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Amyotrophic lateral sclerosis (ALS) is one of the most threatening neurodegenerative disease since it causes muscular paralysis for the loss of Motor Neurons in the spinal cord, brainstem and motor cortex. Up until now, no effective pharmacological treatment is available. Two forms of ALS have been described so far: 90% of the cases presents the sporadic form (sALS) whereas the remaining 10% of the cases displays the familiar form (fALS). Approximately 20% of fALS is associated with inherited mutations in the Cu, Zn-superoxide dismutase 1 (SOD1) gene. In the last decade, ionic homeostasis dysregulation has been proposed as the main trigger of the pathological cascade that brings to motor-neurons loss. In the light of these premises, the present review will analyze the involvement in ALS pathophysiology of the most well studied metal ions, i.e., calcium, sodium, iron, copper and zinc, with particular focus to the role of ionic channels and transporters able to contribute in the regulation of ionic homeostasis, in order to propose new putative molecular targets for future therapeutic strategies to ameliorate the progression of this devastating neurodegenerative disease.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive and devastating neurological disease characterized by the loss of Motor Neurons (MNs) in spinal cord, motor cortex and brainstem (Tokuda and Furukawa, 2016). Usually, the disease shows a peak of onset around 45–60 years and has a post-diagnosis survival time of approximately 3–5 years. Nonetheless, ALS is a clinically heterogeneous pathology and some patients survive longer and reveal a less aggressive disease (Brooks et al., 2000; Hilton et al., 2015). Clinically, the loss of motor neurons causes a progressive muscle weakening and fasciculation. In the later disease stages, the patients become paralyzed. In addition, almost half of patients can evidence signs of cognitive impairment and mild memory decline. Ultimately, ALS induces muscle paralysis, respiratory breakdown and early death (Lomen-Hoerth et al., 2003; Ringholz et al., 2005; Rusina et al., 2010).

The neuropathological hallmarks of this neuromuscular disorder are degeneration of MNs in the spinal anterior horn and motor cortex and loss of axons in the lateral columns of the spinal cord (Saberi et al., 2015).

On the basis of the inheritance of the disease, ALS is classified in two forms: the sporadic form (sALS) that includes the majority of ALS cases and, the familiar form (fALS) that regards approximately 5–10% of cases (Katsuno et al., 2012; Wen et al., 2017).

Metal ions are essential cofactors for enzymes and structural elements for stabilizing static biomolecules (Que et al., 2008). They also participate to brain metabolism by controlling neurotransmitter synthesis, nerve transition, and oxygen transport (Crichton et al., 2008). Most importantly, metal ions may take part to the generation of oxidative stress. Indeed, hyperproduction of reactive oxygen species (ROS) and reactive nitrogen species (RNS) is due to either metal ion dyshomeostasis or imbalance between the generation of free radicals and their destruction by antioxidants, leading to cellular damage, aging, and apoptosis through oxidation of principal cellular components (i.e., lipids, proteins, and DNA). It is not yet established whether metal interaction represents initial or secondary factor, or whether it represents a consequence of the neurodegeneration (Gilgun-Sherki et al., 2001; Carrí et al., 2003; Chen et al., 2003; Visconti et al., 2005; Crichton et al., 2008; Valko et al., 2016; Sheykhansari et al., 2018). Mitochondria are the main site of ROS production and cells apoptosis. They are vulnerable to ROS and it has been confirmed that mitochondrial injury intensifies ROS and oxidative damage in several neurodegenerative disorders including ALS (Figure 1).
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FIGURE 1. Oxidative stress in Motor Neuron. Scheme representing the production of Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) and their effects on nucleus, mitochondria, endoplasmatic reticulum and lipid peroxidation.



Standing on these premises and since ionic homeostasis dysregulation has been assumed to represent one of the main trigger of the pathological cascade that culminates in MNs loss, in the present paper we will review the involvement in ALS pathophysiology of the most well studied metal ions, i.e., calcium, sodium, iron, copper and zinc, with particular regards to the possible role of ionic transporters and channels involved in the regulation of ionic homeostasis as putative molecular targets for future therapeutic strategies aiming to reduce the progression of this devastating neurodegenerative disease (Figure 2).
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FIGURE 2. Plasmamembrane ion channels and transporters in the Motor Neuron. Scheme representing the axon structure and the distribution in the motor neuron plasmamembrane of Na+/Ca2+ exchanger, Na+, Ca2+ and K+ channels.



