate the importance of copper in ALS, and how different commonly observed ALS-associated proteins such as SOD1, TDP-43, FUS and C9ORF72 are implicated in the disease pathology. Importantly, we have outlined the effects they each have on the ability to maintain proper copper homeostasis. The fact that copper is so precisely regulated renders the system vulnerable to even minor disruptions that over a long period of time that can lead to overall cellular failure and death.

We have also discussed some of the genetic factors that include mutations in genes such as FUS, TDP-43, SOD1 and C9ORF72. Mutations in these genes already make aggregation-prone proteins susceptible to toxic changes that induce either a gain or a loss-of-function. Each of these proteins plays a specific role in the cellular proteostasis and stress response, and disruption of each synergistically affects the ability of a cell to handle copper-induced protein aggregation stress. From transgenic animal models of ALS in which the only difference is the mutant gene, it is plausible that it is the attenuation of the proteostatic systems themselves that are upstream in the pathological chain that leads to a vulnerability to copper-induced cell aggregation (Morrice et al., 2018). The cells could be left in a state in which they are unable to utilize copper properly due to a deficient functional state. We also propose that the “phenoconversion” (de Carvalho, 2022) of a pre-symptomatic patient to a symptomatic one occurs when the sum of the factors that enhance aggregation, such as ALS-related genetic mutations and environmental toxins, exceed the body’s capability to regulate proteostasis, which may be exacerbated by factors such as old age or nutrient deficiency (Hipp et al., 2019; Goncharova et al., 2021). We propose that the end-result is an insufficiently mitigated vicious cycle in which protein aggregation leads to copper deficiency and functional loss of copper-based enzymes, and proteostatic mechanisms that lead to more aggregation, a process that may possibly involve contribution from redox active pathological copper (Figure 3).
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FIGURE 3
 Proposed vicious cycle of copper, cuproprotein dysfunction and protein aggregation in ALS. Free copper could participate in the Fenton reaction to create hydroxyl radicals, these radicals and free copper could accelerate aggregation of aggregation prone proteins, especially cysteine rich proteins. Proper metalation of Apo-SOD1 to Holo-SOD1 by CCS promotes stable functioning SOD1 (or other cuproprotein with cognate chaperone). Lack of CCS activity, or proper incorporation and the effects of free copper enhance SOD1 aggregation. This lowered dismutase activity enhances superoxide anion levels that can further contribute to protein aggregation. Aggregates of SOD1 can further incorporate other proteins such as its own chaperone CCS that further enhances SOD1 aggregate formation, SOD1 can also accumulate HSPs that prevent dis-aggregation, thereby hampering proteostasis and leading to increases in aggregates. Although excess copper triggers HSP system activation, the effect of other aggregates to incorporate them neutralizes their protective effects. Aggregates are also multi-proteins, C9ORF72 can sequester 26 s proteasome subunits and inactivate them, thereby preventing protein degradation, TDP-43 also co-aggregates and may recruit other aggregation-prone proteins and functional proteins. Overall, excessive protein aggregation could result in elevated free copper levels due to lowered functional copper binding capacity, this free copper is then able to participate in the cycle again, and all systems dependent on copper will be affected. Slow CNS copper turnover could lead to retarded resolution of any imbalances, including of free copper. The proposed vicious cycle of copper disturbance and its relation to protein aggregation could be an important factor to ALS progression.


In order to further determine the role of copper in aggregation, more studies can be performed to identify the inclusion of either copper or copper chaperones and binding proteins within the ALS aggregates, as copper may act as a seeding core as for Aβ (Sasanian et al., 2020). Furthermore, although technically challenging it may be possible to understand the human copper-aggregatome by treating samples with toxic levels of copper, removing the insoluble precipitate fraction, re-solubilizing it by removal of copper and running proteomic analysis to identify which proteins collected are prone to aggregation, provided that the proteins are not permanently aggregated.

Interestingly, copper may be one reason for the observed sex difference in ALS susceptibility, one study reporting that healthy male subjects had serum copper levels of around 1 μg/mL and for females it was 1.2 μg/mL, a roughly 20% higher level in women (Buxaderas and Farré-Rovira, 1986). This elevation in systemic copper supply may be part of the reason why being female reduces ALS risk yet gives increased risk for MS, due to the previously discussed inflammatory association with copper (Strecker et al., 2013; Magyari, 2016; Liu Y. et al., 2022). Another interesting observation is that iron levels increase in the motor cortex and spinal cord in ALS patients (Bhattarai et al., 2022), furthermore there is evidence of reduced ferroxidase activity in ALS patient spinal cords despite elevated CP and hephaestin indicating these proteins are dysfunctional (Hilton et al., 2024). This is reminiscent of PD iron accumulation in the substantia nigra again due to dysfunction of copper-based enzymes such as CP (Ayton et al., 2013). Furthermore, CP is also lacking copper and is dysfunctional in AD patients, which is probably linked to the iron accumulation evident in AD patients (Brewer et al., 2010; Gleason and Bush, 2021). In each of these neurodegenerative diseases CP is dysfunctional and subsequent iron accumulation is evident (Vassiliev et al., 2005).

The question remains as to what are the causes of ALS beyond the genetic risk factors? Since the major the ALS mutations are generally not considered fully penetrant (Chen et al., 2013; Murphy et al., 2017; Chen Y. P. et al., 2022), they are best understood as weighted risk factors that can be compounded in what is described as oligogenic ALS (Mejzini et al., 2019). One study has shown that the rate of an individual ALS patient harboring more than one ALS-related gene mutation was found to be low (3.8%), and would struggle by itself to fully explain rates of FALS (Cady et al., 2015). The environmental cause is thus likely a major contributing factor and will be the topic of focus in the following sections. A recent review that included over 258 studies has identified β-N-methylamino-L-alanine (BMAA), formaldehyde, mercury, manganese and zinc as key contributors to ALS risk in descending order of association (Newell et al., 2022). Other studies indicate herbicides and pesticides that include paraquat, permethrin and glyphosate as being associated risk factors (Malek et al., 2012; Andrew et al., 2021). BMAA is a cyanobacterial, algal and cycad plant neurotoxin that has been implicated in protein misfolding in neurodegenerative diseases including PD due to its mis-incorporation into translating proteins instead of serine that results in aggregation-prone proteins, as well as its glutamate excitotoxic effects. It also acts a strong chelator of copper, zinc and nickel (Nunn et al., 1989; Duncan et al., 1990; Lobner, 2009; Nunes-Costa et al., 2020). We speculate that when combined, this could enhance the copper binding and aggregation ability of BMAA mistranslated protein, although this should be experimentally proven. Furthermore, we also speculate that this chelation of copper by BMAA may be responsible for its enhanced ROS generation by acting as an aberrant BMAA-copper ROS inducing complex (Chiu et al., 2012). Interestingly, through comparing the works of Davis et al. (2020) and Hilton et al. (2024), it is evident that BMAA toxin-induced microglial activation in vervet monkey spinal cords lateral corticospinal tracts mirrors the activation areas evident in SALS, and these are also the areas in which there appears to be pathological copper accumulation, suggesting a link between copper disturbance and microglial activation in SALS (Figure 4). It would be interesting to determine if the same patterns of microglial activation and changes in copper levels are evident in samples from both these studies, and whether the copper is being increasingly localized to the microglia. Furthermore with regards to microglial activation, both human SALS patients and toxin-derived models of ALS in mice and these vervet monkeys display higher levels of spinal cord microglial activation (Kuo et al., 2019; Davis et al., 2020; Hilton et al., 2024). This activation could be reduced by delivery of copper using ionophores (Kuo et al., 2019), suggesting that sufficient metalation of microglial cuproenzymes could lead to a less toxic phenotype. Conversely, the excess of reactive copper within regions of ALS patient spinal cords and the potential loss of copper buffering ability of the astrocytes could lead to excess copper that is known to drive an inflammatory neurodegenerative microglial phenotype in an Alzheimer’s disease mouse model (Lim et al., 2020). Of course, both toxic excess and deficiency could be happening simultaneously in microglia, which will ultimately determine their phenotype. In addition to this, a recent study in mice has demonstrated that chronic administration of BMAA resulted in cytoplasmic TDP-43 accumulation with glial activation and ALS like symptoms (Anzilotti, 2023).
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FIGURE 4
 Qualitative comparison between BMAA-induced microglial activation in the spinal cord of vervet monkeys, SALS patients, and SALS spinal cord copper distributions synthesized from Davis et al. (2020) (A–F) and Hilton et al. (2024) (G,H). (A,C) Pictorial representation the vervet monkey spinal cord with each colored dot representing a large area of Iba1 activation or nodule corresponding to an individual vervet monkey (A) = rice flour control 140 days, (C) = BMAA 210 mg/kg/day, 140 days, (B) Rice flour fed control vervet monkey spinal cord stained with Iba1 (microglia), (D) BMAA fed vervet monkey spinal cord stained with Iba1, (E) BMAA fed vervet monkey spinal cord stained with Cd68 (myeloid activation marker), (F) SALS patient spinal cord stained with Cd68, (G) Control patient spinal cord Cu levels (determined by LA-ICP MS), (H) SALS patient spinal cord Cu levels (determined by LA-ICP MS). Blue arrows represent the lateral corticospinal tracts and the white arrows represent the anterior corticospinal tracts, red arrows represent areas of the dorsolateral white matter that have become enriched with copper, scale bar in panel (B) applies additionally to (D,E), Permission for re-use of figures has been granted by the respective authors.


BMAA can enter the body via drinking water with algal contamination, a problem compounded by lack of testing and ineffectiveness of flocculation to remove this toxin (Cox et al., 2005; Holtcamp, 2012). Contaminated irrigation water has led to BMAA accumulation in crops without any obvious morphological alterations, making contamination hard to detect (Mohamed et al., 2024). It also has the potential to biomagnify further through the trophic levels and has been found in many fish species and in seafood sold in Swedish supermarkets (Jiang et al., 2014; Lopicic et al., 2022). Consumption of water and or fish from often algal bloom contaminated Lake Mascoma in New Hampshire has been suggested to play a large role in its almost 25 times higher annual incidence of ALS compared to the rest of the USA (Caller et al., 2009).

In addition to BMAA, formaldehyde crosslinks proteins that can denature them and is an identified inducer of protein aggregates. For instance, formaldehyde exposure induces Tau phosphorylation and Aβ accumulation in primates and also acts as a strong copper reductant (Byerley and Teo, 1969; Su et al., 2016; Tayri-Wilk et al., 2020). Interestingly BMAA is also metabolized into formaldehyde via methylamine as an intermediary, and thus a direct mechanistic link exists between the two greatest ALS environmental risk factors (Yu and Zuo, 1993; Spencer et al., 2012; Newell et al., 2022).

As discussed earlier, paraquat interacts with copper in ROS generation and induces TDP-43 mislocalisation, glyphosate increases prion aggregation and propagation in vivo and strongly binds to copper and zinc, acting as a chelator (Duke et al., 2012; Lafon et al., 2018). Heavy metals can also greatly interfere with copper and other metal ion balances by stressing the metal ion buffering systems, such as GSH and metallothioneins, as well as other enzymes that disable them via binding to the thiol groups of these proteins and thereby affect the cysteine residues, disrupting metalloprotein function and redox balance of the cell in addition to DNA damage (Balali-Mood et al., 2021). Furthermore, chronic zinc toxicity generally manifests as copper deficieny as these two metals have an interdependent relationship, (Harris, 2001; Agnew and Slesinger, 2022) and manganese is known to affect mitochondria and induce protein misfolding (Harischandra et al., 2019). Exposure to heavy metals and toxins may in part explain why ALS is more prevalent among males than females, as occupations such as heavy industrial work, agriculture or military service are generally considered male dominated industries (McCombe and Henderson, 2010; Gunnarsson and Bodin, 2018; McKay et al., 2021).

Many of the environmental risk factors have the commonality of inducing protein aggregation, and also a close interaction with copper, mostly as a chelator, or else disrupting the metal ion buffering systems. It is plausible that these factors could be stripping copper from vital cuproenzymes, and at the same time contributing to the aggregative burden (Figure 5), as well as pressuring metal ion homeostasis. The findings of these studies are vital in demonstrating the relationship between these environmental and occupational toxins and are important in providing evidence for regulatory frameworks to mitigate exposure to such toxins.
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FIGURE 5
 Proposed synthesis of pathological contributors to ALS and downstream consequences. Environmental exposure of toxins or viruses disrupts metal ion homeostasis and proteostasis resulting in displaced copper. Displaced copper could bind to proteins non-canonically and potentially enhance aggregation. ALS gene mutations can contribute by modifying proteins that affect protein stability and aggregation propensity. Protein aggregates disrupt vesicular trafficking of RNA, neurotransmitters and are a source of proteotoxic stress, these aggregates also reduce vascular supply. Overall cuproprotein function is decreased with effects such as defects in oxidative respiration, vascular signaling, antioxidant defense and other proteostatic mechanisms. The end result is the gradual decline and death of the motor neuron. Phenoconversion likely occurs when the rate of proteostasis is exceeded by the rate of protein aggregation and neuronal functions can no longer be optimally sustained.


Even with enhanced preventative measures it would still be extremely difficult to reduce all incidence of ALS, and so treatment is of great importance. One treatment modality with great potential is the use of copper ionophore therapy. As yet the most studied drug is Cu-ATSM, which is currently used in clinical trials (Kernel Networks Inc, 2019; Nikseresht et al., 2020). Emerging drugs such as the antisense oligonucelotide Tofersen shows promise in SOD1 patients, but its mechanism of action runs the risk of systemically reducing SOD1 by encouraging SOD1 mRNA degradation (Miller et al., 2022). However, animal studies have shown that CuATSM alone only increases lifespan by up to 25%, and that the treatment of SOD1 mice with ATSM without copper failed to yield any benefits (Williams et al., 2016; Vieira et al., 2017). This is again an argument supporting copper deficiency as being a major factor, and the importance of introducing exogenous copper together with ATSM, as ATSM alone seems to be unable to mobilize existing copper stores to the necessary locations.

