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Abstract: Amyotrophic lateral sclerosis (ALS), also known as motor neuron disease (MND) and Lou
Gehrig’s disease, is characterized by a loss of the lower motor neurons in the spinal cord and the
upper motor neurons in the cerebral cortex. Due to the complex and multifactorial nature of the
various risk factors and mechanisms that are related to motor neuronal degeneration, the pathological
mechanisms of ALS are not fully understood. Oxidative stress is one of the known causes of ALS
pathogenesis. This has been observed in patients as well as in cellular and animal models, and is
known to induce mitochondrial dysfunction and the loss of motor neurons. Numerous therapeutic
agents have been developed to inhibit oxidative stress and neuroinflammation. In this review, we
describe the role of oxidative stress in ALS pathogenesis, and discuss several anti-inflammatory and
anti-oxidative agents as potential therapeutics for ALS. Although oxidative stress and antioxidant
fields are meaningful approaches to delay disease progression and prolong the survival in ALS, it is
necessary to investigate various animal models or humans with different subtypes of sporadic and
familial ALS.

Keywords: amyotrophic lateral sclerosis; Lou Gehrig’s disease; motor neuron disease; oxidative
stress; inflammation; reactive oxygen species; superoxide dismutase 1; antioxidants; therapeu-
tics; phytochemicals

1. Introduction

Amyotrophic lateral sclerosis (ALS) is the most rapidly fatal motor neuron disease
(MND), and is characterized by the degeneration of motor neurons in the cerebral cortex,
brain stem, and spinal cord. Patients with ALS display progressive muscle atrophy, weak-
ness, and loss of speech, leading to total or partial paralysis, and typically death 3–5 years
after the onset of symptoms. According to the ALS Association, the average incidence of
ALS worldwide is approximately 1/50,000 people per year.

The cases of ALS are typically sporadic, but approximately 5–10% of cases are consid-
ered familial. Familial cases of ALS are linked by mutations in one of many different genes
(C9orf72, SOD1, TARDBP, FUS, VCP, ANG, and PFN1). One of the most common genes that
is mutated is superoxide dismutase 1 (SOD1), which encodes a Cu2+/Zn2+-binding SOD,
and is directly associated with oxidative stress and inflammation. Although the causes
of sporadic ALS remain unknown, various risk factors have been identified, including
environmental factors (i.e., exposure to heavy metals, neurotoxicants, use of herbicides) [1],
smoking, and age [2,3]. Nevertheless, sporadic ALS and familial ALS present similar
clinical courses and neuropathologies [4]. Oxidative stress, accompanying motor neuronal
death in ALS, causes disease pathogenesis, which is a common phenotype of sporadic
ALS and familial ALS. A common phenotype of sporadic ALS and familial ALS is the
extensive evidence of oxidative stress, which might be responsible for the degeneration
or death of motor neurons that contribute to disease pathogenesis. Various molecular
mechanisms of sporadic ALS and familial ALS have been suggested, including glutamate
excitotoxicity, the dysregulation of neurotrophic factors, the disruption of axonal transport,
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protein misfolding and aggregation, inflammation, oxidative stress, and mitochondrial
dysfunction [5–12].

2. Oxidative Stress and the Anti-Oxidative Defense System in ALS

Inflammation and oxidative stress are inter-dependent and closely associated in the
pathogenesis of neurodegenerative diseases. Mild oxidative stress may protect the cells
and tissues from infection and injury. However, severe oxidative stress induces chronic
inflammation in the body, which, together, create a vicious cycle. Especially, in the brain,
the activation of glial cells (astrocyte, microglia) in the central nervous system (CNS) and
infiltration from peripheral immune cells are the major inducers of oxidative stress in
the pathogenesis of the brain. Oxidative stress occurs early during disease onset and
can exacerbate disease progression. Excessive oxidative stress-induced inflammation
could have serious effects in neurodegenerative diseases, including Alzheimer’s disease,
Parkinson’s disease, and ALS [13].