ROLE OF CALCIUM (CA2+) IONS

Defects in cellular Ca2+ signaling are involved in the pathogenesis of many neurodegenerative diseases, including ALS, as widely reported in literature (Siklós et al., 1998; Jaiswal, 2013; Mühling et al., 2014). Calcium is one of the most important intracellular messenger, being involved in neuronal development, synaptic transmission and plasticity, as well as in the regulation of several metabolic central nervous system (CNS) pathways (Grosskreutz et al., 2010). Indeed, combining the lessons from multiple in vivo and in vitro models used to determine ALS pathogenic mechanisms, what comes out is that a combination of mechanisms involved in mitochondrial dysfunction, ER stress and Ca2+ homeostasis maintenance may be responsible for the vulnerability of MNs observed in ALS (Jaiswal and Keller, 2009; Jaiswal, 2013; Petrozziello et al., 2017). In this regard, several evidence support the idea that deregulation of glutamate neurotransmission by increasing extracellular glutamate levels, probably for the oxidative damage to the excitatory amino acid transporter-2 (EAAT2) that reduced glial glutamate uptake (Lin et al., 2012), may trigger Ca2+ entry, finally leading to altered Ca2+ homeostasis crucial for MN degeneration (Plaitakis and Caroscio, 1987; Rothstein et al., 1992, 1995; Couratier et al., 1993; Trotti et al., 1999, 2001). In fact, it has been verified that ROS generated in MNs may cross the plasmamembrane and damage glutamate transporters in neighboring astrocytes. Notably, studies carried out in cell lines and animal mouse models demonstrate that these mechanisms are common to both the sporadic and the familiar forms of ALS (Jaiswal, 2013). Further, Ca2+ buffering proteins (CaBPs) such as calbindin and parvalbumin (Alexianu et al., 1994; Palecek et al., 1999; Jaiswal, 2013) are lost at an early stage of the disease in hypoglossal, spinal and low cranial MN populations (Ferrer et al., 1993) thus suggesting the association of intracellular Ca2+ homeostasis disturbance in ALS progression (Siklós et al., 1998; Grosskreutz et al., 2010; Jaiswal, 2013; Mühling et al., 2014).

In line with this evidence, since low cytosolic Ca2+ buffering ability represents a main risk factor for degeneration, an increase in cytosolic Ca2+ buffering capacity protects vulnerable MNs from degeneration (von Lewinski and Keller, 2005). Motor neurons express several Ca2+ channels, either activated by ligand or voltage, able to mediate fast Ca2+ entrance which, in turn, leads to the impairment of some mechanisms of extrusion such as the plasmamembrane calcium ATPase and the Na+/Ca2+ exchanger (NCX), due to the quite weak cytosolic Ca2+ buffering property of these transporters, resulting in an excess of mitochondrial Ca2+ and ROS production. Moreover, the entry of Ca2+ into the mitochondria contributes to establish the chronic depolarization of the mitochondrial membrane, which consequently determines the release of pro-apoptotic proteins and the activation of enzymes able to activate other cell death pathways (Jaiswal, 2013). Hereupon, we documented the importance of the plasmamembrane Na+/Ca2+ exchanger isoform 3 (NCX3) in ALS pathogenesis because animals affected by ALS show a strong reduction in its expression and activity at muscular and neuronal levels, whereas strategies able to delay ALS progression worked also through NCX3 activation and overexpression (Anzilotti et al., 2018). NCX, by contributing to the maintenance of Na+ and Ca2+ homeostasis, takes part to the progression of some neurological diseases including stroke, seizure, multiple sclerosis and Alzheimer Disease (Annunziato et al., 2004, 2007, 2013; Sirabella et al., 2009; Molinaro et al., 2011, 2013; Pannaccione et al., 2012; Lanzillotta et al., 2013). Up to now, within the CNS, three different isoforms, NCX1, NCX2 and, NCX3, and numerous splicing variants have been identified; the precise involvement of each NCX isoform in ALS progression and etiology has not yet been determined, nonetheless some seminal works postulated a crucial role for NCX3 in mediating the impairment in neuromuscular transmission occurring ALS and in other related disease (Sokolow et al., 2004; Boscia et al., 2012; Casamassa et al., 2016; Anzilotti et al., 2018), thus rendering it a putative druggable target in ALS. On the other hand, as previously mentioned, In familiar ALS, mitochondrial Ca2+ overload, caused by Cu/Zn-superoxide dismutase 1 (SOD1) mutation, causes strong ROS generation. In these patients, riluzole, a drug able to increase survival rate, has shown to prevent MNs deterioration and moderately reduce excitotoxicity and cell loss by blocking tetrodotoxin-sensitive sodium channels which are associated with damaged neurons. Deregulation of intracellular calcium homeostasis has also been described in the terminal motor axons of subjects affected by ALS, as well as in the spinal MNs of ALS animals, both in the sporadic and familial forms (Jaiswal, 2017). Recently, an additional possible mechanism of action has been reported for riluzole. This involves a considerable reduction of [Ca2+]i transient currents and a reversible inhibition of [Ca2+]i inward currents in MNs of adult symptomatic SOD1 G93A mice (Jaiswal, 2017); thus confirming the importance of Ca2+ homeostasis in ALS pathophysiology.