The only example that demonstrates a 500% increase in the lifespan is the use of CuATSM with overexpression of CCS in SOD1G93A mice (Williams et al., 2016). This combination highlights the core argument that adequate CNS delivery of copper, paired with a sufficient degree of molecular chaperoning to ensure proper loading of copper, is highly effective in promoting the lifespan of treated transgenic mice. CNS-permeable synthetic copper delivery agents such as CuATSM, CuGTSM, Copper-histidinate (CuHis), and copper-glycyl histidly lysine (GHK-Cu; Pickart et al., 2017) could be combined with CCS as a polytherapy (Lem et al., 2007; Pickart et al., 2017; Baguña Torres et al., 2019). This could be particularly important in ALS, as CCS is a significant survival-associated gene in ALS, with patients expressing high levels of CCS experiencing improved survival (Swindell et al., 2019). The use of plant-extracted or recombinant CCS has been previously proposed in the treatment of AD and other SOD-related diseases (Kastenholz et al., 2011). Interestingly, CCS also binds to the β-site AβPP cleaving enzyme (BACE1) and other neuronal proteins, indicating its importance as a multi-target chaperone and therefore as a potential target for other neurodegenerative diseases (Gray et al., 2010; Kastenholz et al., 2011).

From the molecular understanding of how CCS functions in SOD1 stabilization, HIF-1 and also Aβ processing, efforts have been made to identify CCS mimetics that can promote the proper disulfide bond required for SOD1 maturation. This possibly even extends to HIF-1 and BACE1 as they share the same chaperone. One molecule investigated to achieve this is the CNS bioavailable selenium drug Ebselen that has been demonstrated to synergise with CuATSM to promote disulfide bond formation in SOD1 in multiple SOD1 mutant cell lines (McAlary et al., 2022). As an added bonus, Ebselen has been well studied for its anti-inflammatory and antioxidant properties and this may synergise with the immune system in ALS patients (Sarma and Mugesh, 2008). The effect of such a synergy has yet to be studied in vivo.



Potential treatment modalities

In SALS patient spinal cords there is a dramatic shift in copper distribution, with heavy copper depletion in the spinal cord gray matter and accumulation in the dorsolateral white matter. This was followed by a decrease in CP activity as well as a shift in soluble copper to the insoluble fraction (Hilton et al., 2024) which is consistent with the suggestion posited earlier of copper based aggregation occurring. Furthermore, copper could also be possibly accumulated within microglia, based upon the coincidence seen in Figure 4 in an insoluble format, although it is unclear whether this is an intercellular or intracellular shift. Administration of CuATSM in a non-genetic model neurotoxin model of ALS has also demonstrated that CuATSM is also effective in preventing motor neuron degeneration (Kuo et al., 2019). We therefore suggest from the information presented in this review that a copper ionophore polytherapy paired with a CCS mimetic would be of great interest not only potential treatment of SOD1 FALS patients, but also for SALS. More effort should be made to determine not only the crude levels of copper within the spinal cord, but also to examine the sub-anatomical distribution. Such studies could include both SALS and FALS spinal cord samples.

Experimentation in BMAA-challenged vervet monkeys indicates L-serine as a protective agent against BMAA-induced neuronal damage (Davis et al., 2020). Due to BMAA being mistranslated in lieu of serine, L-Serine supplementation has received interest as a treatment for ALS, resulting in completed phase 1 and phase 2 clinical trials (Clinical Trial NCT03580616; Levine et al., 2017). It would be of interest to test if both Cu-ATSM (possibly with Ebselen) and L-Serine could be combined in treating ALS.

To conclude, we implicate copper dyshomeostasis as a crucial element in ALS and discuss the various affected pathways. Primarily the weight of the evidence suggests that it is a functional deficiency of copper and the loss of critical cuproprotein function that is at the heart of ALS, although there is also evidence to suggest that toxicity may also play a role although the evidence here is less direct. However the end result appears to be a deficiency and mispartitioning of copper as seen in SALS spinal cords which suggests that this aspect of ALS should receive greater research attention. Furthermore, we discuss evidence for the environmental causes of ALS that may be key to understanding why this copper depletion occurs. Thus we recommend that increased monitoring of known environmental contributors to ALS risk such as occupational and dietary exposure to BMAA, formaldehyde, heavy metals and agrochemicals would be beneficial, as well as preventative measures to limit exposure to populations at risk. In addition, strategies to treat the progression of ALS such as L-serine- or Cu-ATSM-centered therapies could be further studied and even combined.



Author contributions

J-HM: Conceptualization, Investigation, Writing – original draft, Writing – review & editing, Visualization. HS: Supervision, Writing – review & editing. RH: Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Funding was provided by the Swedish Medical Research Council 2021-01926, Karolinska Institute Doctoral (KID) Funding 2018-00843, Alltid Litt Sterkere foundation KI-2023-RH, and Neurofonden F2020-0097.



Acknowledgments

Many thanks to all of our team mates at the Karolinska Institutet Neuroimmunology unit, for many fruitful discussions and interest in the subject area. Thanks to S. Lewandowski from our unit at the Karolinska Institutet for many interesting discussions regarding ALS and general advice. Also special thanks to D. Davis from the University of Miami Miller School of Medicine for his kind permission to use excerpts from his work. Special thanks to P. Couch from the University of Melbourne for his equally kind permission to use excerpts from his work and suggestions. All figures were created by using Scientific Image and Illustration Software | BioRender.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Achard, M. E. S., Stafford, S. L., Bokil, N. J., Chartres, J., Bernhardt, P. V., Schembri, M. A., et al. (2012). Copper redistribution in murine macrophages in response to Salmonella infection. Biochem. J. 444, 51–57. doi: 10.1042/BJ20112180 

 Agnew, U. M., and Slesinger, T. L. (2022). Treasure Island (FL). Available at: https://www.ncbi.nlm.nih.gov/books/NBK554548/ 

 Ahn, J., and Barber, G. N. (2019). STING signaling and host defense against microbial infection. Exp. Mol. Med. 51, 1–10. doi: 10.1038/s12276-019-0333-0 

 Andreassen, O. A., Ferrante, R. J., Klivenyi, P., Klein, A. M., Shinobu, L. A., Epstein, C. J., et al. (2000). Partial deficiency of manganese superoxide dismutase exacerbates a transgenic mouse model of amyotrophic lateral sclerosis. Ann. Neurol. 47, 447–455. doi: 10.1002/1531-8249(200004)47:4<447::AID-ANA7>3.0.CO;2-R 

 Andrew, A., Zhou, J., Gui, J., Harrison, A., Shi, X., Li, M., et al. (2021). Pesticides applied to crops and amyotrophic lateral sclerosis risk in the U.S. Neurotoxicology 87, 128–135. doi: 10.1016/j.neuro.2021.09.004


 Antonyuk, S. V., Strange, R. W., Marklund, S. L., and Hasnain, S. S. (2009). The structure of human extracellular copper–zinc superoxide dismutase at 1.7 Å resolution: insights into heparin and collagen binding. J. Mol. Biol. 388, 310–326. doi: 10.1016/j.jmb.2009.03.026 

 Anzilotti, S. (2023). Chronic exposure to l-BMAA cyanotoxin induces cytoplasmic TDP-43 accumulation and glial activation, reproducing an amyotrophic lateral sclerosis-like phenotype in mice. Biomed. Pharmacother. 167:115503. doi: 10.1016/j.biopha.2023.115503


 Arciello, M., Capo, C. R., D’Annibale, S., Cozzolino, M., Ferri, A., Carrì, M. T., et al. (2011). Copper depletion increases the mitochondrial-associated SOD1 in neuronal cells. Biometals 24, 269–278. doi: 10.1007/s10534-010-9392-3


 Arnesano, F., Scintilla, S., Calò, V., Bonfrate, E., Ingrosso, C., Losacco, M., et al. (2009). Copper-triggered aggregation of ubiquitin. PLoS One 4:e7052. doi: 10.1371/journal.pone.0007052 

 Ash, P. E. A., Dhawan, U., Boudeau, S., Lei, S., Carlomagno, Y., Knobel, M., et al. (2019). Heavy metal neurotoxicants induce ALS-linked TDP-43 pathology. Toxicol. Sci. 167, 105–115. doi: 10.1093/toxsci/kfy267 

 Aulas, A., and Vande, V. C. (2015). Alterations in stress granule dynamics driven by TDP-43 and FUS: a link to pathological inclusions in ALS? Front. Cell. Neurosci. 9:423. doi: 10.3389/fncel.2015.00423


 Ayton, S., Lei, P., Duce, J. A., Wong, B. X. W., Sedjahtera, A., Adlard, P. A., et al. (2013). Ceruloplasmin dysfunction and therapeutic potential for Parkinson disease. Ann. Neurol. 73, 554–9. doi: 10.1002/ana.23817 

 Ayyadevara, S., Ganne, A., Balasubramaniam, M., and Shmookler Reis, R. J. (2022). Intrinsically disordered proteins identified in the aggregate proteome serve as biomarkers of neurodegeneration. Metab. Brain Dis. 37, 147–152. doi: 10.1007/s11011-021-00791-8 

 Babinchak, W. M., Haider, R., Dumm, B. K., Sarkar, P., Surewicz, K., Choi, J.-K., et al. (2019). The role of liquid–liquid phase separation in aggregation of the TDP-43 low-complexity domain. J. Biol. Chem. 294, 6306–6317. doi: 10.1074/jbc.RA118.007222 

 Baguña Torres, J., Yu, Z., Bordoloi, J., Sunassee, K., Smith, D., Smith, C., et al. (2019). Imaging of changes in copper trafficking and redistribution in a mouse model of Niemann-pick C disease using positron emission tomography. Biometals 32, 293–306. doi: 10.1007/s10534-019-00185-5 

 Balali-Mood, M., Naseri, K., Tahergorabi, Z., Khazdair, M. R., and Sadeghi, M. (2021). Toxic mechanisms of five heavy metals: mercury, lead, chromium, cadmium, and arsenic. Front. Pharmacol. 12:72. doi: 10.3389/fphar.2021.643972 

 Barros, A. N. A. B., Dourado, M. E. T., Pedrosa, L., and Leite-Lais, L. (2018). Association of copper status with lipid profile and functional status in patients with amyotrophic lateral sclerosis. J Nutr Metab. 2018:5678698. doi: 10.1155/2018/5678698


 Bellmann, J., Monette, A., Tripathy, V., Sójka, A., Abo-Rady, M., Janosh, A., et al. (2019). Viral infections exacerbate FUS-ALS phenotypes in iPSC-derived spinal neurons in a virus species-specific manner. Front. Cell. Neurosci. 13:480. doi: 10.3389/fncel.2019.00480 

 Benetti, F., Ventura, M., Salmini, B., Ceola, S., Carbonera, D., Mammi, S., et al. (2010). Cuprizone neurotoxicity, copper deficiency and neurodegeneration. Neurotoxicology 31, 509–517. doi: 10.1016/j.neuro.2010.05.008 

 Benkirane, A., Warlop, T., Ivanoiu, A., Baret, P., Wiame, E., Haufroid, V., et al. (2022). Case report: motor neuron disease phenotype associated with symptomatic copper deficiency: challenging diagnosis and treatment. Front. Neurol. 13:1063803. doi: 10.3389/fneur.2022.1063803


 Berdyński, M., Miszta, P., Safranow, K., Andersen, P. M., Morita, M., Filipek, S., et al. (2022). SOD1 mutations associated with amyotrophic lateral sclerosis analysis of variant severity. Sci. Rep. 12:103. doi: 10.1038/s41598-021-03891-8 

 Bertinato, J., and L’Abbé, M. R. (2003). Copper modulates the degradation of copper chaperone for cu,Zn superoxide dismutase by the 26 S Proteosome. J. Biol. Chem. 278, 35071–35078. doi: 10.1074/jbc.M302242200 

 Bhattarai, A., Egan, G. F., Talman, P., Chua, P., and Chen, Z. (2022). Magnetic resonance iron imaging in amyotrophic lateral sclerosis. J. Magn. Reson. Imaging 55, 1283–1300. doi: 10.1002/jmri.27530


 Blair, I. P., Williams, K. L., Warraich, S. T., Durnall, J. C., Thoeng, A. D., Manavis, J., et al. (2010). FUS mutations in amyotrophic lateral sclerosis: clinical, pathological, neurophysiological and genetic analysis. J. Neurol. Neurosurg. Psychiatry 81, 639–645. doi: 10.1136/jnnp.2009.194399 

 Boeynaems, S., Bogaert, E., Kovacs, D., Konijnenberg, A., Timmerman, E., Volkov, A., et al. (2017). Phase separation of C9orf72 dipeptide repeats perturbs stress granule dynamics. Mol. Cell 65, 1044–1055.e5. doi: 10.1016/j.molcel.2017.02.013 

 Bonam, S. R., Wang, F., and Muller, S. (2019). Lysosomes as a therapeutic target. Nat. Rev. Drug Discov. 18, 923–948. doi: 10.1038/s41573-019-0036-1 

 Bonvicini, F., Marcello, N., Mandrioli, J., Pietrini, V., and Vinceti, M. (2010). Exposure to pesticides and risk of amyotrophic lateral sclerosis: a population-based case-control study. Ann. Ist. Super. Sanita 46, 284–287. doi: 10.4415/ANN_10_03_10 

 Borthwick, G. M., Johnson, M. A., Ince, P. G., Shaw, P. J., and Turnbull, D. M. (1999). Mitochondrial enzyme activity in amyotrophic lateral sclerosis: implications for the role of mitochondria in neuronal cell death. Ann. Neurol. 46, 787–790. doi: 10.1002/1531-8249(199911)46:5<787::AID-ANA17>3.0.CO;2-8


 Bourassa, M. W., Brown, H. H., Borchelt, D. R., Vogt, S., and Miller, L. M. (2014). Metal-deficient aggregates and diminished copper found in cells expressing SOD1 mutations that cause ALS. Front. Aging Neurosci. 6:110. doi: 10.3389/fnagi.2014.00110


 Bousquet-Moore, D., Mains, R. E., and Eipper, B. A. (2010). Peptidylgycine α-amidating monooxygenase and copper: a gene-nutrient interaction critical to nervous system function. J. Neurosci. Res. 88, 2535–2545. doi: 10.1002/jnr.22404 

 Boyd, S. D., Ullrich, M. S., Calvo, J. S., Behnia, F., Meloni, G., and Winkler, D. D. (2020). Mutations in superoxide dismutase 1 (Sod1) linked to familial amyotrophic lateral sclerosis can disrupt high-affinity zinc-binding promoted by the copper chaperone for Sod1 (ccs). Molecules 25:1086. doi: 10.3390/molecules25051086 

 Branza-Nichita, N., Petrescu, A. J., Dwek, R. A., Wormald, M. R., Platt, F. M., and Petrescu, S. M. (1999). Tyrosinase folding and copper loading in vivo: a crucial role for calnexin and α-glucosidase II. Biochem. Biophys. Res. Commun. 261, 720–725. doi: 10.1006/bbrc.1999.1030 

 Brewer, G. J., Kanzer, S. H., Zimmerman, E. A., Celmins, D. F., Heckman, S. M., and Dick, R. (2010). Copper and ceruloplasmin abnormalities in Alzheimer’s disease. Am. J. Alzheimers Dis. Other Demen. 25, 490–497. doi: 10.1177/1533317510375083 

 Brooks, B. R., Berry, J. D., Ciepielewska, M., Liu, Y., Zambrano, G. S., Zhang, J., et al. (2022). Intravenous edaravone treatment in ALS and survival: an exploratory, retrospective, administrative claims analysis. EClinicalMedicine. 52:101590. doi: 10.1016/j.eclinm.2022.101590 

 Brotman, R. G., Moreno-Escobar, M. C., Joseph, J., and Pawar, G. (2022). Amyotrophic lateral sclerosis. Treasure Island Florida (FL): StatPearls Publishing.