Oxidative stress is an imbalance of pro-oxidant (free radicals)/antioxidant homeosta-
sis in the body, which can lead to cellular and tissue damage. These processes cause the
production of free oxygen radicals or reactive oxygen species (ROS). These include hydro-
gen peroxide (H2O2), nitric oxide (NO), superoxide (O2

•−), peroxide (O2
•−2), hydroxyl

ion (OH−), and reactive hydroxyl radicals (•OH), which are generated by multiple cellular
processes [14]. ROS play important roles in both physiological and pathological conditions,
because they can induce opposing effects on cellular metabolism and can act as beneficial
or harmful molecules [15].

ROS are generated endogenously in the electron transport chain complex in the
mitochondria, by oxidative phosphorylation, and during cellular defense processes against
cytokine release and bacterial infections [16]. During oxidative phosphorylation, the
leakage of electrons from the electron transport chains complex I and II leads to the
reduction in oxygen to produce superoxide. Subsequently, superoxide radicals are quickly
detoxicated to hydrogen peroxide, by the following two dismutases: the Cu2+/Zn2+-
binding SOD (SOD1) in the cytosol and the mitochondrial intermembrane space, and
manganese SOD (MnSOD or SOD2) in the mitochondrial matrix. In peroxisomes, catalase
(CAT) and glutathione peroxidase (GSH-Px) reduce hydrogen peroxide to water and
oxygen, while GSH-Px converts hydrogen peroxide to water and lipid peroxide [17].
Antioxidant enzymes, including CAT, GSH-Px, glutathione reductase (GR), and SOD, play
important roles in the removal of ROS. Several oxidoreductases, including cyclooxygenase
(COX), lipoxygenase (LOX), cytochrome P450 enzymes (CYP), and nicotinamide adenine
dinucleotide phosphate oxidases (NOX), have been identified as major sources of cellular
ROS production. NOX catalyzes the production of superoxide, by transferring electrons
from NADPH to oxygen.

3. Evidence for Oxidative Stress in ALS

Oxidative stress has been shown to participate in a various diseases, including ALS,
Alzheimer’s disease, Parkinson’s disease, and cancer, demonstrating the multiple mecha-
nisms by which oxidants contribute to cellular damage and pathology.

Many studies have reported increased oxidative stress in the pathogenesis of ALS.
At the pathological level, the activation of astrocytes and microglia, as well as periph-
eral immune cells, induces neuroinflammation. These events contribute to ALS onset,
progression, and pathogenesis. In the postmortem brains of patients with sporadic ALS
and familial ALS, the markers of oxidative stress are increased [18]. Several studies have
reported elevated levels of oxidative stress and inflammation markers in the serum, spinal
cord, muscle, and brain of patients with ALS, as well as transgenic mouse models [19–21].
Increased 3-nitrotyrosine levels, a marker of oxidative damage mediated by peroxynitrite,
were detected in both patients with sporadic and familial ALS, who also carry SOD1 muta-
tions [22,23]. The levels of lipid peroxidation, including 4-hydroxynonenal (4-HNE) and
8-hydroxy-2′-deoxyguanosine (8-OHdG), also increased in the serum and cerebrospinal



Diagnostics 2021, 11, 1546 3 of 16

fluid of patients with ALS [24,25]. The levels of glutathione peroxidase (GPx) activity, SOD,
GR, malondialdehyde (MDA), and 8-OHdG were significantly increased in the serum of
patients with ALS, with significantly increased levels of 8-OHdG, MDA, and glutathione,
and decreased total antioxidant levels [26]. Conversely, the levels of total antioxidant are
increased in the serum of patients with ALS, suggesting that compensatory mechanisms
protect against free radical toxicity and ALS pathogenesis [27]. Therefore, the regulation
of cellular ROS levels is important for the prevention and treatment of ALS. Additionally,
anti-oxidative activity could be an important therapeutic target for patients with ALS.

In 1993, Rosen et al. first discovered mutations in the SOD1 gene in the brains of patients
with ALS [28]. Although it remains unclear why mutations in SOD1 cause the degeneration
of motor neurons, ALS transgenic mouse studies have shown that SOD1 mutations lead
to a toxic gain of function. [29]. Furthermore, increased cellular oxidative stress and lipid
peroxidation have been reported in an ALS, SOD1 mutant mouse model [30,31].