ROLE OF SODIUM (NA+) AND POTASSIUM (K+) IONS

In sporadic amyotrophic lateral sclerosis phenotypes alterations of axonal excitability, associated to increased of persistent sodium (Na+) conductance and reduced potassium (K+) currents, have been described and related to the evolution of ALS signs and symptoms such as neurodegeneration and fasciculation. In fact, membrane hyperexcitability observed in ALS due to Na+ and K+ conductances abnormalities, leads to muscle cramps and fasciculations, and promotes a neurodegenerative cascade mediated by Ca2+-dipendent processes. In addition, modulation of axonal Na+ channel function in ALS resulted in amelioration of symptoms and stabilization of axonal excitability parameters. Axonal ion channel dysfunction evolves with disease progression and correlates with survival, thus representing a potential therapeutic biomarker in ALS (Park et al., 2017). In this context, in sASL axonal degeneration has been linked to upregulation of persistent Na+ conductances. Moreover Na+ conductance increase has also been reported in transgenic SOD1 mice although mechanisms of ectopic activity, such as cramp and fasciculations, and axonal degeneration still necessitate clarifications in patients affected of familiar ALS (fALS), and, specifically, it is not clear whether any difference occurs with the processes identified in subjects affected by the sporadic form of ALS (sALS). Furthermore, several studies documented a deregulation of voltage-dependent Na+ currents (Nav) and increased persistent sodium current (PICNa) in primary neuronal cultures obtained from ALS mice. At a molecular level, voltage-gated Na+ channels are composed by a single 260 kDa α subunit and one or more β subunits of 30–40 kDa. The α subunits constitute the actual ion channel and include sensors for voltage dependence. These subunits represent the working cores of the excitation process, whereas β subunits control the kinetics of channel activation and inactivation in dependence from the voltage and the localization of the channel on the plasmamembrane (Catterall, 2014; Chen-Izu et al., 2015; Kubat Öktem et al., 2016).

Expression of Nav1.3 appears very early in embryogenesis and reaches a maximum level of expression at birth then it starts reducing after the second postnatal week, reaching very low levels at maturity age. Beside Nav1.3, the other Na+ channel isoform most expressed in MNs during embryonic development is Nav1.2 (Beckh et al., 1989; Goldin, 1999; Alessandri-Haber et al., 2002). By contrast, the expression levels of other two Na+ channels isoforms, Nav1.1 and 1.6, are high at later developmental stages (Alessandri-Haber et al., 2002) as evidenced in the rat, where these two isoforms are expressed at high levels in the CNS of adult animals while Nav1.3 levels are substantially reduced (Goldin, 1999). Notably, it has been shown that in the most common mutation occurring in ALS patients, SOD1A4V a shift and increase of total Na+ currents voltage dependent by Nav1.3 channel occurs (Alessandri-Haber et al., 2002; Kubat Öktem et al., 2016). In fact, this channel mediates a persistent inward sodium current and has been implicated in human neurological disease (Lampert et al., 2006; Holland et al., 2008). These results suggest that modifications in the biophysical properties of voltage-gated sodium channels are essential in the genesis of mutant SOD1-induced hyperexcitability in ALS (Kubat Öktem et al., 2016).

As documented also by a recent study, an overload of Na+ and Ca2+ ions induced by veratridine combined with TDP-43 overexpression increases early apoptosis of NSC-34 cells and may represent a valid in vitro model of ALS involvement of sodium homeostasis-deregulation in ALS (Mouhid Al-Achbili et al., 2016).

As regard a possible role for potassium homeostasis, a recent paper by Bataveljić demonstrated that the impaired ability of astrocytes to preserve water and potassium homeostasis may affect the blood brain barrier (BBB) integrity, may alter the neuronal microenvironment, and may cause motoneuronal dysfunction and death (Bataveljić et al., 2012). Indeed, an increased expression and activity of aquaporin-4 (AQP4) and a decreased expression and activity of inwardly rectifying K+ channel (Kir4.1) in the brainstem and cortex of ALS rats and in cultured ALS cortical astrocytes occurs. Since these channels are required for the maintenance of a functional BBB astrocytic lining these results strongly suggest a role for the control of water and K+ homeostasis in the disturbance of motor neuron survival during ALS (Bataveljić et al., 2012).

ROLE OF COPPER (CU)

Copper is an essential trace element, playing an indispensable role in the physiology of the human CNS and its intracellular levels are finely regulated (Lutsenko et al., 2010). Increased copper concentrations in the CNS has been observed in patients with neurological symptoms related to Alzheimer's-like dementia and other neurological diseases (Basun et al., 1991). Therefore, alterations in intracellular copper ion homeostasis could represent a possible mechanism responsible for the pathogenesis of ALS (Tokuda et al., 2013). Indeed, in the spinal cord of transgenic rodents carrying different SOD1 mutations the total amount of copper ions has been demonstrated to be anormally elevated in regardless if the mutation affected or not the copper binding affinity of the enzyme (Tokuda et al., 2009, 2013). Interestingly, the levels of other metals, proposed as possible toxic factors in ALS, such as magnesium, aluminum, calcium, manganese and iron, did not change in the spinal cords of the different mouse strains. Moreover, copper dyshomeostasis is evident in G93A SOD1 mice before the onset of clinical symptoms, in a pre-symptomatic phase of the disease, suggesting its increase as a pathological hallmark of the pathology (Tokuda et al., 2013).