 Buxaderas, S. C., and Farré-Rovira, R. (1986). Whole blood and serum copper levels in relation to sex and age. Rev. Esp. Fisiol. 42, 213–217.


 Byerley, J. J., and Teo, W. K. (1969). Oxidation of formaldehyde by copper(II) in aqueous solution. Can. J. Chem. 47, 3355–3360. doi: 10.1139/v69-556


 Cabrera-Rodríguez, R., Pérez-Yanes, S., Montelongo, R., Lorenzo-Salazar, J. M., Estévez-Herrera, J., García-Luis, J., et al. (2022). Transactive response DNA-binding protein (TARDBP/TDP-43) regulates cell permissivity to HIV-1 infection by acting on HDAC6. Int. J. Mol. Sci. 23:6180. doi: 10.3390/ijms23116180 

 Cady, J., Allred, P., Bali, T., Pestronk, A., Goate, A., Miller, T. M., et al. (2015). Amyotrophic lateral sclerosis onset is influenced by the burden of rare variants in known amyotrophic lateral sclerosis genes. Ann. Neurol. 77, 100–113. doi: 10.1002/ana.24306 

 Caller, T. A., Doolin, J. W., Haney, J. F., Murby, A. J., West, K. G., Farrar, H. E., et al. (2009). A cluster of amyotrophic lateral sclerosis in New Hampshire: a possible role for toxic cyanobacteria blooms. Amyotroph. Lateral Scler. 10, 101–108. doi: 10.3109/17482960903278485 

 Capanni, C., Messori, L., Orioli, P., Chiti, F., Stefani, M., Ramponi, G., et al. (2004). Investigation of the effects of copper ions on protein aggregation using a model system. Cell. Mol. Life Sci. 61, 982–991. doi: 10.1007/s00018-003-3447-3 

 Caragounis, A., Price, K. A., Soon, C. P. W., Filiz, G., Masters, C. L., Li, Q.-X., et al. (2010). Zinc induces depletion and aggregation of endogenous TDP-43. Free Radic. Biol. Med. 48, 1152–1161. doi: 10.1016/j.freeradbiomed.2010.01.035 

 Casareno, R. L., Waggoner, D., and Gitlin, J. D. (1998). The copper chaperone CCS directly interacts with copper/zinc superoxide dismutase. J. Biol. Chem. 273, 23625–23628. doi: 10.1074/jbc.273.37.23625


 Celeste, D. B., and Miller, M. S. (2018). Reviewing the evidence for viruses as environmental risk factors for ALS: a new perspective. Cytokine 108, 173–178. doi: 10.1016/j.cyto.2018.04.010 

 Chang, C. J., and Kao, C. H. (1997). Paraquat toxicity is reduced by metal chelators in rice leaves. Physiol. Plant. 101, 471–476. doi: 10.1111/j.1399-3054.1997.tb01025.x


 Charbonnier, P., Chovelon, B., Ravelet, C., Ngo, T. D., Chevallet, M., and Deniaud, A. (2022). ATP7B-deficient hepatocytes reveal the importance of protein misfolding induced at low copper concentration. Cells 11:3400. doi: 10.3390/cells11213400 

 Che, Y., Hou, L., Sun, F., Zhang, C., Liu, X., Piao, F., et al. (2018). Taurine protects dopaminergic neurons in a mouse Parkinson’s disease model through inhibition of microglial M1 polarization. Cell Death Dis. 9:435. doi: 10.1038/s41419-018-0468-2 

 Chen, S., Sayana, P., Zhang, X., and Le, W. (2013). Genetics of amyotrophic lateral sclerosis: an update. Mol. Neurodegener. 8:28. doi: 10.1186/1750-1326-8-28


 Chen, Q. Y., Wu, P., Wen, T., Qin, X., Zhang, R., Jia, R., et al. (2022). Association of cerebral spinal fluid copper imbalance in amyotrophic lateral sclerosis. Front. Aging Neurosci. 14:970711. doi: 10.3389/fnagi.2022.970711 

 Chen, Y.-P., Yu, S.-H., Wei, Q.-Q., Cao, B., Gu, X.-J., Chen, X.-P., et al. (2022). Role of genetics in amyotrophic lateral sclerosis: a large cohort study in Chinese mainland population. J. Med. Genet. 59, 840–849. doi: 10.1136/jmedgenet-2021-107965 

 Chiò, A., Logroscino, G., Traynor, B. J., Collins, J., Simeone, J. C., Goldstein, L. A., et al. (2013). Global epidemiology of amyotrophic lateral sclerosis: a systematic review of the published literature. Neuroepidemiology 41, 118–130. doi: 10.1159/000351153 

 Chiu, A. S., Gehringer, M. M., Braidy, N., Guillemin, G. J., Welch, J. H., and Neilan, B. A. (2012). Excitotoxic potential of the cyanotoxin β-methyl-amino-l-alanine (BMAA) in primary human neurons. Toxicon 60, 1159–1165. doi: 10.1016/j.toxicon.2012.07.169 

 Ciryam, P., Lambert-Smith, I. A., Bean, D. M., Freer, R., Cid, F., Tartaglia, G. G., et al. (2017). Spinal motor neuron protein supersaturation patterns are associated with inclusion body formation in ALS. Proc. Natl. Acad. Sci. U. S. A. 114, E3935–E3943. doi: 10.1073/pnas.1613854114 

 Clarke, B. E., and Patani, R. (2020). The microglial component of amyotrophic lateral sclerosis. Brain 143, 3526–3539. doi: 10.1093/brain/awaa309


 Cobine, P. A., Moore, S. A., and Leary, S. C. (1868). Getting out what you put in: copper in mitochondria and its impacts on human disease. Biochim. Biophys. Acta, Mol. Cell Res. 1868:118867. doi: 10.1016/j.bbamcr.2020.118867


 Cook, C. N., Wu, Y., Odeh, H. M., Gendron, T. F., Jansen-West, K., del Rosso, G., et al. (2020). C9orf72 poly(GR) aggregation induces TDP-43 proteinopathy. Sci. Transl. Med. 12:559. doi: 10.1126/scitranslmed.abb3774


 Copin, J.-C., Gasche, Y., and Chan, P. H. (2000). Overexpression of copper/zinc superoxide dismutase does not prevent neonatal lethality in mutant mice that lack manganese superoxide dismutase. Free Radic. Biol. Med. 28, 1571–1576. doi: 10.1016/S0891-5849(00)00280-X


 Cox, P. A., Banack, S. A., Murch, S. J., Rasmussen, U., Tien, G., Bidigare, R. R., et al. (2005). Diverse taxa of cyanobacteria produce β-N-methylamino-l-alanine, a neurotoxic amino acid. Proc. Natl. Acad. Sci. U. S. A. 102, 5074–5078. doi: 10.1073/pnas.0501526102 

 Crapo, J. D., Oury, T., Rabouille, C., Slot, J. W., and Chang, L. Y. (1992). Copper,zinc superoxide dismutase is primarily a cytosolic protein in human cells. Proc. Natl. Acad. Sci. U. S. A. 89, 10405–10409. doi: 10.1073/pnas.89.21.10405 

 Dang, T. N. T., Lim, N. K. H., Grubman, A., Li, Q.-X., Volitakis, I., White, A. R., et al. (2014). Increased metal content in the TDP-43A315T transgenic mouse model of frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Front. Aging Neurosci. 6:15. doi: 10.3389/fnagi.2014.00015


 Davis, D. A., Cox, P. A., Banack, S. A., Lecusay, P. D., Garamszegi, S. P., Hagan, M. J., et al. (2020). L-serine reduces spinal cord pathology in a Vervet model of preclinical ALS/MND. J. Neuropathol. Exp. Neurol. 79, 393–406. doi: 10.1093/jnen/nlaa002 

 de Carvalho, M. (2022). Monitoring disease onset in amyotrophic lateral sclerosis. Nat. Rev. Neurol. 18, 513–514. doi: 10.1038/s41582-022-00696-9


 De Vos, K. J., and Hafezparast, M. (2017). Neurobiology of axonal transport defects in motor neuron diseases: opportunities for translational research? Neurobiol. Dis. 105, 283–299. doi: 10.1016/j.nbd.2017.02.004 

 Desai, V., and Kaler, S. G. (2008). Role of copper in human neurological disorders. Am. J. Clin. Nutr. 88, 855S–858S. doi: 10.1093/ajcn/88.3.855S


 Dhar, S. K., Zhang, J., Gal, J., Xu, Y., Miao, L., Lynn, B. C., et al. (2014). FUsed in sarcoma is a novel regulator of manganese superoxide dismutase gene transcription. Antioxid. Redox Signal. 20, 1550–1566. doi: 10.1089/ars.2012.4984 

 Diaz-parga, P., Goto, J. J., and Krishnan, V. V. (2021). On the differential roles of Mg2+, Zn2+, and Cu2+ in the equilibrium of β-N-methyl-amino-L-alanine (BMAA) and its carbamates. Neurotox. Res. 39, 6–16. doi: 10.1007/s12640-019-00157-0


 Dringen, R., Scheiber, I. F., and Mercer, J. F. B. (2013). Copper metabolism of astrocytes. Front. Aging Neurosci. 5:9. doi: 10.3389/fnagi.2013.00009 

 Duennwald, M. L., Echeverria, A., and Shorter, J. (2012). Small heat shock proteins potentiate amyloid dissolution by protein disaggregases from yeast and humans. PLoS Biol. 10:e1001346. doi: 10.1371/journal.pbio.1001346 

 Duke, S. O., Lydon, J., Koskinen, W. C., Moorman, T. B., Chaney, R. L., and Hammerschmidt, R. (2012). Glyphosate effects on plant mineral nutrition, crop rhizosphere microbiota, and plant disease in glyphosate-resistant crops. J. Agric. Food Chem. 60, 10375–10397. doi: 10.1021/jf302436u 

 Duncan, M. W., Steele, J. C., Kopin, I. J., and Markey, S. P. (1990). 2-Amino-3-(methylamino)-propanoic acid (BMAA) in cycad flour: an unlikely cause of amyotrophic lateral sclerosis and parkinsonism-dementia of Guam. Neurology 40:767. doi: 10.1212/WNL.40.5.767


 Dunlop, R. A., Cox, P. A., Banack, S. A., and Rodgers, K. J. (2013). The non-protein amino acid BMAA is misincorporated into human proteins in place of l-serine causing protein misfolding and aggregation. PLoS One 8:e75376. doi: 10.1371/journal.pone.0075376 

 Dutertre, M., Lambert, S., Carreira, A., Amor-Guéret, M., and Vagner, S. (2014). DNA damage: RNA-binding proteins protect from near and far. Trends Biochem. Sci. 39, 141–149. doi: 10.1016/j.tibs.2014.01.003 

 Feng, W., Ye, F., Xue, W., Zhou, Z., and Kang, Y. J. (2009). Copper regulation of hypoxia-inducible factor-1 activity. Mol. Pharmacol. 75, 174–182. doi: 10.1124/mol.108.051516 

 Fernandes, N., Nero, L., Lyons, S., Ivanov, P., Mittelmeier, T., Bolger, T., et al. (2020). Stress granule assembly can facilitate but is not required for TDP-43 cytoplasmic aggregation. Biomol. Ther. 10:1367. doi: 10.3390/biom10101367 

 Finney, J., Moon, H.-J., Ronnebaum, T., Lantz, M., and Mure, M. (2014). Human copper-dependent amine oxidases. Arch. Biochem. Biophys. 546, 19–32. doi: 10.1016/j.abb.2013.12.022 

 Fu, Q., Zhang, B., Chen, X., and Chu, L. (2024). Liquid–liquid phase separation in Alzheimer’s disease. J. Mol. Med. 102, 167–181. doi: 10.1007/s00109-023-02407-3 

 Fujita, K., Yamauchi, M., Shibayama, K., Ando, M., Honda, M., and Nagata, Y. (1996). Decreased cytochrome c oxidase activity but unchanged superoxide dismutase and glutathione peroxidase activities in the spinal cords of patients with amyotrophic lateral sclerosis. J. Neurosci. Res. 45, 276–281. doi: 10.1002/(SICI)1097-4547(19960801)45:3<276::AID-JNR9>3.0.CO;2-A 

 Fung, G., Shi, J., Deng, H., Hou, J., Wang, C., Hong, A., et al. (2015). Cytoplasmic translocation, aggregation, and cleavage of TDP-43 by enteroviral proteases modulate viral pathogenesis. Cell Death Differ. 22, 2087–2097. doi: 10.1038/cdd.2015.58 

 FUS FUS RNA binding protein (2023). [Homo sapiens (human)]—Gen. Available at: https://www.ncbi.nlm.nih.gov/gene/2521 (Accessed 10 March 2023).