4. Oxidative Stress-Mediated Intracellular Signaling Pathways in ALS

At the molecular level, ROS can directly and/or indirectly modulate the mitogen-
activated protein kinase (MAPK), nuclear factor erythroid-2-related factor-2 (Nrf2)/Keap1-
antioxidant response element (ARE), and nuclear factor kappa B (NF-κB) intracellular signal-
ing pathways, under pathological conditions, which contributes to disease progression.

4.1. MAPK Signaling Pathway

MAPK consists of the following four MAPKs: extracellular signal-related kinases
(ERK1/2), c-Jun N-terminal kinases (JNK), p38 kinase (p38 MAPK), and big MAP kinase
1 (BMK1/ERK5). MAPK has been found to be activated in patients and animal models
of neurodegenerative pathologies [32]. Inflammatory mediators induce the upregulation
of MAPK, and activated MAPK promotes the release of more inflammatory mediators,
which further increases neuroinflammation. Thus, this negative feedback loop causes
uncontrolled neuroinflammation.

Evidence suggests that the activation of MAPK, especially p38 MAPK, is closely
associated with the degeneration of motor neurons and ALS pathogenesis. Dewil et al.
found that p38 MAPK was significantly activated in the motor neurons and microglia of the
ventral spinal cord of ALS SOD1G93A transgenic mice, but these responses were completely
inhibited by the p38 MAPK inhibitor, SB203580, and semapimod [33]. Furthermore, p38
MAPK and its upstream kinase, MAPK kinase 3–6 (MKK3–6), are also upregulated in the
motor neurons of the lumbar spinal cord, and microglia are increased in transgenic mice
carrying the SOD1G93A mutation [34,35].

Slowed anterograde and retrograde axonal transport has been observed at the early
stage of disease in both ALS mouse models and patients with ALS [36,37], and can cause
motor neuron cell death. Axonal transport deficits are affected by the accumulation of
abnormal phosphorylated neurofilaments in the axons of motor neurons, through the
involvement of p38 MAPK. Direct evidence suggests that mutant SOD1 transgenic mice
show increased p38 MAPK levels in the spinal cord, which directly activates kinesin-1, an
anterograde axonal transport-related protein [38]. This is further supported by the ability
of p38 MAPK inhibitors to restore retrograde axonal transport in primary motor neurons
from SOD1G93A mice [39].

Previous studies have demonstrated that p38 MAPK activation also occurs in iPSC-
derived motor neurons and transgenic mice with mutations fused in sarcoma/translocated
in liposarcoma (FUS) [40,41], which also causes familial ALS, due to toxic gain of func-
tion and the involvement of multifunctional proteins that are engaged in RNA and DNA
processes [42,43]. Collectively, these reports indicate that p38 MAPK is linked to neu-
ropathologies that are associated with ALS, and could be a promising therapeutic target
for the treatment of ALS.
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4.2. The Nrf2/Keap1-ARE Signaling Pathway

The Nrf2/Keap1-ARE signaling pathway plays an important role in the regulation
of cellular oxidative stress caused by ROS, and protects against cardiovascular diseases,
cancer, and neurodegenerative diseases [44–46]. Kirby et al. reported that the expression of
Nrf2 and its dependent genes dramatically decreased in the motor neurons of SOD1G93A

mice [47]. Another study also reported reductions in the Nrf2 levels in the motor neurons
of the motor cortex, spinal cord, and lower limb muscles [48]. In contrast, the deletion
of Nrf2 in SOD1G93A mice accelerated motor neuron death and astrocyte activation, and
caused earlier disease onset and shortened their life span [49]. These findings suggest that
mutations in SOD1 lead to reductions in detoxifying enzymes and antioxidant response
proteins, which are considered to be major cellular factors in ALS pathogenesis.

4.3. NF-κB Signaling Pathway

NF-κB regulates many important cellular responses, including inflammatory re-
sponses, cellular growth, and apoptosis. The NF-κB complex is composed of p50, p52,
p65/RelA, c-Rel, and RelB. NF-κB activity is regulated by IkappaBs (IκBs), including IκB
kinase-α (IKKα), IKKβ, and IKKγ. Various studies have reported that motor neuronal loss,
and the activation of astrocytes and microglia, increase NF-κB signaling [50,51]. Neuron-
specific suppression of IkB in SOD1G93A mice and TDP-43 mice reduced motor neuron loss
and reactive glia, by decreased misfolded SOD1 levels and TDP-43 translocation into the
nucleus. These results ameliorate cognitive deficits and extend life span in ALS transgenic
mice [52].