Notably, SOD1 different mutants shift the copper trafficking system toward copper accumulation. In particular, the expression levels of the Cu importer 1 (CTR1) and the Cu efflux pump (ATP7A) increases and decreases, respectively, in the spinal cord of mutant animals. Furthermore, also the expression level of metallothioneins (MT), a class of proteins with a very high affinity for copper, is augmented in the spinal cord of G93A SOD1 mice (Gong and Elliott, 2000).

Copper accumulation might be extremely detrimental for the cells. In fact, copper ions in the cuprous state (Cu+) can induce oxidative stress directly catalyzing the formation of strong oxidant such as lipid hydroperoxides from hydrogen peroxide and hydroperoxides via a Fenton-like reaction (Halliwell, 2006). Copper is also capable of causing DNA strand breaks and oxidation of bases via ROS. Secondly, exposure to elevated levels of copper significantly decreases glutathione (GSH) levels (Speisky et al., 2009). GSH is a powerful antioxidant, that acts as substrate for several enzymes that remove ROS. It can directly chelate copper, maintaining it in a reduced state. However, elevated cellular Cu levels may deplete glutathione levels, shifting the redox balance toward oxidizing environments, and hence, both enhancing the cytotoxic effect of ROS and allowing the metal to be more catalytically active, thus producing higher levels of ROS (Jomova and Valko, 2011). Furthermore, copper ions have been shown to act as cofactor of pro-inflammatory cytokines in several animal models (Brewer, 2009).

Moreover, it must be considered that the largest amount of SOD1 extracted from SOD mice is in a copper-free form (apo-SOD) although intracellular concentration of copper is extremely higher compared to wild type animals (Tokuda et al., 2013). A copper chaperone (CCS) protein is known to specifically mediate copper ion-binding to SOD1 in the cytoplasm (Wong et al., 2000), however, iperexpression of the CCS in G93A SOD1 mice accelerates neurological deficits, and mice die within 2 weeks after birth (Son et al., 2009). By contrast, oral administration of diacetylbis(N(4)-methylthiosemicarbazonato copper (II) [CuII(atsm)], a molecule with low toxicity, able to deliver copper in the CNS within minutes, prevents early mortality of G93A SOD1 mice over-expressing CCS protein (Williams et al., 2016). Interestingly, CuII(atsm) administration to G93A symptomatic SOD1 mice delays onset of paralysis and extends lifespan (Son et al., 2009; McAllum et al., 2013).

However, in human ALS cases, the involvement of copper dyshomeostasis on ALS etiology remains to be elucidate. In fact, although in the spinal cord of SOD1 transgenic line the copper chaperone CCS, that specifically delivers copper to SOD1, is commonly associated with mutated SOD1 in the neuronal Lewy body-like inclusions, this association is less common in human cases (Kato et al., 2001; Watanabe et al., 2001) (Figure 3).
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FIGURE 3. Copper distribution in the cell. In extracellular matrix copper (green balls) is bound to specific carriers or to enzymes that use copper as cofactor (cuproenzymes). The high affinity copper uptake protein 1 (CRT1) located on the plasma membrane, lets the copper enter inside the cell. Copper chaperons proteins, CCS and Atox1, facilitate copper loading on SOD1 and Cu-ATPases 7A and 7B, respectively. The two major copper-sequestering antioxidants are glutathione (GSH) and metallothionein (MT).



ROLE OF ZINC (ZN)

Zinc is an ubiquitous trace element that displays physiological roles being a catalytic, structural, and regulatory component in about 3000 known human metalloproteins, such as gene transcription factors and metalloenzymes (Maret, 2017); zinc also acts as intracellular second messenger and cell-cell signaling mediator in a large number of biological processes such as cellular proliferation, differentiation, migration, and apoptosis (Vallee and Falchuk, 1993; Franklin and Costello, 2009; Maret, 2013). Total cellular zinc concentration is estimated to reach about 200-300 μM, whereas free cytosolic zinc levels are maintained in the picomolar range (Maret, 2015, 2017; Portbury and Adlard, 2017).

Zinc is highly present in CNS either free or bound to metalloproteins. In particular, high levels of free chelatable Zn2+ are present into synaptic vesicles of a subpopulation of glutamatergic neurons (“zinc-containing” or “zincergic” neurons) of cerebral cortex, hippocampus and amygdala (Frederickson et al., 1983, 2000; Frederickson and Moncrieff, 1994), and into GABAergic terminals of the spinal cord (Wang et al., 2001). Upon synaptic activation vesicular zinc is released (Assaf and Chung, 1984) and modulates the activity of a variety of postsynaptic receptors ion channels and glutamate receptors (Li et al., 2001).