 Gao, L., Yuan, H., Xu, E., and Liu, J. (2020). Toxicology of paraquat and pharmacology of the protective effect of 5-hydroxy-1-methylhydantoin on lung injury caused by paraquat based on metabolomics. Sci. Rep. 10, 1–16. doi: 10.1038/s41598-020-58599-y


 Garcia, J. J., Martínez-Ballarín, E., Millán-Plano, S., Allué, J. L., Albendea, C., Fuentes, L., et al. (2005). Effects of trace elements on membrane fluidity. J. Trace Elem. Med. Biol. 19, 19–22. doi: 10.1016/j.jtemb.2005.07.007


 Garnier, C., Devred, F., Byrne, D., Puppo, R., Roman, A. Y., Malesinski, S., et al. (2017). Zinc binding to RNA recognition motif of TDP-43 induces the formation of amyloid-like aggregates. Sci. Rep. 7:6812. doi: 10.1038/s41598-017-07215-7 

 Gertz, B., Wong, M., and Martin, L. J. (2012). Nuclear localization of human SOD1 and mutant SOD1-specific disruption of survival motor neuron protein complex in transgenic amyotrophic lateral sclerosis mice. J. Neuropathol. Exp. Neurol. 71, 162–177. doi: 10.1097/NEN.0b013e318244b635


 Gijselinck, I., Van Langenhove, T., van der Zee, J., Sleegers, K., Philtjens, S., Kleinberger, G., et al. (2012). A C9orf72 promoter repeat expansion in a Flanders-Belgian cohort with disorders of the frontotemporal lobar degeneration-amyotrophic lateral sclerosis spectrum: a gene identification study. Lancet Neurol. 11, 54–65. doi: 10.1016/S1474-4422(11)70261-7 

 Gil-Bea, F. J., Aldanondo, G., Lasa-Fernández, H., López de Munain, A., and Vallejo-Illarramendi, A. (2017). Insights into the mechanisms of copper dyshomeostasis in amyotrophic lateral sclerosis. Expert Rev. Mol. Med. 19:e7. doi: 10.1017/erm.2017.9 

 Gleason, A., and Bush, A. I. (2021). Iron and ferroptosis as therapeutic targets in Alzheimer’s disease. Neurotherapeutics 18, 252–264. doi: 10.1007/s13311-020-00954-y 

 Goncharova, P. S., Davydova, T. K., Popova, T. E., Novitsky, M. A., Petrova, M. M., Gavrilyuk, O. A., et al. (2021). Nutrient effects on motor neurons and the risk of amyotrophic lateral sclerosis. Nutrients 13:3804. doi: 10.3390/nu13113804 

 Gordon, P. H. (2011). Amyotrophic lateral sclerosis: pathophysiology, diagnosis and management. CNS Drugs 25, 1–15. doi: 10.2165/11586000-000000000-00000


 Gossye, H., Engelborghs, S., Van Broeckhoven, C., and van der Zee, J. (2020). C9orf72 frontotemporal dementia and/or amyotrophic lateral sclerosis. Seattle: University of Washington.


 Goutman, S. A., Boss, J., Godwin, C., Mukherjee, B., Feldman, E. L., and Batterman, S. A. (2022). Associations of self-reported occupational exposures and settings to ALS: a case–control study. Int. Arch. Occup. Environ. Health 95, 1567–1586. doi: 10.1007/s00420-022-01874-4 

 Gray, E. H., De Vos, K. J., Dingwall, C., Perkinton, M. S., and Miller, C. C. J. (2010). Deficiency of the copper chaperone for superoxide dismutase increases amyloid-β production. J. Alzheimers Dis. 21, 1101–1105. doi: 10.3233/JAD-2010-100717 

 Gregory, J. M., Livesey, M. R., McDade, K., Selvaraj, B. T., Barton, S. K., Chandran, S., et al. (2020). Dysregulation of AMPA receptor subunit expression in sporadic ALS post-mortem brain. J. Pathol. 250, 67–78. doi: 10.1002/path.5351 

 Gu, S., Xu, M., Chen, L., Shi, X., and Luo, S.-Z. (2023). A liquid-to-solid phase transition of cu/Zn superoxide dismutase 1 initiated by oxidation and disease mutation. J. Biol. Chem. 299:102857. doi: 10.1016/j.jbc.2022.102857 

 Gulec, S., and Collins, J. F. (2014). Molecular mediators governing iron-copper interactions. Annu. Rev. Nutr. 34, 95–116. doi: 10.1146/annurev-nutr-071812-161215 

 Gunnarsson, L.-G., and Bodin, L. (2018). Amyotrophic lateral sclerosis and occupational exposures: a systematic literature review and meta-analyses. Int. J. Environ. Res. Public Health 15:2371. doi: 10.3390/ijerph15112371 

 Guo, Q., Lehmer, C., Martínez-Sánchez, A., Rudack, T., Beck, F., Hartmann, H., et al. (2018). In situ structure of neuronal C9orf72 poly-GA aggregates reveals proteasome recruitment. Cell 172, 696–705.e12. doi: 10.1016/j.cell.2017.12.030 

 Hardiman, O., Al-Chalabi, A., Chio, A., Corr, E. M., Logroscino, G., Robberecht, W., et al. (2017). Amyotrophic lateral sclerosis. Nat. Rev. Dis. Primers. 3:17071. doi: 10.1038/nrdp.2017.71


 Harris, E. D. (2001). Zinc and copper: evidence for interdependence, not antagonism. Nutrition. 17:734.


 Harischandra, D. S., Ghaisas, S., Zenitsky, G., Jin, H., Kanthasamy, A., Anantharam, V., et al. (2019). Manganese-induced neurotoxicity: New insights into the triad of protein misfolding, mitochondrial impairment, and neuroinflammation. Front. Neurosci [Internet]. 26:13. doi: 10.3389/fnins.2019.00654 

 Harris, E. D., and Percival, S. S. (1989). “Copper transport: insights into a ceruloplasmin-based delivery system” in Copper bioavailability and metabolism (Boston, MA: Springer US), 95–102.


 Hatori, Y., and Lutsenko, S. (2016). The role of copper chaperone Atox1 in coupling redox homeostasis to intracellular copper distribution. Antioxidants 5:25. doi: 10.3390/antiox5030025 

 Haukedal, H., and Freude, K. (2019). Implications of microglia in amyotrophic lateral sclerosis and frontotemporal dementia. J. Mol. Biol. 431, 1818–1829. doi: 10.1016/j.jmb.2019.02.004 

 He, L., Liang, J., Chen, C., Chen, J., Shen, Y., Sun, S., et al. (2023). C9orf72 functions in the nucleus to regulate DNA damage repair. Cell Death Differ. 30, 716–730. doi: 10.1038/s41418-022-01074-0 

 Hellman, N. E., and Gitlin, J. D. (2002). Ceruloplasmin metabolism and function. Annu. Rev. Nutr. 22, 439–458. doi: 10.1146/annurev.nutr.22.012502.114457


 Helman, S. L., Zhou, J., Fuqua, B. K., Lu, Y., Collins, J. F., Chen, H., et al. (2023). The biology of mammalian multi-copper ferroxidases. Biometals 36, 263–281. doi: 10.1007/s10534-022-00370-z 

 Henry, K. A., Fagliano, J., Jordan, H. M., Rechtman, L., and Kaye, W. E. (2015). Geographic variation of amyotrophic lateral sclerosis incidence in New Jersey, 2009–2011. Am. J. Epidemiol. 182, 512–519. doi: 10.1093/aje/kwv095 

 Hetz, C., Zhang, K., and Kaufman, R. (2020). Mechanisms, regulation and functions of the unfolded protein response. Nat Rev Mol Cell Biol. 21, 421–438. doi: 10.1038/s41580-020-0250-z


 Hilton, J. B. W., Kysenius, K., Liddell, J. R., Mercer, S. W., Paul, B., Beckman, J. S., et al. (2024). Evidence for disrupted copper availability in human spinal cord supports CuII(atsm) as a treatment option for sporadic cases of ALS. Sci. Rep. 14, 1–9. doi: 10.1038/s41598-024-55832-w


 Hilton, J. B., Kysenius, K., White, A. R., and Crouch, P. J. (2018). The accumulation of enzymatically inactive cuproenzymes is a CNS-specific phenomenon of the SOD1 G37R mouse model of ALS and can be restored by overexpressing the human copper transporter hCTR1. Exp. Neurol. 307, 118–128. doi: 10.1016/j.expneurol.2018.06.006 

 Hipp, M. S., Kasturi, P., and Hartl, F. U. (2019). The proteostasis network and its decline in ageing. Nat. Rev. Mol. Cell Biol. 20, 421–435. doi: 10.1038/s41580-019-0101-y


 Holley, A. K., Bakthavatchalu, V., Velez-Roman, J. M., and Clair, D. K. (2011). Manganese superoxide dismutase: Guardian of the powerhouse. Int. J. Mol. Sci. 12, 7114–7162. doi: 10.3390/ijms12107114 

 Holtcamp, W. (2012). The emerging science of BMAA: do Cyanobacteria contribute to neurodegenerative disease? Environ. Health Perspect. 120:a110. doi: 10.1289/ehp.120-a110


 Hu, C., Yang, J., Qi, Z., Wu, H., Wang, B., Zou, F., et al. (2022). Heat shock proteins: biological functions, pathological roles, and therapeutic opportunities. MedComm. 3:e161. doi: 10.1002/mco2.161 

 Huang, L. E., Gu, J., Schau, M., and Bunn, H. F. (1998). Regulation of hypoxia-inducible factor 1α is mediated by an O2 -dependent degradation domain via the ubiquitin-proteasome pathway. Proc. Natl. Acad. Sci. U. S. A. 95, 7987–7992. doi: 10.1073/pnas.95.14.7987


 Huang, Y.-H., Shih, C.-M., Huang, C.-J., Lin, C.-M., Chou, C.-M., Tsai, M.-L., et al. (2006). Effects of cadmium on structure and enzymatic activity of cu,Zn‐SOD and oxidative status in neural cells. J. Cell. Biochem. 98, 577–589. doi: 10.1002/jcb.20772 

 Inesi, G. (2017). Molecular features of copper binding proteins involved in copper homeostasis. IUBMB Life 69, 211–217. doi: 10.1002/iub.1590 

 Ishigaki, S., and Sobue, G. (2018). Importance of functional loss of FUS in FTLD/ALS. Front. Mol. Biosci. 5:44. doi: 10.3389/fmolb.2018.00044 

 Ivanova, M. I., Sievers, S. A., Guenther, E. L., Johnson, L. M., Winkler, D. D., Galaleldeen, A., et al. (2014). Aggregation-triggering segments of SOD1 fibril formation support a common pathway for familial and sporadic ALS. Proc. Natl. Acad. Sci. U. S. A. 111, 197–201. doi: 10.1073/pnas.1320786110 

 Jahan, I., and Nayeem, S. M. (2020). Conformational dynamics of superoxide dismutase (SOD1) in osmolytes: a molecular dynamics simulation study. RSC Adv. 10, 27598–27614. doi: 10.1039/D0RA02151B 

 Jaishankar, M., Tseten, T., Anbalagan, N., Mathew, B. B., and Beeregowda, K. N. (2014). Toxicity, mechanism and health effects of some heavy metals. Interdiscip. Toxicol. 7, 60–72. doi: 10.2478/intox-2014-0009 

 Jeyachandran, S., Chellapandian, H., Park, K., and Kwak, I.-S. (2023). A review on the involvement of heat shock proteins (extrinsic chaperones) in response to stress conditions in aquatic organisms. Antioxidants 12:1444. doi: 10.3390/antiox12071444 

 Jiang, L., Kiselova, N., Rosén, J., and Ilag, L. L. (2014). Quantification of neurotoxin BMAA (β-N-methylamino-L-alanine) in seafood from Swedish markets. Sci. Rep. 4, 1–7. doi: 10.1038/srep06931


 Jiang, Y., Reynolds, C., Xiao, C., Feng, W., Zhou, Z., Rodriguez, W., et al. (2007). Dietary copper supplementation reverses hypertrophic cardiomyopathy induced by chronic pressure overload in mice. J. Exp. Med. 204, 657–666. doi: 10.1084/jem.20061943 

 John, R., Mathew, J., Mathew, A., Aravindakumar, C. T., and Aravind, U. K. (2021). Probing the role of cu(II) ions on protein aggregation using two model proteins. ACS Omega. 6, 35559–35571. doi: 10.1021/acsomega.1c05119 

 Kabashi, E., Valdmanis, P. N., Dion, P., Spiegelman, D., McConkey, B. J., Vande Velde, C., et al. (2008). TARDBP mutations in individuals with sporadic and familial amyotrophic lateral sclerosis. Nat. Genet. 40, 572–574. doi: 10.1038/ng.132


 Kabelitz, D., Zarobkiewicz, M., Heib, M., Serrano, R., Kunz, M., Chitadze, G., et al. (2022). Signal strength of STING activation determines cytokine plasticity and cell death in human monocytes. Sci. Rep. 12:17827. doi: 10.1038/s41598-022-20519-7 

 Kalmar, B., Lu, C.-H., and Greensmith, L. (2014). The role of heat shock proteins in amyotrophic lateral sclerosis: the therapeutic potential of Arimoclomol. Pharmacol. Ther. 141, 40–54. doi: 10.1016/j.pharmthera.2013.08.003 

 Kamel, F., Umbach, D. M., Bedlack, R. S., Richards, M., Watson, M., Alavanja, M. C. R., et al. (2012). Pesticide exposure and amyotrophic lateral sclerosis. Neurotoxicology 33, 457–462. doi: 10.1016/j.neuro.2012.04.001 

 Kastenholz, B., Kastenholz, B., Horst, B., and Horst, J. (2011). Can plant-made copper chaperones heal early Alzheimer’s disease? Derm Helv. Available at: https://www.nature.com/articles/npre.2011.5907.6.pdf


 Kato, S., Takikawa, M., Nakashima, K., Hirano, A., Cleveland, D. W., Kusaka, H., et al. (2000). New consensus research on neuropathological aspects of familial amyotrophic lateral sclerosis with superoxide dismutase 1 (SOD1) gene mutations: inclusions containing SOD1 in neurons and astrocytes. Amyotroph. Lateral Scler. Other Motor Neuron Disord. 1, 163–184. doi: 10.1080/14660820050515160 

 Kernel Networks Inc. (2019). CuATSM compared with placebo for treatment of ALS/MND. Case Medical Research. Available at: https://clinicaltrials.gov/ct2/show/NCT04082832 (Accessed 18 March 2023).