Several papers suggest that immune cells infiltrating the brain from the peripheral sys-
tem play a pivotal role in neuromuscular disorders [53]. Activated peripheral macrophages
are found in the motor neuron exon of ALS mouse models and patients with ALS [54]. In
SOD1G93A mice, the replacement of peripheral macrophages by cell-replacement technique
reduced ROS and activation of peripheral macrophages and brain microglia [54]. The
inhibition of NF-κB activation in the microglia and astrocytes reduces both brain and
peripheral inflammation, and prolongs mouse survival [55,56].

5. Anti-Inflammatory and Anti-Oxidative Intervention for ALS

The “one target, one drug” paradigm has proven to be difficult in providing effective
therapeutic solutions for multifactorial diseases, such as ALS. Inflammation and oxidative
stress are considered to be key pathogenic factors in ALS. Many studies have tested the
therapeutic potential of various anti-inflammatory and anti-oxidative stress compounds
for ALS.

5.1. Synthetic Drug

Riluzole (Rilutek), an anti-glutamatergic drug, is one of only two drugs that are ap-
proved for the treatment of ALS by the United States Food and Drug Administration, with
its approval granted in 1995. Riluzole can delay disease symptoms and prolong survival
for up to 3 months in patients [57]. Riluzole blocks glutamatergic neurotransmission in
the CNS and inhibits glutamate release from the neurons in the brain. However, the
anti-oxidative mechanism of riluzole has not been fully studied, because it has varied
effects and complications on the inhibition of glutamate release. Nevertheless, several
studies have reported that riluzole attenuates the oxidative injury that is induced by ALS
pathogenesis in oxidative stress-induced neurons and SOD1G93A neuronal cells [58,59].
Further, they also reported that riluzole has antioxidant properties in other disease models.
Riluzole decreased cell death against tert-butyl hydroperoxide (t-BHP)-treated human
retinal pigment epithelial cells [60]. Riluzole has neuroprotective effects on Alzheimer’s
disease in rat models, due to decreased acetylcholinesterase (AChE) activity and oxidative
stress marker [61]. In ALS patients, riluzole treatment reported increased survival and
improved motor function [62,63].
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Edaravone (Radicava) is a free radical scavenger that is used widely in the treatment
of cerebral ischemia in Japan. It acts by reducing lipid peroxidation and hydroxyl radi-
cals in the cerebral ischemic brain [64]. The anti-inflammatory and antioxidative effects
of edaravone have been reported to reduce cytotoxicity, pro-inflammatory factors, and
apoptotic cell death in neuroblastoma cells, under oxidative damage by hydrogen peroxide
and amyloid beta 25–35 peptides, in a cellular model of Alzheimer’s disease, as well as
hydrogen peroxide and lipopolysaccharide-induced rat astrocyte activation [65,66].

A recent study investigated the antioxidative efficacy of edaravone and its therapeutic
effect on patients with ALS [67]. The anti-oxidative activity in serum and cerebrospinal
fluid was reduced in patients with ALS, at an early disease stage (2 years of disease
duration), which was reversed by edaravone treatment. Nagase et al. reported that
increased plasma uric acid, 3-nitrotyrosine, and oxidized coenzyme Q10 were observed
in 26 patients with ALS, whereas edaravone administration for 3 months (17 patients
with ALS) and 6 months (13 patients with ALS) significantly decreased plasma free fatty
acid and oxidative damage [68]. Furthermore, edaravone was also shown to modulate
antioxidant-related intracellular signaling pathways, including MAPKs, Nrf2, and NF-κB,
in various oxidative cellular and mouse models [69–71].