During normal physiological activity, the intracellular Zn2+ concentration is highly controlled by the concerted activity of membrane zinc transporters (ZnT and ZIP) and zinc binding proteins such as metallothioneins (MT) (Sekler et al., 2007; Kambe et al., 2015).

On the other hand, when an abnormal amount of zinc is released from presynaptic terminals or accumulated intracellularly after excessive release from MT, mitochondria and lysosomes, zinc rise can result in neuronal injury (Weiss et al., 2000). Several evidence demonstrates that alterations of zinc levels play a role in acute pathological conditions, including epileptic seizures and transient global cerebral ischemia (Koh et al., 1996; Weiss et al., 2000; Shuttleworth and Weiss, 2011), as well as in chronic neuropathologies, including Alzheimer's disease, Parkinson's disease, multiple sclerosis and amyotrophic lateral sclerosis (ALS) (Frederickson et al., 2005; Sensi et al., 2009; Szewczyk, 2013; Choi et al., 2017).

An abundant zinc-containing enzyme is SOD1, which binds one zinc atom per subunit, transferred to each nascent SOD1 monomer before the copper binding. Although zinc does not participate to enzymatic catalysis and wild-type SOD1 affinity for zinc is ~7,000-fold weaker than for copper, zinc coordination with amino acid residues in the active site is crucial for structural stability and proper functioning of SOD1 (Rakhit and Chakrabartty, 2006). Moreover, the correct and complete zinc binding plays a key role in the regulation of SOD1 folding and indirectly affects the catalytic activities of SOD1, accelerating the folding reaction. On the other hand, zinc-deficient SOD1 displays a propensity to misfold and self-aggregate in toxic amyloid-like species. Mutant SOD1 is less stable and is likely to become zinc-deficient and to aggregate (Roberts et al., 2007; Sirangelo and Iannuzzi, 2017). Likewise, wild-type enzyme aggregates in vivo if undermetalated; thus suggesting that not only SOD1 mutations themselves but the reduced zinc binding or zinc dissociation can play a crucial role in the familiar and sporadic forms of ALS.

Although the mechanisms responsible of copper and zinc dyshomeostasis are still unclear, it has been proposed that the impairment of zinc homeostasis could be a crucial event in ALS pathogenesis. Indeed, in two different studies, the analyses of zinc content in the cerebrospinal fluid from individuals with sporadic ALS disease and age-matched control subjects show a significant increase of zinc levels in ALS patients (Kanias and Kapaki, 1997; Hozumi et al., 2011). Moreover, among ALS patients, a correlation has been found between sex and zinc serum levels; in fact, male patients show higher serum levels than female ones (Kanias and Kapaki, 1997).

Furthermore, studies in G93A transgenic mice model of ALS, which overexpress mutant human G93A mutation in the SOD1 gene, confirm that zinc dyshomeostasis may contribute to the pathogenesis of this form of fALS. Indeed, Kim et al. (2009) observe that the appearance of ALS signs is accompanied by the presence of numerous spinal degenerating motor neurons and astrocytes in the spinal cords of G93A SOD1 transgenic mice that accumulate zinc. Moreover, they show that zinc elevation in these cells induces lipid peroxidation, as demonstrated by increased production of 4-hydroxy-2,3-nonenal (HNE), which itself contributes to disrupt Zn2+ homeostasis by trigger zinc release from MT and from G93A SOD1 (Kim et al., 2009).

ALS onset and progression depend on various interplaying processes that together lead to degeneration and atrophy of motor neurons. Zinc dyshomeostasis or zinc accumulation and oxidative injury may be important contributors. On the other hand, G93A SOD1 showed a weaker affinity for zinc and zinc depleted SOD1 may also contribute to neurodegenerative process inducing nitrosactive stress with peroxynitrite and catalyzes nitration of protein tyrosine residues (Goto et al., 2000; Puttaparthi et al., 2002).

Similarly, zinc and copper distribution in the spinal cord of G93A and other SOD1 transgenic mice, carrying H46R/H48Q, G37R human SOD1 mutations is altered in white matter (Lelie et al., 2011).

Experimental data about zinc distribution in white and gray matter in sporadic ALS patients are less clear and sometimes contradictory compared to those obtained in transgenic models. In fact, Tomik et al. (2006) found that zinc markedly increases in motor neurons, whereas lower levels are detected in the surrounding white matter (Tomik et al., 2006).