 Khalfallah, Y., Kuta, R., Grasmuck, C., Prat, A., Durham, H. D., and Vande, V. C. (2018). TDP-43 regulation of stress granule dynamics in neurodegenerative disease-relevant cell types. Sci. Rep. 8, 1–13. doi: 10.1038/s41598-018-25767-0


 King, O. D., Gitler, A. D., and Shorter, J. (2012). The tip of the iceberg: RNA-binding proteins with prion-like domains in neurodegenerative disease. Brain Res. 26, 61–80. doi: 10.1016/j.brainres.2012.01.016


 Koch, R. O., Zoller, H., Theuri, I., Obrist, P., Egg, G., Strohmayer, W., et al. (2003). Distribution of DMT 1 within the human glandular system. Histol. Histopathol. 18, 1095–1101. doi: 10.14670/HH-18.1095 

 Kuo, M. T. H., Beckman, J. S., and Shaw, C. A. (2019). Neuroprotective effect of CuATSM on neurotoxin-induced motor neuron loss in an ALS mouse model. Neurobiol. Dis. 130:104495. doi: 10.1016/j.nbd.2019.104495 

 Lafon, P.-A., Imberdis, T., Wang, Y., Torrent, J., Robitzer, M., Huetter, E., et al. (2018). Low doses of bioherbicide favour prion aggregation and propagation in vivo. Sci. Rep. 8:8023. doi: 10.1038/s41598-018-25966-9 

 Lando, D., Peet, D. J., Gorman, J. J., Whelan, D. A., Whitelaw, M. L., and Bruick, R. K. (2002). FIH-1 is an asparaginyl hydroxylase enzyme that regulates the transcriptional activity of hypoxia-inducible factor. Genes Dev. 16, 1466–1471. doi: 10.1101/gad.991402 

 Le Gall, L., Anakor, E., Connolly, O., Vijayakumar, U., Duddy, W., and Duguez, S. (2020). Molecular and cellular mechanisms affected in ALS. J Pers Med. 10:101. doi: 10.3390/jpm10030101 

 Leach, S. P., Salman, M. D., and Hamar, D. (2006). Trace elements and prion diseases: a review of the interactions of copper, manganese and zinc with the prion protein. Anim. Health Res. Rev. 7, 97–105. doi: 10.1017/S1466252307001181 

 Lelie, H. L., Liba, A., Bourassa, M. W., Chattopadhyay, M., Chan, P. K., Gralla, E. B., et al. (2011). Copper and zinc metallation status of copper-zinc superoxide dismutase from amyotrophic lateral sclerosis transgenic mice. J. Biol. Chem. 286, 2795–2806. doi: 10.1074/jbc.M110.186999 

 Lem, K. E., Brinster, L. R., Tjurmina, O., Lizak, M., Lal, S., Centeno, J. A., et al. (2007). Safety of intracerebroventricular copper histidine in adult rats. Mol. Genet. Metab. 91, 30–36. doi: 10.1016/j.ymgme.2007.01.010 

 Levenson, C. W., and Janghorbani, M. (1994). Long-term measurement of organ copper turnover in rats by continuous feeding of a stable isotope. Anal. Biochem. 221, 243–249. doi: 10.1006/abio.1994.1408 

 Levine, T. D., Miller, R. G., Bradley, W. G., Moore, D. H., Saperstein, D. S., Flynn, L. E., et al. (2017). Phase I clinical trial of safety of L-serine for ALS patients. Amyotroph Lateral Scler Frontotemporal Degener. 18, 107–111. doi: 10.1080/21678421.2016.1221971 

 Li, F., Lin, Y., and Qiao, Y. (2022). Regulating FUS liquid-liquid phase separation via specific metal recognition. Chin. J. Polym. Sci. 40, 1043–1049. doi: 10.1007/s10118-022-2763-8


 Li, C., Xu, W.-C., Xie, Z.-S., Pan, K., Hu, J., Chen, J., et al. (2013). Cupric ions induce the oxidation and trigger the aggregation of human superoxide dismutase 1. PLoS One 8:e65287. doi: 10.1371/journal.pone.0065287 

 Lim, S. L., Rodriguez-Ortiz, C. J., Hsu, H.-W., Wu, J., Zumkehr, J., Kilian, J., et al. (2020). Chronic copper exposure directs microglia towards degenerative expression signatures in wild-type and J20 mouse model of Alzheimer’s disease. J. Trace Elem. Med. Biol. 62:126578. doi: 10.1016/j.jtemb.2020.126578 

 Lim, L., Wei, Y., Lu, Y., and Song, J. (2016). ALS-causing mutations significantly perturb the self-assembly and interaction with nucleic acid of the intrinsically disordered prion-like domain of TDP-43. PLoS Biol. 14:e1002338. doi: 10.1371/journal.pbio.1002338 

 Linder, M. C. (2016). Ceruloplasmin and other copper binding components of blood plasma and their functions: an update. Metallomics 8, 887–905. doi: 10.1039/C6MT00103C 

 Ling, S.-C., Albuquerque, C. P., Han, J. S., Lagier-Tourenne, C., Tokunaga, S., Zhou, H., et al. (2010). ALS-associated mutations in TDP-43 increase its stability and promote TDP-43 complexes with FUS/TLS. Proc. Natl. Acad. Sci. U. S. A. 107, 13318–13323. doi: 10.1073/pnas.1008227107 

 Liu, Y., Brooks, B. R., Taniguchi, N., and Hartmann, H. A. (1998). CuZnSOD and MnSOD immunoreactivity in brain stem motor neurons from amyotropic lateral sclerosis patients. Acta Neuropathol. 95, 63–70. doi: 10.1007/s004010050766 

 Liu, Y., Cox, S. R., Morita, T., and Kourembanas, S. (1995). Hypoxia regulates vascular endothelial growth factor gene expression in endothelial cells. Identification of a 5′ enhancer. Circ. Res. 77, 638–643. doi: 10.1161/01.RES.77.3.638


 Liu, J., and Wang, F. (2017). Role of neuroinflammation in amyotrophic lateral sclerosis: cellular mechanisms and therapeutic implications. Front. Immunol. 8:1005. doi: 10.3389/fimmu.2017.01005


 Liu, Z., Wang, M., Zhang, C., Zhou, S., and Ji, G. (2022). Molecular functions of ceruloplasmin in metabolic disease pathology. Diabetes Metab Syndr Obes. 15, 695–711. doi: 10.2147/DMSO.S346648


 Liu, Y., Zhu, J., Xu, L., Wang, B., Lin, W., and Luo, Y. (2022). Copper regulation of immune response and potential implications for treating orthopedic disorders. Front. Mol. Biosci. 5:1065265. doi: 10.3389/fmolb.2022.1065265


 Lobner, D. (2009). Mechanisms of beta-N-methylamino-L-alanine induced neurotoxicity. Amyotroph. Lateral Scler. 10, 56–60. doi: 10.3109/17482960903269062


 López-Mirabal, H. R., and Winther, J. R. (2008). Redox characteristics of the eukaryotic cytosol. Biochim. Biophys. Acta, Mol. Cell Res. 1783, 629–640. doi: 10.1016/j.bbamcr.2007.10.013


 Lopicic, S., Svirčev, Z., Palanački Malešević, T., Kopitović, A., Ivanovska, A., and Meriluoto, J. (2022). Environmental neurotoxin β-N-methylamino-L-alanine (BMAA) as a widely occurring putative pathogenic factor in neurodegenerative diseases. Microorganisms. 10:2418. doi: 10.3390/microorganisms10122418 

 Luchinat, E., Barbieri, L., and Banci, L. (2017). A molecular chaperone activity of CCS restores the maturation of SOD1 fALS mutants. Sci. Rep. 7:17433. doi: 10.1038/s41598-017-17815-y 

 Ludolph, A., Dupuis, L., Kasarskis, E., Steyn, F., Ngo, S., and McDermott, C. (2023). Nutritional and metabolic factors in amyotrophic lateral sclerosis. Nat. Rev. Neurol. 19, 511–524. doi: 10.1038/s41582-023-00845-8 

 Lum, J. S., Brown, M. L., Farrawell, N. E., McAlary, L., Ly, D., Chisholm, C. G., et al. (2021). CuATSM improves motor function and extends survival but is not tolerated at a high dose in SOD1G93A mice with a C57BL/6 background. Sci. Rep. 11:19392. doi: 10.1038/s41598-021-98317-w 

 Magyari, M. (2016). Gender differences in multiple sclerosis epidemiology and treatment response. Dan. Med. J. 63:B5212.


 Maharjan, N., Künzli, C., Buthey, K., and Saxena, S. (2017). C9ORF72 regulates stress granule formation and its deficiency impairs stress granule assembly, hypersensitizing cells to stress. Mol. Neurobiol. 54, 3062–3077. doi: 10.1007/s12035-016-9850-1 

 Malek, A. M., Barchowsky, A., Bowser, R., Youk, A., and Talbott, E. O. (2012). Pesticide exposure as a risk factor for amyotrophic lateral sclerosis: a meta-analysis of epidemiological studies: pesticide exposure as a risk factor for ALS. Environ. Res. 117, 112–119. doi: 10.1016/j.envres.2012.06.007 

 Månberg, A., Skene, N., Sanders, F., Trusohamn, M., Remnestål, J., Szczepińska, A., et al. (2021). Altered perivascular fibroblast activity precedes ALS disease onset. Nat. Med. 27, 640–646. doi: 10.1038/s41591-021-01295-9 

 Manto, M. (2014). Abnormal copper homeostasis: mechanisms and roles in neurodegeneration. Toxics. 2, 327–345. doi: 10.3390/toxics2020327


 Marangi, G., and Traynor, B. J. (2015). Genetic causes of amyotrophic lateral sclerosis: new genetic analysis methodologies entailing new opportunities and challenges. Brain Res. 1607, 75–93. doi: 10.1016/j.brainres.2014.10.009 

 Marin, B., Logroscino, G., Boumédiene, F., Labrunie, A., Couratier, P., Babron, M.-C., et al. (2016). Clinical and demographic factors and outcome of amyotrophic lateral sclerosis in relation to population ancestral origin. Eur. J. Epidemiol. 31, 229–245. doi: 10.1007/s10654-015-0090-x 

 Martin, F., Linden, T., Katschinski, D. M., Oehme, F., Flamme, I., Mukhopadhyay, C. K., et al. (2005). Copper-dependent activation of hypoxia-inducible factor (HIF)-1: implications for ceruloplasmin regulation. Blood 105, 4613–4619. doi: 10.1182/blood-2004-10-3980 

 Masrori, P., and Van Damme, P. (2020). Amyotrophic lateral sclerosis: a clinical review. Eur. J. Neurol. 27, 1918–1929. doi: 10.1111/ene.14393 

 Mattson, M. P. (2002). Heat-shock protein abducted in ALS. Trends Mol. Med. 8:414. doi: 10.1016/S1471-4914(02)02399-7


 McAlary, L., Shephard, V. K., Wright, G. S. A., and Yerbury, J. J. (2022). A copper chaperone-mimetic polytherapy for SOD1-associated amyotrophic lateral sclerosis. J. Biol. Chem. 298:101612. doi: 10.1016/j.jbc.2022.101612 

 McCauley, M. E., O’Rourke, J. G., Yáñez, A., Markman, J. L., Ho, R., Wang, X., et al. (2020). C9orf72 in myeloid cells suppresses STING-induced inflammation. Nature 585, 96–101. doi: 10.1038/s41586-020-2625-x 

 McCombe, P. A., and Henderson, R. D. (2010). Effects of gender in amyotrophic lateral sclerosis. Gend. Med. 7, 557–570. doi: 10.1016/j.genm.2010.11.010


 McKay, K. A., Smith, K. A., Smertinaite, L., Fang, F., Ingre, C., and Taube, F. (2021). Military service and related risk factors for amyotrophic lateral sclerosis. Acta Neurol. Scand. 143, 39–50. doi: 10.1111/ane.13345 

 Mejzini, R., Flynn, L. L., Pitout, I. L., Fletcher, S., Wilton, S. D., and Akkari, P. A. (2019). ALS genetics, mechanisms, and therapeutics: where are we now? Front. Neurosci. 13:1310. doi: 10.3389/fnins.2019.01310


 Miller, T. M., Cudkowicz, M. E., Genge, A., Shaw, P. J., Sobue, G., Bucelli, R. C., et al. (2022). Trial of antisense oligonucleotide tofersen for SOD1 ALS. N. Engl. J. Med. 387, 1099–1110. doi: 10.1056/NEJMoa2204705


 Mindell, J. A. (2012). Lysosomal acidification mechanisms. Annu. Rev. Physiol. 74, 69–86. doi: 10.1146/annurev-physiol-012110-142317


 Miner, G. E., Sullivan, K. D., Zhang, C., Hurst, L. R., Starr, M. L., Rivera-Kohr, D. A., et al. (2019). Copper blocks V-ATPase activity and SNARE complex formation to inhibit yeast vacuole fusion. Traffic 20, 841–850. doi: 10.1111/tra.12683 

 Miyazaki, K., Masamoto, K., Morimoto, N., Kurata, T., Mimoto, T., Obata, T., et al. (2012). Early and progressive impairment of spinal blood flow-glucose metabolism coupling in motor neuron degeneration of ALS model mice. J. Cereb. Blood Flow Metab. 32, 456–467. doi: 10.1038/jcbfm.2011.155 

 Miyazaki, D., Nakamura, A., Hineno, A., Kobayashi, C., Kinoshita, T., Yoshida, K., et al. (2016). Elevation of serum heat-shock protein levels in amyotrophic lateral sclerosis. Neurol. Sci. 37, 1277–1281. doi: 10.1007/s10072-016-2582-1 

 Mohamed, Z. A., Elnour, R. O., Alamri, S., Hashem, M., Alshehri, A. M., Campos, A., et al. (2024). Occurrence of β-N-methylamino-L-alanine (BMAA) toxin in irrigation water and field vegetable plants and assessing its potential risk to human health. Water Air Soil Pollut. 235:72. doi: 10.1007/s11270-023-06861-0


 Mokry, D. Z., Abrahão, J., and Ramos, C. H. I. (2015). Disaggregases, molecular chaperones that resolubilize protein aggregates. An. Acad. Bras. Cienc. 87, 1273–1292. doi: 10.1590/0001-3765201520140671 