Masitinib is a novel tyrosine kinase inhibitor that targets microglia and mast cell-
associated neuroinflammation, by inhibiting enzymes that are involved in inflamma-
tion [72]. Masitinib protects against motor nerve damage by inhibiting the proliferation
and activation of microglia and mast cell-induced degranulation [73]. Masitinib was re-
cently investigated in a phase 2/3 clinical trial (NCT02588677) that aimed to compare the
efficacy and safety of masitinib in combination with riluzole, in patients with ALS [74].
This clinical trial reported that patients who were administered masitinib (3 mg/kg/day)
and riluzole had improved ALS functional rating scale results, disease progression, and
quality of life.

EPI-589, a (R)-troloxamide quinone, is a safe and well-tolerated oxidoreductase en-
zyme inhibitor. The potential of EPI-589, as a therapy for ALS, has been shown in a phase
2a clinical trial (NCT02460679), wherein it significantly attenuated oxidative stress, neuroin-
flammation, and delayed disease progression. These trials suggest that the anti-oxidative
and anti-inflammatory effects of synthetic drug candidates can be considered as interesting
therapeutic strategies to modulate neuronal loss and neuroinflammation in patients with
ALS, and thus require further investigation.

5.2. Phytochemicals

Phytochemicals are polyphenolic compounds that are present in plants that possess
antioxidant and anti-inflammatory actions [75]. Several studies have reported that the
administration or intake of phytochemicals reduces the risk of neurodegenerative diseases,
through the modulation of oxidative stress [76,77].

The administration of 7,8-dihydroxyflavone (5 mg/kg, i.p.) reduced motor perfor-
mance, and protected the total number of neurons and density of dendritic spines in the
motor neurons of SOD1G93A mice [78]. Fisetin (9 mg/kg, orally) delayed the development
of motor deficits and reduced disease progression, resulting in an increased lifespan in
SOD1G93A mice [79]. Quercetin significantly decreased ROS in lymphoblast cell lines from
patients with ALS, who carry SOD1 mutations [80]. Curcumin is the main constituent
of Curcuma longa, a yellow pigment used as a spice and coloring agent. Its antioxidant
properties have been evaluated in cell lines, mice, and patients [81]. Curcumin also has pro-
tective effects on motor neurons, against excitotoxicity and cytotoxicity [82,83]. The effects
of resveratrol on ALS have been reported to decrease thimerosal-induced neurotoxicity
in SH-SY5Y neuroblastoma cells and cortical neurons with SOD1G93A overexpression, via
the modulation of SIRT1/DREAM/PDYN, which are associated with neuronal death [84].
Resveratrol and MS-275, AMPK/sirtuin-1 activator, and HDAC inhibitors restored RelA
acetylation and NF-κB-targeted genes, such as Bcl-xL and brain-derived neurotrophic
factor (BDNF) in the spinal cord of SOD1G93A mice, resulting in delayed disease onset
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and increased survival [85]. Additionally, the motor neurons of resveratrol-administered
SOD1G93A mice were protected by the activation of SIRT1/PGC-1a/p53 signaling and the
restoration of mitochondrial biogenesis [85,86]. To determine the effects of curcumin on
patients with ALS, a clinical trial is ongoing (NCT04654689), which is evaluating the effects
of curcumin (200 mg) and resveratrol (75 mg) for at least 6 months.

5.3. Cannabidiol and Cannabinoid (CB) Receptor

Cannabidiol (CBD) is a phytocannabinoid in Cannabis sativa plants, and is known for
its non-psychoactive, neuroprotective, anti-convulsive, and anti-oxidative activities [87].
CBD has been reported to have neuropharmacological effects on the brain in neurological
disorders, including Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, epilepsy,
and ALS [88]. Several studies have suggested that CBD may act as a therapeutic agent for
ALS. Nabiximol (Satives®) is an oral spray containing two chemicals, tetrahydrocannabinol
(THC) and CBD that is used in the treatment of multiple sclerosis-related spasticity. Ac-
cording to human clinical trials, nabiximol has beneficial effects on motor neuron disease,
by reducing spasticity symptoms [89]. Moreno-Martet et al. suggested that the a nabiximol-
like combination of phytocannabinoids improved neurological scores, increased survival,
and upregulated cannabinoid (CB) receptor 2 in SOD1G93A mice [90]. CBD has also been
shown to modulate ALS-linked genes in an in vitro system [91].