Altered expression of zinc binding proteins such as MT and membrane zinc transporters may also contribute to zinc dyshomeostasis. MT's main functional role is to sequester and/or dispense zinc contributing to zinc homeostasis. Of the three forms expressed in the murine nervous system, MT-I and MT-II are present in glial cells, whereas MT-III is a neuronal isoform. Metallothioneins are involved in the regulation of zinc availability within the cells, because they serve as zinc chaperones for accepting proteins during metalloenzymes synthesis, as apo-SOD1 (Suzuki and Kuroda, 1995). Changes in MT expression levels may promote mutant SOD1-induced toxicity; the reduction of MT buffering of zinc released from mutant SOD1 can contribute to intracellular zinc elevation. Interestingly, MT-I/II and MT-III levels are significantly reduced in the spinal cords of sporadic ALS patients and precedes the degeneration of MNs (Hozumi et al., 2008). In particular, MT-III levels are reduced in the gray matter of the lumbar spinal cord in the late phase of ALS (Hozumi et al., 2008) and MT-III deletion significantly reduces G93A SOD1 mice survival causing a pronounced loss of MNs and, in turn, accelerating the decline of motor functions (Puttaparthi et al., 2002). More, the increase of MT-III expression in the lumbar spinal cord of G93A SOD1 transgenic mice is able to prevent the loss of MNs in ALS model mice and to prolong the life span (Hashimoto et al., 2011).

Furthermore, also the removal of non-neuronal metallothionein, MT-I/II, may alter motor functions in ALS. In fact, MT-I/II deletion causes a decline in motor functions without an apparent severe neuronal loss because, even if motor neurons are present, they may be dysfunctional due to astrogliosis and microgliosis (Puttaparthi et al., 2002).

Membrane zinc transporters finely control intracellular zinc concentrations, regulating zinc uptake and efflux, sequestration and release across biological membranes. Two families of zinc transporter proteins have been identified, the Zinc Transporters or ZnTs (ZnT1-10) and the Zrt-, Irt-related proteins or ZIP (ZIP 1-14), which move zinc ions from cytosol to extracellular space or lumens of intracellular compartments and from extracellular space and lumens to cytosol, respectively (Kambe et al., 2015). To date, it has been demonstrated that, among membrane zinc transporters, the expression of ZnT6, present in the secretory pathway where zinc is required for correct folding and assembly of proteins, is significantly decreased in the spinal cords of sporadic ALS patients and precedes the degeneration of (Kaneko et al., 2015).

Earlier studies by Homma et al. (2013) suggest that zinc depleted wild-type SOD1 is able to induce a conformational change that allow the interaction between SOD1 and Derlin-1, a component of ER-associated degradation (ERAD) machinery, resulting in Derlin-1 inhibition and, in turn, in a block of ERAD and ER stress response activation. Consequently, ER stress stimulates ZnT3 and ZnT6 expression to favor zinc influx in the secretory pathway in order to prevent the accumulation of misfolded proteins (Homma et al., 2013). Thus, the reduced expression of ZnT3 and ZnT6 may compromise zinc uptake in secretory pathway and, in turn, contribute to ER stress described in ALS (Ito et al., 2009).

Other mechanisms may contribute to the Zn dyshomeostasis due to increased susceptibility of mutated SOD1 to lose zinc in ALS. In the intracellular milieu, SOD1 interacts with other proteins. Agbas e co-authors demonstrate that the metallophosphatase calcineurin interacts with SOD1 and this interaction is necessary for calcineurin activation (Agbas et al., 2007). Partial inactivation of calcineurin occurs in both sporadic and familiar ALS patients as well as in an asymptomatic carriers of a dominant SOD1 mutation (Ferri et al., 2004). Kim et al. (2018) demonstrate in rodent models of ALS that the reduced calcineurin activity is linked to a weaker interaction of mutated G93A SOD1 with calcineurin. Consequently, the failure of this interaction may create local metal toxicity; in fact, since the SOD1–calcineurin interaction is impaired, zinc ions would be dissociated from both calcineurin and SOD1. Interestingly, the authors found a significant increase of zinc concentration in the lumbar spinal cord of G93A SOD1 rats and mice. On the other hand, the cervical, thoracic, and sacral regions of transgenic rodents did not achieve significant levels of free zinc, though greater than wild type levels of label zinc (Kim et al., 2018). Moreover, the compromised activity of calcineurin may explain the presence of hyperphosphorylated TDP-43 protein aggregates in the spinal cord of ALS animal models (Kim et al., 2018) (Figure 4).
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FIGURE 4. Role of Zinc in ALS Pathophysiology. (A) Physiologic mechanism of SOD1 dimer formation. (B) Mechanism of SOD1 aggregate formation in familiar and sporadic forms of ALS. (C) General physiological mechanism of Zinc homeostasis in motor neurons. (D) Pathophysiological mechanism of TDP-43 aggregation occurring in ALS under Zinc homeostasis de-regulation.



The hypothesis that excitotoxicity may contribute to MN degeneration in ALS is supported by the fact that till now the only drug able to slow the progression of ALS, riluzole, is an inhibitor of glutamate release (Doble, 1996). In ALS, rather than NMDA glutamate receptors, AMPA/kainate receptors may play a role allowing excessive zinc accumulation in MNs. In particular, injury is linked to the activation of a subset of AMPA/kainate receptors, Ca2+/Zn2+ permeable AMPA, highly expressed in these neuronal populations (Carriedo et al., 1996). Indeed, while the disease progression is rapid in SOD1 mutant mice expressing high levels of Ca-AMPA channels in MNs, it is attenuated when the numbers of these channels is reduced (Tateno et al., 2004; Kuner et al., 2005).