 Molnar-Kasza, A., Hinteregger, B., Neddens, J., Rabl, R., Flunkert, S., and Hutter-Paier, B. (2021). Evaluation of neuropathological features in the SOD1-G93A low copy number transgenic mouse model of amyotrophic lateral sclerosis. Front. Mol. Neurosci. 14:681868. doi: 10.3389/fnmol.2021.681868 

 Monette, A., and Mouland, A. J. (2020). Zinc and copper ions differentially regulate prion-like phase separation dynamics of pan-virus nucleocapsid biomolecular condensates. Viruses 12:1179. doi: 10.3390/v12101179 

 Mordes, D. A., Prudencio, M., Goodman, L. D., Klim, J. R., Moccia, R., Limone, F., et al. (2018). Dipeptide repeat proteins activate a heat shock response found in C9ORF72-ALS/FTLD patients. Acta Neuropathol. Commun. 6:55. doi: 10.1186/s40478-018-0555-8 

 Moriya, M., Ho, Y.-H., Grana, A., Nguyen, L., Alvarez, A., Jamil, R., et al. (2008). Copper is taken up efficiently from albumin and α2-macroglobulin by cultured human cells by more than one mechanism. Am. J. Physiol. Cell Physiol. 295, C708–C721. doi: 10.1152/ajpcell.00029.2008 

 Morrice, J. R., Gregory-Evans, C. Y., and Shaw, C. A. (2018). Animal models of amyotrophic lateral sclerosis: a comparison of model validity. Neural Regen. Res. 13, 2050–2054. doi: 10.4103/1673-5374.241445 

 Murakami, T., Ilieva, H., Shiote, M., Nagata, T., Nagano, I., and Shoji, M. (2003). Hypoxic induction of vascular endothelial growth factor is selectively impaired in mice carrying the mutant SOD1 gene. Brain Res. 989, 231–237. doi: 10.1016/S0006-8993(03)03374-2 

 Murphy, N. A., Arthur, K. C., Tienari, P. J., Houlden, H., Chiò, A., and Traynor, B. J. (2017). Age-related penetrance of the C9orf72 repeat expansion. Sci. Rep. 7:2116. doi: 10.1038/s41598-017-02364-1


 Nagai, M., Re, D. B., Nagata, T., Chalazonitis, A., Jessell, T. M., Wichterle, H., et al. (2007). Astrocytes expressing ALS-linked mutated SOD1 release factors selectively toxic to motor neurons. Nat. Neurosci. 10, 615–622. doi: 10.1038/nn1876 

 Nandi, A., Yan, L.-J., Jana, C. K., and Das, N. (2019). Role of catalase in oxidative stress- and age-associated degenerative diseases. Oxid. Med. Cell. Longev. 2019, 1–19. doi: 10.1155/2019/9613090


 Nehls, J., Koppensteiner, H., Brack-Werner, R., Floss, T., and Schindler, M. (2014). HIV-1 replication in human immune cells is independent of TAR DNA binding protein 43 (TDP-43) expression. PLoS One 9:e105478. doi: 10.1371/journal.pone.0105478 

 Newell, M. E., Adhikari, S., and Halden, R. U. (2022). Systematic and state-of the science review of the role of environmental factors in amyotrophic lateral sclerosis (ALS) or Lou Gehrig’s disease. Sci. Total Environ. 817:152504. doi: 10.1016/j.scitotenv.2021.152504


 Niedermeyer, S., Murn, M., and Choi, P. J. (2019). Respiratory failure in amyotrophic lateral sclerosis. Chest 155, 401–408. doi: 10.1016/j.chest.2018.06.035


 Nikseresht, S., Hilton, J. B. W., Kysenius, K., Liddell, J. R., and Crouch, P. J. (2020). Copper-ATSM as a treatment for ALS: support from mutant SOD1 models and beyond. Life 10:271. doi: 10.3390/life10110271


 Nomura, E., Ohta, Y., Tadokoro, K., Shang, J., Feng, T., Liu, X., et al. (2019). Imaging hypoxic stress and the treatment of amyotrophic lateral sclerosis with dimethyloxalylglycine in a mice model. Neuroscience 415, 31–43. doi: 10.1016/j.neuroscience.2019.06.025


 Nunes-Costa, D., Magalhães, J. D., Gfernandes, M., Cardoso, S. M., and Empadinhas, N. (2020). Microbial BMAA and the pathway for Parkinson’s disease neurodegeneration. Front. Aging Neurosci. 12:26. doi: 10.3389/fnagi.2020.00026


 Nunn, P. B., O’Brien, P., Pettit, L. D., and Pyburn, S. I. (1989). Complexes of zinc, copper, and nickel with the nonprotein amino acid L-alpha-amino-beta-methylaminopropionic acid: a naturally occurring neurotoxin. J. Inorg. Biochem. 37, 175–183. doi: 10.1016/0162-0134(89)80040-6 

 O’Rourke, J. G., Bogdanik, L., Yáñez, A., Lall, D., Wolf, A. J., Muhammad, A. K. M. G., et al. (2016). C9orf72 is required for proper macrophage and microglial function in mice. Science 351, 1324–1329. doi: 10.1126/science.aaf1064 

 Oggiano, R., Pisano, A., Sabalic, A., Farace, C., Fenu, G., Lintas, S., et al. (2021). An overview on amyotrophic lateral sclerosis and cadmium. Neurol. Sci. 42, 531–537. doi: 10.1007/s10072-020-04957-7 

 Ohgami, R. S., Campagna, D. R., McDonald, A., and Fleming, M. D. (2006). The Steap proteins are metalloreductases. Blood 108, 1388–1394. doi: 10.1182/blood-2006-02-003681 

 Opazo, C. M., Greenough, M. A., and Bush, A. I. (2014). Copper: from neurotransmission to neuroproteostasis. Front. Aging Neurosci. 6:143. doi: 10.3389/fnagi.2014.00143


 Ou, S. H., Wu, F., Harrich, D., García-Martínez, L. F., and Gaynor, R. B. (1995). Cloning and characterization of a novel cellular protein, TDP-43, that binds to human immunodeficiency virus type 1 TAR DNA sequence motifs. J. Virol. 69, 3584–3596. doi: 10.1128/jvi.69.6.3584-3596.1995 

 Paré, B., Lehmann, M., Beaudin, M., Nordström, U., Saikali, S., Julien, J.-P., et al. (2018). Misfolded SOD1 pathology in sporadic amyotrophic lateral sclerosis. Sci. Rep. 8:14223. doi: 10.1038/s41598-018-31773-z 

 Parker, S. J., Meyerowitz, J., James, J. L., Liddell, J. R., Crouch, P. J., Kanninen, K. M., et al. (2012a). Endogenous TDP-43 localized to stress granules can subsequently form protein aggregates. Neurochem. Int. 60, 415–424. doi: 10.1016/j.neuint.2012.01.019


 Parker, S. J., Meyerowitz, J., James, J. L., Liddell, J. R., Nonaka, T., Hasegawa, M., et al. (2012b). Inhibition of TDP-43 accumulation by bis(thiosemicarbazonato)-copper complexes. PLoS One 7:e42277. doi: 10.1371/journal.pone.0042277 

 Parker, R., and Sheth, U. (2007). P bodies and the control of mRNA translation and degradation. Mol. Cell 25, 635–646. doi: 10.1016/j.molcel.2007.02.011


 Parsell, D. A., Kowal, A. S., Singer, M. A., and Lindquist, S. (1994). Protein disaggregation mediated by heat-shock protein Hsp104. Nature 372, 475–478. doi: 10.1038/372475a0


 Patel, A., Lee, H. O., Jawerth, L., Maharana, S., Jahnel, M., Hein, M. Y., et al. (2015). A liquid-to-solid phase transition of the ALS protein FUS accelerated by disease mutation. Cell 162, 1066–1077. doi: 10.1016/j.cell.2015.07.047


 Pearson, R. G. (1963). Hard and soft acids and bases. J. Am. Chem. Soc. 85, 3533–3539. doi: 10.1021/ja00905a001


 Peña, K., Coblenz, J., and Kiselyov, K. (2015). Brief exposure to copper activates lysosomal exocytosis. Cell Calcium 57, 257–262. doi: 10.1016/j.ceca.2015.01.005 

 Pickart, L., Vasquez-Soltero, J. M., and Margolina, A. (2017). The effect of the human peptide GHK on gene expression relevant to nervous system function and cognitive decline. Brain Sci. 7:20. doi: 10.3390/brainsci7020020 

 Pokrishevsky, E., Grad, L. I., and Cashman, N. R. (2016). TDP-43 or FUS-induced misfolded human wild-type SOD1 can propagate intercellularly in a prion-like fashion. Sci. Rep. 6:22155. doi: 10.1038/srep22155


 Polishchuk, E. V., and Polishchuk, R. S. (2016). The emerging role of lysosomes in copper homeostasis. Metallomics 8, 853–862. doi: 10.1039/C6MT00058D 

 Polymenidou, M., Lagier-Tourenne, C., Hutt, K. R., Huelga, S. C., Moran, J., Liang, T. Y., et al. (2011). Long pre-mRNA depletion and RNA missplicing contribute to neuronal vulnerability from loss of TDP-43. Nat. Neurosci. 14, 459–468. doi: 10.1038/nn.2779 

 Posadas, Y., Sánchez-López, C., and Quintanar, L. (2023). Copper binding and protein aggregation: a journey from the brain to the human lens. RSC Chem Biol. 4, 974–985. doi: 10.1039/D3CB00145H 

 Price, K. A., Hickey, J. L., Xiao, Z., Wedd, A. G., James, S. A., Liddell, J. R., et al. (2012). The challenges of using a copper fluorescent sensor (CS1) to track intracellular distributions of copper in neuronal and glial cells. Chem. Sci. 3:2748. doi: 10.1039/c2sc20397a


 Prodan, C. I., Holland, N. R., Wisdom, P. J., and Bottomley, S. S. (2023). Myelopathy due to copper deficiency. Neurology 62, 1655–1656. doi: 10.1212/wnl.62.9.1655-a


 Prohaska, J. R. (2008). Role of copper transporters in copper homeostasis. Am. J. Clin. Nutr. 88, 826S–829S. doi: 10.1093/ajcn/88.3.826S 

 Protter, D. S. W., and Parker, R. (2016). Principles and properties of stress granules. Trends Cell Biol. 26, 668–679. doi: 10.1016/j.tcb.2016.05.004 

 Prudent, M., and Girault, H. H. (2009). The role of copper in cysteine oxidation: study of intra- and inter-molecular reactions in mass spectrometry. Metallomics 1, 157–165. doi: 10.1039/B817061D


 Pugh, C. W., and Ratcliffe, P. J. (2003). Regulation of angiogenesis by hypoxia: role of the HIF system. Nat. Med. 9, 677–684. doi: 10.1038/nm0603-677 

 Qiu, H., Edmunds, T., Baker-Malcolm, J., Karey, K. P., Estes, S., Schwarz, C., et al. (2003). Activation of human acid sphingomyelinase through modification or deletion of C-terminal cysteine. J. Biol. Chem. 278, 32744–32752. doi: 10.1074/jbc.M303022200


 Ra, D., Sa, B., Sl, B., Js, M., Sj, M., Da, D., et al. (2021). Is exposure to BMAA a risk factor for neurodegenerative diseases? A response to a critical review of the BMAA hypothesis. Neurotox. Res. 39, 81–106. doi: 10.1007/s12640-020-00302-0 

 Rae, T. D., Schmidt, P. J., Pufahl, R. A., Culotta, V. C., and O’Halloran, T. V. (1999). Undetectable intracellular free copper: the requirement of a copper chaperone for superoxide dismutase. Science 284, 805–808. doi: 10.1126/science.284.5415.805 

 Rahic, Z., Buratti, E., and Cappelli, S. (2023). Reviewing the potential links between viral infections and TDP-43 proteinopathies. Int. J. Mol. Sci. 24:1581. doi: 10.3390/ijms24021581 

 Rahman, M. K., Rahman, F., Rahman, T., and Kato, T. (2009). Dopamine-β-hydroxylase (DBH), its cofactors and other biochemical parameters in the serum of neurological patients in Bangladesh. Int. J. Biomed. Sci. 5, 395–401. doi: 10.59566/IJBS.2009.5395 

 Rani, I., Goyal, A., Bhatnagar, M., Manhas, S., Goel, P., Pal, A., et al. (2021). Potential molecular mechanisms of zinc- and copper-mediated antiviral activity on COVID-19. Nutr. Res. 92, 109–128. doi: 10.1016/j.nutres.2021.05.008 

 Rasia, R. M., Bertoncini, C. W., Marsh, D., Hoyer, W., Cherny, D., Zweckstetter, M., et al. (2005). Structural characterization of copper(II) binding to α-synuclein: insights into the bioinorganic chemistry of Parkinson’s disease. Proc. Natl. Acad. Sci. U. S. A. 102, 4294–4299. doi: 10.1073/pnas.0407881102 

 Ratti, A., Gumina, V., Lenzi, P., Bossolasco, P., Fulceri, F., Volpe, C., et al. (2020). Chronic stress induces formation of stress granules and pathological TDP-43 aggregates in human ALS fibroblasts and iPSC-motoneurons. Neurobiol. Dis. 145:105051. doi: 10.1016/j.nbd.2020.105051 

 Ray, S., Singh, N., Kumar, R., Patel, K., Pandey, S., Datta, D., et al. (2020). α-Synuclein aggregation nucleates through liquid–liquid phase separation. Nat. Chem. 12, 705–716. doi: 10.1038/s41557-020-0465-9 

 Reddy, K., Zamiri, B., Stanley, S. Y. R., Macgregor, R. B., and Pearson, C. E. (2013). The disease-associated r(GGGGCC)n repeat from the C9orf72 gene forms tract length-dependent uni- and multimolecular RNA G-quadruplex structures. J. Biol. Chem. 288, 9860–9866. doi: 10.1074/jbc.C113.452532 

 Richter, O.-M. H., and Ludwig, B. (2003). “Cytochrome c oxidase — structure, function, and physiology of a redox-driven molecular machine” in Reviews of physiology, biochemistry and pharmacology. eds. D. L. Barber, E. Cordat, M. Kajimura, J. E. Leipziger, M. E. O’Donnell, and L. A. Pardo (Berlin, Heidelberg: Springer Berlin Heidelberg), 147, 47–74.