Furthermore, endocannabinoid systems, such as endocannabinoids and their se-
lective receptors, play important roles in the CNS and protect against disease progres-
sion in ALS [92]. Endocannabinoids, including anandamide (AEA) and 2-arachidonoyl-
glycerol (2-AG), are also targets of CB2 receptors, and modulate Nrf2 signaling, peroxisome
proliferator-activated receptor-γ (PPAR-γ), and G-protein receptor 55 (GPR55) [93]. These
processes are involved in attenuating glial reactivation, inflammation, and oxidative stress
in neurodegenerative diseases. AEA and 2-AG levels were found to be increased in the
lumbar section of the spinal cord of SOD1G93A mice. As ALS-associated neurodegenera-
tion begins in this section [94], this finding suggests that a defense mechanism exists in
the spinal cord that involves the release of neurotoxins and cytokines by activated glia.
Recently, Carter et al. reported a correlation between ALS and endocannabinoids in the
serum of healthy adults and patients with ALS. AEA and the related lipids, 2-oleoylglycerol
(2-OG), are positively associated with ALS progression, whereas 2-AG showed a nega-
tive association, suggesting that endocannabinoids and the related lipids can be used as
biomarkers for the prediction of ALS, and are considered to be important endogenous
cellular factors for the development of therapeutics for ALS.

Experimental evidence, obtained from cellular systems and transgenic mouse models,
has shown that the CB2 receptor and its agonist have therapeutic potential for ALS. CB2 re-
ceptor knockout mice showed accelerated motor neuronal death and premature mortality in
TDP-43 mice [95]. Treatment with CB2 receptor agonists, such as AM1241, Win-55,212-2, and
HU-308, reduced disease progression, motor dysfunction, paralysis, and reactive astroglio-
sis [96,97]. Additionally, the CB2 receptor showed neuroprotection in the reactive astrocytes
of the spinal cord of dogs with degenerative myelopathy [98]. These findings support the
potential of CBD-based drugs for disease treatment, and CB receptors as molecular targets
for the treatment of ALS.

5.4. Modification of Oxidative Stress-Related Molecules

NOX2 hyperactivation enhances inflammation and glial activation, which are related
to disease progression in ALS [99]. NOX activity has been reported to be upregulated in
the spinal cord and blood of mice and patients with ALS and SOD1 mutations [100,101].
Although the genetic deletion of NOX2 did not affect survival or neurochemical markers
(GFAP, Iba-1, and CD68) in SOD1G93A mice [101], pharmacological NOX inhibitors (per-
phenazine and thioridazine) could reduce NOX activity and superoxide levels in the spinal
cord of SOD1G93A mice [101]. The inactivation of NOX in double transgenic mice with
SOD1G93A and gp91PHOX- increased survival and reduced pathological changes, such as



Diagnostics 2021, 11, 1546 7 of 16

microgliosis, and damaged myelinated axons in the spinal cord and motor neurons [102].
Apocynin, a NOX inhibitor, increased the number of motor neurons in the spinal cord and
extended the lifespan of SOD1G93A mice, through redox-sensitive Rac-1 regulation [103].
These reports suggest that specific NOX inhibitors may be potential preventive or thera-
peutic agents for ALS.

Several research groups have demonstrated that the modulation of oxidative stress-
related molecules, using gene therapy, alleviates disease symptoms and progression in ALS.
Benkler et al. investigated the effect of a cocktail treatment, including EAAT2, GDH2, and
Nrf2, using lentiviral vectors in SOD1G93A mice, and showed an improvement in motor
function and neurological function via anti-oxidative activity [104].

5.5. Vitamin E Supplementation

The long-term intake of vitamins, especially vitamin E, could be associated with a
lower risk of ALS [105]. Vitamin E is an important cellular antioxidant. Vitamin E intake
has been shown to extend survival, and slow down disease onset and progression in
SOD1G93A mice [106]. In 2005 and 2007, case studies of patients with ALS reported that
vitamin E supplementation was associated with a lower risk of death in patients with
ALS, but did not affect the survival of patients with ALS [107,108]. Although the intake of
vitamin E did not affect the survival in patients with ALS, oxidative stress markers in the
plasma of patients with ALS were reduced after 3 months of combination treatment with
riluzole and vitamin E [109]. Subsequently, combination treatments with vitamin E have
been reported to have potential therapeutic properties, such as anti-oxidative ability and
delayed disease progression, in patients with ALS [110].