ROLE OF IRON (FE)

Iron represents an essential metal for life, since it has a key role as cofactor of enzymes involved in several metabolic processes like DNA, RNA, and protein synthesis, and mitochondrial oxidation reactions. Nevertheless, since it is a redox ion, it can produce free radicals which, in the absence of appropriate defense mechanisms, may cause cell damage. Solid evidence produced in the last decades showed that mutations of genes encoding proteins involved in iron homeostasis are associated with degeneration of CNS cells (Ponka, 2004; Zecca et al., 2004). Indeed, alteration of iron homeostasis is involved in neuronal cell death also in ALS. In fact, oxidative stress (Barber et al., 2006) induces cell injury by disrupting cellular iron balance (Blasco et al., 2011), thus leading to a vicious circle. The effectiveness of iron chelation as therapeutic strategy in ALS mouse models support the main role of iron in the pathogenesis of ALS (Kasarskis et al., 1995; Jeong et al., 2009; Kupershmidt et al., 2009).

Different pathogenetic mechanisms have been proposed to explain the abnormal accumulation of iron in neurons and in glia observed in ALS mice. Among them: (1) alterations of proteins involved in both iron influx and sensing of intracellular iron concentrations; (2) blockage of anterograde axonal transport with a consequent iron accumulation in ventral motor neurons; and (3) increased mitochondrial iron load in neurons and glia leading to neurodegeneration (Jeong et al., 2009).

PUTATIVE TARGETS

The absence of effective therapeutics for ALS treatment together with recent findings here reviewed on the metal ion dis-homeostasis as crucial event in this fatal neurodegenerative disease have led to test new beneficial strategies based on the control of metal ion concentrations within the different cell types interested by the disease.

In fact, starting from the therapeutic benefits observed in SOD1 transgenic mice exposed to diacetyl-bis(4-methylthiosemicarbazonato)copperII [CuII(atsm)], a metal complex which provides Cu to the mutant protein and decreases the abundance of Cu-deficient SOD1 in treated mice at the spinal cord level (Roberts et al., 2014), it has been used a CuII(atsm) analog, ZnII(atsm), in order to establish if the zinc delivery to SOD1 could have beneficial effects, McAllum et al. have demonstrated the therapeutic outcome of ZnII(atsm) as confirmed by improvement of motor function and increase survival rate of the mice. These positive effects of ZnII(atsm) depends also on its ability to determine an augmented Cu content of the mutant SOD1 (McAllum et al., 2015). These results prove that ZnII(atsm) could be useful to develop therapeutic agents able to transmetallate with copper and increase its binding to Cu/Zn dismutase.

As demostrated by Anzilotti et al. (2018) another pharmacological target to be considered as putative approach to slow down ALS progression is NCX3, an isoform of the plasmamembrane protein Na+/Ca2+ exchanger. In fact, when this antiporter is overexpressed or pharmacologically activated, it is able to mitigate MNs degeneration observed in ALS through a reduction of the ionic imbalance occurring during the progression of this aggravating condition.

Since the excessive accumulation of iron ions into the brain can determine a series of deleterious effects such as the increase of oxidative stress, the overexpression of the proteins responsible for neuronal degeneration with final effects that culminate in the increased neuronal vulnerability, another possible strategy to be considered as valid pharmacological tool in patients with ALS could be the use of compounds able to control iron homeostasis (Matrone et al., 2004; Romney et al., 2011). This strategy could be more promising for those compounds able to overcome the BBB, thus penetrating into the brain parenchyma (Smith et al., 1991; Rogers and Lahiri, 2004). Indeed, the administration of the iron chelator desferrioxamine (DFO), can slow dementia progression in AD patients (Rogers and Lahiri, 2004) and could be useful in ALS patients too. However, this chelator is not stable in blood circulation showing difficulties to cross the BBB barrier (Bandyopadhyay et al., 2010). Differently from DFO, the Clioquinol (CQ), a trifunctional chelating agent of iron, copper and zinc ions, shows an excellent ability to cross the BBB, and, therefore, after systemic administration, it can localize in the brain, reducing significantly the cognitive deficit in patients affected by Alzheimer's Disease (Ritchie et al., 2003). However, a limitation on the use of CQ therapy is represented by the fact that its use has been clinically associated with the onset of myelinopathies (Zhang et al., 2013). Other putative druggable targets involved in the control of iron homeostasis are two regulatory proteins that act as sensor of changes in iron concentration in the cytoplasm of duodenal epithelial cells, where the absorption of food iron take place. These iron regulatory proteins are called IRP1 and IRP2. Binding of regulatory proteins, IRPs to an iron response element sequence (IRE) at the level of untranslated region (UTR) of ferritin gene occurs if the concentration of alimentary iron is low. This effect results in an increase in transferrin RNA messenger expression which is, in turn, translated into ferritin protein that is able to rapidly transport iron ions into the blood, necessary in conditions of deficiency. Instead, when the concentration of food iron is high, this causes its binding to the IRP, leading to the dissociation of IRPs from IRE and to the reduction of the target transcript translation, i.e., transferrin. IRE sequences, able to favor the transcription of specific proteins such as transferrin, have been found in the 5′-UTR region of the amyloid precursor protein (APP) and in the α-synuclein (α-Syn) gene transcript. Therefore, under conditions of iron accumulation, due to the non-binding of IRP proteins to IRE sequences, the transcript levels of α-Syn, APP, and amyloid β-peptide are reduced and consequently the formation of neurofibrillary aggregates, characteristic of Alzheimer's disease, is reduced. Overall, all these observations led to the conclusion that the inhibition of APP and of α-Syn, due to the lack of interaction of the IRPs with the IRE sequences caused by the sequestration of iron occurring through selective chelating agents, constitutes a very valid therapy in the treatment of human neurodegenerative diseases.