 Roos, P. M., Vesterberg, O., Syversen, T., Flaten, T. P., and Nordberg, M. (2013). Metal concentrations in cerebrospinal fluid and blood plasma from patients with amyotrophic lateral sclerosis. Biol. Trace Elem. Res. 151, 159–170. doi: 10.1007/s12011-012-9547-x


 Root, J., Merino, P., Nuckols, A., Johnson, M., and Kukar, T. (2021). Lysosome dysfunction as a cause of neurodegenerative diseases: lessons from frontotemporal dementia and amyotrophic lateral sclerosis. Neurobiol. Dis. 154:105360. doi: 10.1016/j.nbd.2021.105360 

 Rothstein, J. D., Dykes-Hoberg, M., Corson, L. B., Becker, M., Cleveland, D. W., Price, D. L., et al. (1999). The copper chaperone CCS is abundant in neurons and astrocytes in human and rodent brain. J. Neurochem. 72, 422–429. doi: 10.1046/j.1471-4159.1999.0720422.x 

 Rucker, R. B., Kosonen, T., Clegg, M. S., Mitchell, A. E., Rucker, B. R., Uriu-Hare, J. Y., et al. (1998). Copper, lysyl oxidase, and extracellular matrix protein cross-linking. Am. J. Clin. Nutr. 67, 996S–1002S. doi: 10.1093/ajcn/67.5.996S


 Ruiz, L. M., Libedinsky, A., and Elorza, A. A. (2021). Role of copper on mitochondrial function and metabolism. Front. Mol. Biosci. 8:711227. doi: 10.3389/fmolb.2021.711227 

 Saccon, R. A., Bunton-Stasyshyn, R. K. A., Fisher, E. M. C., and Fratta, P. (2013). Is SOD1 loss of function involved in amyotrophic lateral sclerosis? Brain 136, 2342–2358. doi: 10.1093/brain/awt097 

 Saitoh, Y., and Takahashi, Y. (2020). Riluzole for the treatment of amyotrophic lateral sclerosis. Neurodegener Dis Manag. 10, 343–355. doi: 10.2217/nmt-2020-0033


 Sama, R. R. K., Ward, C. L., Kaushansky, L. J., Lemay, N., Ishigaki, S., Urano, F., et al. (2013). FUS/TLS assembles into stress granules and is a prosurvival factor during hyperosmolar stress. J. Cell. Physiol. 228, 2222–2231. doi: 10.1002/jcp.24395 

 Santoro, A., Calvo, J. S., Peris-Díaz, M. D., Krężel, A., Meloni, G., and Faller, P. (2020). The glutathione/metallothionein system challenges the design of efficient O2 -activating copper complexes. Angew. Chem. Int. Ed. Engl. 59, 7830–7835. doi: 10.1002/anie.201916316 

 Saporito-Magriñá, C. M., Musacco-Sebio, R. N., Andrieux, G., Kook, L., Orrego, M. T., Tuttolomondo, M. V., et al. (2018). Copper-induced cell death and the protective role of glutathione: the implication of impaired protein folding rather than oxidative stress. Metallomics 10, 1743–1754. doi: 10.1039/C8MT00182K 

 Sarma, B. K., and Mugesh, G. (2008). Antioxidant activity of the anti-inflammatory compound ebselen: a reversible cyclization pathway via selenenic and seleninic acid intermediates. Chemistry 14, 10603–10614. doi: 10.1002/chem.200801258 

 Sasanian, N., Bernson, D., Horvath, I., Wittung-Stafshede, P., and Esbjörner, E. K. (2020). Redox-dependent copper ion modulation of amyloid-β (1-42) aggregation in vitro. Biomol. Ther. 10:924. doi: 10.3390/biom10060924 

 Sauzéat, L., Bernard, E., Perret-Liaudet, A., Quadrio, I., Vighetto, A., Krolak-Salmon, P., et al. (2018). Isotopic evidence for disrupted copper metabolism in amyotrophic lateral sclerosis. iScience 6, 264–271. doi: 10.1016/j.isci.2018.07.023 

 Scarl, R. T., Lawrence, C. M., Gordon, H. M., and Nunemaker, C. S. (2017). STEAP4: its emerging role in metabolism and homeostasis of cellular iron and copper. J. Endocrinol. 234, R123–R134. doi: 10.1530/JOE-16-0594 

 Scheiber, I. F., Mercer, J. F. B., and Dringen, R. (2014). Metabolism and functions of copper in brain. Prog. Neurobiol. 116, 33–57. doi: 10.1016/j.pneurobio.2014.01.002


 Schmidt, P. J., Kunst, C., and Culotta, V. C. (2000). Copper activation of superoxide dismutase 1 (SOD1) in vivo. J. Biol. Chem. 275, 33771–33776. doi: 10.1074/jbc.M006254200


 Schuschke, D. A. (1997). Dietary copper in the physiology of the microcirculation. J. Nutr. 127, 2274–2281. doi: 10.1093/jn/127.12.2274 

 Schuschke, D. A., Percival, S. S., Saari, J. T., and Miller, F. N. (1999). Relationship between dietary copper concentration and acetylcholine-induced vasodilation in the microcirculation of rats. Biofactors 10, 321–327. doi: 10.1002/biof.5520100402 

 Selvaraj, B. T., Livesey, M. R., Zhao, C., Gregory, J. M., James, O. T., Cleary, E. M., et al. (2018). C9ORF72 repeat expansion causes vulnerability of motor neurons to Ca2+−permeable AMPA receptor-mediated excitotoxicity. Nat. Commun. 9:347. doi: 10.1038/s41467-017-02729-0 

 Semenza, G. L. (2001). HIF-1 and mechanisms of hypoxia sensing. Curr. Opin. Cell Biol. 13, 167–171. doi: 10.1016/S0955-0674(00)00194-0


 Shelkovnikova, T. A., Robinson, H. K., Southcombe, J. A., Ninkina, N., and Buchman, V. L. (2014). Multistep process of FUS aggregation in the cell cytoplasm involves RNA-dependent and RNA-independent mechanisms. Hum. Mol. Genet. 23, 5211–5226. doi: 10.1093/hmg/ddu243


 Sheng, Y., Chattopadhyay, M., Whitelegge, J., and Valentine, J. S. (2012). SOD1 aggregation and ALS: role of metallation states and disulfide status. Curr. Top. Med. Chem. 12, 2560–2572. doi: 10.2174/1568026611212220010 

 Sheykhansari, S., Kozielski, K., Bill, J., Sitti, M., Gemmati, D., Zamboni, P., et al. (2018). Redox metals homeostasis in multiple sclerosis and amyotrophic lateral sclerosis: a review. Cell Death Dis. 9, 1–16. doi: 10.1038/s41419-018-0379-2


 Shi, Y., Lin, S., Staats, K. A., Li, Y., Chang, W.-H., Hung, S.-T., et al. (2018). Haploinsufficiency leads to neurodegeneration in C9ORF72 ALS/FTD human induced motor neurons. Nat. Med. 24, 313–325. doi: 10.1038/nm.4490 

 Smeyers, J., Banchi, E.-G., and Latouche, M. (2021). C9ORF72: what it is, what it does, and why it matters. Front. Cell. Neurosci. 15:661447. doi: 10.3389/fncel.2021.661447 

 Smith, E. F., Shaw, P. J., and De Vos, K. J. (2019). The role of mitochondria in amyotrophic lateral sclerosis. Neurosci. Lett. 710:132933. doi: 10.1016/j.neulet.2017.06.052


 Sołtys, K., Tarczewska, A., and Bystranowska, D. (2023). Modulation of biomolecular phase behavior by metal ions. Biochim. Biophys. Acta, Mol. Cell Res. 1870:119567. doi: 10.1016/j.bbamcr.2023.119567 

 Son, M., Leary, S. C., Romain, N., Pierrel, F., Winge, D. R., Haller, R. G., et al. (2008). Isolated cytochrome c oxidase deficiency in G93A SOD1 mice overexpressing CCS protein. J. Biol. Chem. 283, 12267–12275. doi: 10.1074/jbc.M708523200 

 Son, M., Puttaparthi, K., Kawamata, H., Rajendran, B., Boyer, P. J., Manfredi, G., et al. (2007). Overexpression of CCS in G93A-SOD1 mice leads to accelerated neurological deficits with severe mitochondrial pathology. Proc. Natl. Acad. Sci. U. S. A. 104, 6072–6077. doi: 10.1073/pnas.0610923104 

 Spencer, P. S., Fry, R. C., Palmer, V. S., and Kisby, G. E. (2012). Western Pacific ALS-PDC: a prototypical neurodegenerative disorder linked to DNA damage and aberrant proteogenesis? Front. Neurol. 3:180. doi: 10.3389/fneur.2012.00180


 Sreedharan, J., Blair, I. P., Tripathi, V. B., Hu, X., Vance, C., Rogelj, B., et al. (2008). TDP-43 mutations in familial and sporadic amyotrophic lateral sclerosis. Science 319, 1668–1672. doi: 10.1126/science.1154584 

 Stamenković, S., Pavićević, A., Mojović, M., Popović-Bijelić, A., Selaković, V., Andjus, P., et al. (2017). In vivo EPR pharmacokinetic evaluation of the redox status and the blood brain barrier permeability in the SOD1 G93A ALS rat model. Free Radic. Biol. Med. 108, 258–269. doi: 10.1016/j.freeradbiomed.2017.03.034 

 Strecker, D., Mierzecki, A., and Radomska, K. (2013). Copper levels in patients with rheumatoid arthritis. Ann. Agric. Environ. Med. 20, 312–316 

 Su, T., Monte, W. C., Hu, X., He, Y., and He, R. (2016). Formaldehyde as a trigger for protein aggregation and potential target for mitigation of age-related, progressive cognitive impairment. Curr. Top. Med. Chem. 16, 472–484. doi: 10.2174/1568026615666150813142215


 Suk, T. R., and Rousseaux, M. W. C. (2020). The role of TDP-43 mislocalization in amyotrophic lateral sclerosis. Mol. Neurodegener. 15:45. doi: 10.1186/s13024-020-00397-1 

 Swindell, W. R., Kruse, C. P. S., List, E. O., Berryman, D. E., and Kopchick, J. J. (2019). ALS blood expression profiling identifies new biomarkers, patient subgroups, and evidence for neutrophilia and hypoxia. J. Transl. Med. 17:170. doi: 10.1186/s12967-019-1909-0 

 Tada, S., Okuno, T., Shimizu, M., Sakai, Y., Sumi-Akamaru, H., Kinoshita, M., et al. (2019). Single injection of sustained-release prostacyclin analog ONO-1301-MS ameliorates hypoxic toxicity in the murine model of amyotrophic lateral sclerosis. Sci. Rep. 9:5252. doi: 10.1038/s41598-019-41771-4 

 Tang, D., Chen, X., and Kroemer, G. (2022). Cuproptosis: A copper-triggered modality of mitochondrial cell death. Cell Res. 32, 417–418. doi: 10.1038/s41422-022-00653-7


 Tangamornsuksan, W., Lohitnavy, O., Sruamsiri, R., Chaiyakunapruk, N., Norman Scholfield, C., Reisfeld, B., et al. (2019). Paraquat exposure and Parkinson’s disease: a systematic review and meta-analysis. Arch. Environ. Occup. Health 74, 225–238. doi: 10.1080/19338244.2018.1492894 

 Tayri-Wilk, T., Slavin, M., Zamel, J., Blass, A., Cohen, S., Motzik, A., et al. (2020). Mass spectrometry reveals the chemistry of formaldehyde cross-linking in structured proteins. Nat. Commun. 11:3128. doi: 10.1038/s41467-020-16935-w 

 Tief, K., Schmidt, A., and Beermann, F. (1998). New evidence for presence of tyrosinase in substantia nigra, forebrain and midbrain. Brain Res. Mol. Brain Res. 53, 307–310. doi: 10.1016/S0169-328X(97)00301-X 

 Todd, T. W., and Petrucelli, L. (2022). Modelling amyotrophic lateral sclerosis in rodents. Nat. Rev. Neurosci. 23, 231–251. doi: 10.1038/s41583-022-00564-x


 Tokuda, E., and Furukawa, Y. (2016). Copper homeostasis as a therapeutic target in amyotrophic lateral sclerosis with SOD1 mutations. Int. J. Mol. Sci. 17:636. doi: 10.3390/ijms17050636 

 Tollervey, J. R., Curk, T., Rogelj, B., Briese, M., Cereda, M., Kayikci, M., et al. (2011). Characterizing the RNA targets and position-dependent splicing regulation by TDP-43. Nat. Neurosci. 14, 452–458. doi: 10.1038/nn.2778 

 Trist, B. G., Fifita, J. A., Hogan, A., Grima, N., Smith, B., Troakes, C., et al. (2022a). Co-deposition of SOD1, TDP-43 and p62 proteinopathies in ALS: evidence for multifaceted pathways underlying neurodegeneration. Acta Neuropathol. Commun. 10:122. doi: 10.1186/s40478-022-01421-9 

 Trist, B. G., Genoud, S., Roudeau, S., Rookyard, A., Abdeen, A., Cottam, V., et al. (2022b). Altered SOD1 maturation and post-translational modification in amyotrophic lateral sclerosis spinal cord. Brain 145, 3108–3130. doi: 10.1093/brain/awac165 

 Trist, B. G., Hilton, J. B., Hare, D. J., Crouch, P. J., and Double, K. L. (2021). Superoxide dismutase 1 in health and disease: how a frontline antioxidant becomes neurotoxic. Angew. Chem. Int. Ed. Engl. 60, 9215–9246. doi: 10.1002/anie.202000451 

 Tsang, C. K., Liu, Y., Thomas, J., Zhang, Y., and Zheng, X. F. S. (2014). Superoxide dismutase 1 acts as a nuclear transcription factor to regulate oxidative stress resistance. Nat. Commun. 5:3446. doi: 10.1038/ncomms4446 

 Tsvetkov, P., Coy, S., Petrova, B., Dreishpoon, M., Verma, A., Abdusamad, M., et al. (2022). Copper induces cell death by targeting lipoylated TCA cycle proteins. Science 375, 1254–1261. doi: 10.1126/science.abf0529 

 Tümer, Z., and Møller, L. B. (2010). Menkes disease. Eur. J. Hum. Genet. 18, 511–518. doi: 10.1038/ejhg.2009.187 

 Turner, M. R., Barnwell, J., Al-Chalabi, A., and Eisen, A. (2012). Young-onset amyotrophic lateral sclerosis: historical and other observations. Brain 135, 2883–2891. doi: 10.1093/brain/aws144 

 Tzeplaeff, L., Wilfling, S., Requardt, M. V., and Herdick, M. (2023). Current state and future directions in the therapy of ALS. Cells 12:1523. doi: 10.3390/cells12111523 

 Uauy, R., Olivares, M., and Gonzalez, M. (1987). Essentiality of copper in humans. Nutr. Rev. 45, 176–180.