Presently, an innovative pharmacological approach to neurodegenerative diseases includes the developing of two types of therapeutic agents able to modulate iron homeostasis: the first constituted by IRE chemical inhibitors and the second class represented by iron chelating agents.

Other possible targets in ALS pathology are represented by copper-modifying proteins. Indeed, in rodent models of ALS, it has been shown that the containment of high levels of copper ion abnormalities can be a potential pharmacological tool for the treatment of ALS. Interestingly, copper chelators such as D-penicillamine, trientine and tetrathiomolybdate (TMM) have been successfully tested in SOD1 G93A animals where they were able to delay the onset of the disease and to increase mice life span. These compounds have been approved in late fifties of last century for the treatment of Wilson disease, a pathology caused by an autosomal recessive mutation in the gene that encodes the transmembrane protein ATPase (ATP7B), a copper-dependent P-type ATPase. Clinical features of Wilson disease are the accumulation of copper ions in different body organs like in the liver and in the brain (Brewer et al., 2003; Ala et al., 2007). However, D-penicillamine effectiveness in ALS have been investigated in different clinical trials, where it showed very little improvement in disease progression (Bousser and Malier, 1979; Conradi et al., 1982). On the other hands, TMM might be a more promising strategy, seen that its positive effects were observed even when administered after disease onset in G93A SOD1 mice, and differently from D-penicillamine and trientine, TTM possesses a higher chelating selectivity for copper ions and is able to cross the blood brain barrier (McQuaid and Mason, 1991; Tokuda et al., 2008).

Copper intracellular levels could be also lowered by increasing MT expression. Indeed, these small cysteine-rich proteins have a very high affinity for heavy metals and particularly for copper ions (Hamer, 1986; Juárez-Rebollar et al., 2017). Interestingly, hyperexpression by adenovirus injection of the neuronal isoform III, MT-III (Palmiter et al., 1992), in G93A SOD1 mice at the onset of the pathology, protects MNs from degenerative damage and prolongs the survival of 2-week-old mice (Hashimoto et al., 2011). Furthermore, dexamethasone, a sintetic glucocorticoid, known to induce the expression of the glial isoforms MT-I and MT-II, significantly prolongs survival of 15 days and slows disease progression even if administered after symptoms onset in G93A SOD1 mice (Tokuda et al., 2015). Interestingly, dexamethasone effect is not present in MT-I/II knockout mice, indicating that addressing copper regulation can be a valuable strategy for ALS pathology and it might be worth setting up clinical trials.

The protein aggregation is another important neuropathological hallmark of ALS and precisely in order to counteract this aspect of the disease, Evans et al. (2016) tested the efficacy of 2-(2-hydroxyphenyl)-benzoxazole (HBX), to slow the onset and progression of ALS in G93A SOD1 mice. HBX is a thioflavin-like compound with metal chelating and anti-aggregation properties. In summary, this study demonstrate that dietary supplementation of HBX has a neuroprotective function in slowing down the appearance of the ALS phenotype in G93A mutant mice (Evans et al., 2016).

CONCLUSIONS

Collectively, in the present review we summarized the recent data concerning the crucial role of several ions and redox metals in ALS pathogenesis (Table 1). In particular, it was emphasized how metals dyshomeostasis is reported to cause oxidative damage. In fact, the redox capacity of iron and copper are identified as prominent factors for neurodegeneration in this devastating disease. It is now well known the role of SOD1 mutation on copper dysregulation in ALS. In addition, has been published that the metal chelator therapy in animal models of ALS ameliorates neuronal degeneration and increased survival of mice. However, despite the numerous studies carried out so far, the main cause of this lethal neurodegenerative disease is still unknown and therefore requires further investigation in order to identify new strategies for diagnosis and treatment of this fatal neurological disease.


Table 1. List of main ions de-regulated in ALS.
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