 Uauy, R., Olivares, M., and Gonzalez, M. (1998). Essentiality of copper in humans. Am. J. Clin. Nutr. 67, 952S–959S. doi: 10.1093/ajcn/67.5.952S


 van Blitterswijk, M., DeJesus-Hernandez, M., Niemantsverdriet, E., Murray, M. E., Heckman, M. G., Diehl, N. N., et al. (2013). Association between repeat sizes and clinical and pathological characteristics in carriers of C9ORF72 repeat expansions (Xpansize-72): a cross-sectional cohort study. Lancet Neurol. 12, 978–988. doi: 10.1016/S1474-4422(13)70210-2 

 Vande Velde, C., McDonald, K. K., Boukhedimi, Y., McAlonis-Downes, M., Lobsiger, C. S., Bel Hadj, S., et al. (2011). Misfolded SOD1 associated with motor neuron mitochondria alters mitochondrial shape and distribution prior to clinical onset. PLoS One 6:e22031. doi: 10.1371/journal.pone.0022031 

 Vassiliev, V., Harris, Z. L., and Zatta, P. (2005). Ceruloplasmin in neurodegenerative diseases. Brain Res. Brain Res. Rev. 49, 633–640. doi: 10.1016/j.brainresrev.2005.03.003


 Vasta, R., Callegaro, S., Sgambetterra, S., Cabras, S., Di Pede, F., De Mattei, F., et al. (2023). Presymptomatic geographical distribution of ALS patients suggests the involvement of environmental factors in the disease pathogenesis. J. Neurol. 270, 5475–5482. doi: 10.1007/s00415-023-11888-8 

 Vaz, S. H., Pinto, S., Sebastião, A. M., and Brites, D. (2021). “Astrocytes in amyotrophic lateral sclerosis” in Amyotrophic lateral sclerosis. ed. T. Araki (Brisbane, Australia: Exon Publications), 35–54.


 Verma, S., Khurana, S., Vats, A., Sahu, B., Ganguly, N. K., Chakraborti, P., et al. (2022). Neuromuscular junction dysfunction in amyotrophic lateral sclerosis. Mol. Neurobiol. 59, 1502–1527. doi: 10.1007/s12035-021-02658-6


 Vieira, F. G., Hatzipetros, T., Thompson, K., Moreno, A. J., Kidd, J. D., Tassinari, V. R., et al. (2017). CuATSM efficacy is independently replicated in a SOD1 mouse model of ALS while unmetallated ATSM therapy fails to reveal benefits. IBRO Rep. 2, 47–53. doi: 10.1016/j.ibror.2017.03.001 

 Wang, G. L., Jiang, B. H., Rue, E. A., and Semenza, G. L. (1995). Hypoxia-inducible factor 1 is a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc. Natl. Acad. Sci. U. S. A. 92, 5510–5514. doi: 10.1073/pnas.92.12.5510


 Wang, X., Schwartz, J. C., and Cech, T. R. (2015). Nucleic acid-binding specificity of human FUS protein. Nucleic Acids Res. 43, 7535–7543. doi: 10.1093/nar/gkv679 

 Watanabe, M., Dykes-Hoberg, M., Cizewski Culotta, V., Price, D. L., Wong, P. C., and Rothstein, J. D. (2001). Histological evidence of protein aggregation in mutant SOD1 transgenic mice and in amyotrophic lateral sclerosis neural tissues. Neurobiol. Dis. 8, 933–941. doi: 10.1006/nbdi.2001.0443


 Webster, C. P., Smith, E. F., Grierson, A. J., and De Vos, K. J. (2018). C9orf72 plays a central role in Rab GTPase-dependent regulation of autophagy. Small GTPases. 9, 399–408. doi: 10.1080/21541248.2016.1240495 

 Weihl, C. C., and Lopate, G. (2006). Motor neuron disease associated with copper deficiency. Muscle Nerve 34, 789–793. doi: 10.1002/mus.20631 

 White, C., Lee, J., Kambe, T., Fritsche, K., and Petris, M. J. (2009). A role for the ATP7A copper-transporting ATPase in macrophage bactericidal activity. J. Biol. Chem. 284, 33949–33956. doi: 10.1074/jbc.M109.070201 

 Więch, A., Tarczewska, A., Ożyhar, A., and Orłowski, M. (2021). Metal ions induce liquid condensate formation by the F domain of Aedes aegypti ecdysteroid receptor. New perspectives of nuclear receptor studies. Cells 10:571. doi: 10.3390/cells10030571


 Williams, J. R., Trias, E., Beilby, P. R., Lopez, N. I., Labut, E. M., Bradford, C. S., et al. (2016). 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. 89, 1–9. doi: 10.1016/j.nbd.2016.01.020 

 Woo, T.-G., Yoon, M.-H., Kang, S.-M., Park, S., Cho, J.-H., Hwang, Y. J., et al. (2021). Novel chemical inhibitor against SOD1 misfolding and aggregation protects neuron-loss and ameliorates disease symptoms in ALS mouse model. Commun Biol. 4:1397. doi: 10.1038/s42003-021-02862-z 

 Xing, G., Pham, A. N., Miller, C. J., and Waite, T. D. (2018). pH-dependence of production of oxidants (cu(III) and/or HO•) by copper-catalyzed decomposition of hydrogen peroxide under conditions typical of natural saline waters. Geochim. Cosmochim. Acta 1, 30–47. doi: 10.1016/j.gca.2018.04.016


 Xu, L., Liu, T., Liu, L., Yao, X., Chen, L., Fan, D., et al. (2020). Global variation in prevalence and incidence of amyotrophic lateral sclerosis: a systematic review and meta-analysis. J. Neurol. 267, 944–953. doi: 10.1007/s00415-019-09652-y 

 Xue, Y. C., Feuer, R., Cashman, N., and Luo, H. (2018a). Enteroviral infection: the forgotten link to amyotrophic lateral sclerosis? Front. Mol. Neurosci. 11:63. doi: 10.3389/fnmol.2018.00063


 Xue, Y. C., Ruller, C. M., Fung, G., Mohamud, Y., Deng, H., Liu, H., et al. (2018b). Enteroviral infection leads to transactive response DNA-binding protein 43 pathology in vivo. Am. J. Pathol. 188, 2853–2862. doi: 10.1016/j.ajpath.2018.08.013 

 Yang, L., Gal, J., Chen, J., and Zhu, H. (2014). Self-assembled FUS binds active chromatin and regulates gene transcription. Proc. Natl. Acad. Sci. U. S. A. 111, 17809–17814. doi: 10.1073/pnas.1414004111 

 Yang, K., Liu, Y., and Zhang, M. (2024). The diverse roles of reactive astrocytes in the pathogenesis of amyotrophic lateral sclerosis. Brain Sci. 14:158. doi: 10.3390/brainsci14020158 

 Yu, P. H., and Zuo, D. M. (1993). Oxidative deamination of methylamine by semicarbazide-sensitive amine oxidase leads to cytotoxic damage in endothelial cells. Possible consequences for diabetes. Diabetes 42, 594–603.


 Zarei, S., Carr, K., Reiley, L., Diaz, K., Guerra, O., Altamirano, P. F., et al. (2015). A comprehensive review of amyotrophic lateral sclerosis. Surg. Neurol. Int. 6:171. doi: 10.4103/2152-7806.169561 

 Zayia, L. C., and Tadi, P. (2022). Neuroanatomy, Motor Neuron. Treasure Island (FL): StatPearls Publishing.


 Zeineddine, R., Farrawell, N. E., Lambert-Smith, I. A., and Yerbury, J. J. (2017). Addition of exogenous SOD1 aggregates causes TDP-43 mislocalisation and aggregation. Cell Stress Chaperones 22, 893–902. doi: 10.1007/s12192-017-0804-y 

 Zhang, Y., Burberry, A., Wang, J.-Y., Sandoe, J., Ghosh, S., Udeshi, N. D., et al. (2018). The C9orf72-interacting protein Smcr8 is a negative regulator of autoimmunity and lysosomal exocytosis. Genes Dev. 32, 929–943. doi: 10.1101/gad.313932.118 

 Zhong, Z., Deane, R., Ali, Z., Parisi, M., Shapovalov, Y., O’Banion, M. K., et al. (2008). ALS-causing SOD1 mutants generate vascular changes prior to motor neuron degeneration. Nat. Neurosci. 11, 420–422. doi: 10.1038/nn2073 

 Zimnicka, A. M., Tang, H., Guo, Q., Kuhr, F. K., Oh, M.-J., Wan, J., et al. (2014). Upregulated copper transporters in hypoxia-induced pulmonary hypertension. PLoS One 9:e90544. doi: 10.1371/journal.pone.0090544 

 Zuily, L., Lahrach, N., Fassler, R., Genest, O., Faller, P., Sénèque, O., et al. (2022). Copper induces protein aggregation, a toxic process compensated by molecular chaperones. MBio 13:e0325121. doi: 10.1128/mbio.03251-21 


Copyright
 © 2024 Min, Sarlus and Harris. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnmol-17-1408159-g005.jpg
@ —
& . NZN7N77 N
- ALS related gene
Environmental

Exposure Proteostasis Aggregation

‘u!lmun

Functional ~ emeosssis
« Antioxidant
Cupro-proteins ~ defence
+ Proteostatc
Mechanisms
« Vaseular
Funciion

Copper Displacement &
Protein Aggregates

Diminished
sup%

Protein Aggregates

Vesicular
Trafficking

Vascular Supply





OPS/images/fnmol-17-1408159-t001.jpg
Cuproenzyme Abbreviati Function
Cytochrome-c oxidase Electron transport,
(Richter and Ludwig, 2003) | COX4 terminal oxidase
Superoxide dismutase 1

and 3 (Antonyuk etal, Superoxide

2009; Trist etal,, 2021) SODI&3 dismutation

Lysyl oxidase (Rucker ctal., Collagen and elastin
1998) LOX cross-linking
Ceruloplasmin (Linder,

2016) cp Ferroxidase
Hephaestin (Helman et al.,

2023) HEPH Ferroxidase
Amine oxidases 2and 3 Deamination of
(Finney etal, 2014) AOC2/83 primary amines
Dopamine-b-hydroxylase Dopamine —
(Rahman et al., 2009) DBH norepinephrine
Peptidylglycine

‘monooxygenase (Bousquet- a-Amidation of
Moore etal, 2010) PAM neuropeptides

Tyrosinase (Tief et al., 1998;

Branza-Nichita et al,, 1999) | TY Melanin Synthesis





OPS/images/fnmol-17-1408159-g003.jpg
Accelerated Protein Aggregation Example: SOD1

Free copper could promote
SOD1 or other protein
aggregation by non
canonical Intramolecular

disulphide bonds, ROS could
also promote protein
aggregation.

Intramolecular
Disulphide bond

Csla\ysws I .

Aggregation prone [ )
protein

ROS induced
protein aggregalvon

CCS'

Stable Holo-SOD1
Metallated

SOD1 Aggregate

Lowered Un-metallated

Dismutase

Activity SOD1 aggregates sequester
other proteins, e.g. HSP, CCS
CI0RF72 sequesters and
impairs 26S proteasome.

Protein Aggregate
Sequestration
by aggregates

Excess ‘copper, TDP-43, C90RF72, S0D1
HSP activation
" Sequestered HSP can
ALS Progression o

o no longer perform
Aggregation o disaggregase functions.
cuproproteins and

possibly initally increasing

tisk of elevated free copper

chaperones decreases total
Healthy Diseased Mul

copper handling machinery,

Protein Aggregates





OPS/images/fnmol-17-1408159-g004.jpg
A Rice Flour B iba1+]G -
|
Toate  pervet dm 4mm g
[Vervet Rice Flour Control. &2 | Control 2™ SALS
& D + E Cdes+ F =
BMAA Iba1 : Cdgs

LB -

Vervet > 2 .-
BMAA > sALS = e






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Copper toxicity and deficiency: the vicious cycle at the core of protein aggregation in ALS



		Introduction



		ALS pathophysiology



		Copper regulation: engines of enzymes



		Copper and cell death: how does copper kill?



		Copper and the heat shock response



		SOD1: β-sheets, metals, and aggregation



		TDP-43: cell stress, metals, and aggregation



		FUS: cell stress, DNA repair, and manganese superoxide dismutase



		C9ORF72: haploinsufficiency and aggregate toxicity



		Metal ions, LLPS, and co-aggregation of ALS proteins



		Lysosomes: copper and acid



		Hypoxia: copper, HIF-1, and vasculature



		Upper vs. lower motor neuron differences in handling copper



		Conclusion and future perspectives



		Potential treatment modalities



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnmol-17-1408159-g001.jpg
Ascorbate .
(Oxidised) Albumin

Ascorbate

2
O - oi‘
Cu™ @ Reductase

Lysosome

Membrane
bound SOD3, CP





OPS/images/fnmol-17-1408159-g002.jpg
Functional Loss Due to
Aggregates

ALS Protein

Diminished
« Vesicle trafficking
CIOREL2 Lysosomal function
Stress granule
assembly
« DNA damage repair

TDP- 4

“
B}

Stress granule
assembly and RNA
protection

SoD1

Cytoplasmic and
nuclear superoxide
dismutase activity

DNA damage repair
DNA/RNA stability

Stress granule assembly
MnSOD synthesis for
‘mitochondrial superoxide
dismutase activity

Aggregate C90RF72
Interactions (Poly-GR) Aggregate
Unbound
Copper
Q’
Optimal Bound
Copper Pool
TDP-43
Agaregate SOD1
Mqvegaxe

iminished
Copper Pool

Un-metallated
S0D1

Aggregate

W






OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Neuroscience

Copper toxicity and decfi iency:
the vicious cycle at the core of
protein aggregation in ALS












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Molecular Neuroscience