6. The Limitations of Antioxidant Intervention for ALS

Oxidative stress is a component of various diseases, as well as ALS; therefore, the
development of effective antioxidant interventions is very important for disease treatment.
Nevertheless, the limitations of this concept require a clear consideration of whether
oxidative stress is the primary (trigger for disease pathology) or secondary (contributor
of disease progression) cause of ALS pathology, and an analysis of the pattern differences
between sporadic ALS and familial ALS will also be needed.

Although various studies have reported that antioxidants and modified oxidative
stress have beneficial effects on ALS, they fail in actual clinical trials, or have limited
application on humans. Most cases of ALS are sporadic (about 90–95%), i.e., there is no
genetic background or family history of the disease. About 5–10% of cases of ALS are
familial, i.e., they have genetic causes and family histories. These classifications imply that
ALS occurs mostly through a combination of genetic and non-genetic factors. Currently,
there are only the following two drugs approved by the U.S. Food and Drug Administration
for ALS treatment: riluzole and edaravone. However, they have some limitations. Riluzole
extends survival for a few months (2–3 months), and edaravone is used in only a few
countries and does not affect disease progression significantly. Even this is different for
patients with familial ALS and sporadic ALS. Thus, various studies are being conducted to
develop more effective therapeutic drugs for ALS. Nevertheless, it is difficult to develop
a definitive drug, because the direct pathogenic mechanism of ALS has not been clearly
elucidated, and various pathogenic factors and different cells are involved.

In the past decades, anti-ALS drug candidates have shown remarkable effects in
pre-clinical studies and clinical trials; however, most clinical trials have failed or are
ongoing. One of the reasons might be the limited use of animal models for evaluating
drug tests. Although ALS is mostly sporadic, studies have employed familial types. The
understanding of familial ALS is continually expanding, but that of other risk factors, such
as environmental factors, lifestyle, or aging, remains poor. ALS transgenic animal models
have been established using the well-known genetic mutations in ALS. It is not known
how animal models represent the sporadic disease forms. Without a genetic target, animal
models of sporadic diseases are limited. Furthermore, ALS is caused by various genetic
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mutations, besides SOD1 and TDP43, but animal models focus only on two genes. It is
necessary to develop sporadic animal models and evaluate the efficacy of drug candidates
accordingly.

Moreover, due to the differences between species, it is difficult to correlate the drug
efficacy found in animal models to humans. Additionally, ALS pathogenesis involves
multiple cell types contributing to disease onset and progression. However, so far, there is
no model or mechanism covering all the causes. Recently, there has been active research on
ALS pathogenesis, through induced pluripotent stem cells (iPSCs)-derived motor neurons
from patients with ALS and personalized medicine.

7. Conclusions

Since ALS is a multifactorial and complex neurodegenerative disease, it will have
clear limitations in drug development that simply targets a single etiological mechanism.
In this review, we focused on the role of oxidative stress in the pathogenesis of ALS, as well
as the cellular factors related to oxidative stress and antioxidant defense systems in ALS.
Moreover, we summarized the therapeutic approaches with anti-oxidative activities in ALS
treatments (Table 1). Based on previous research, oxidative stress is dramatically elevated
in the serum, cerebrospinal fluid, motor neurons, spinal cord, and muscles of patients
with ALS and animal models. These pieces of evidence suggest that oxidative stress could
be a pathological mechanism involved in ALS pathogenesis and progression. However,
this classification has many considerations, as the role of oxidative stress in ALS has not
been fully elucidated. Nevertheless, a variety of approaches are needed to elucidate the
pathogenesis of ALS and for the development of therapeutics that are suitable for multiple
pathogenic mechanisms in ALS.

Table 1. Summary of the therapeutic interventions for anti-oxidant effects in ALS.

Category Drug Model Treatment Effects References

Synthetic drug

Riluzole

SOD1G93A-
expressed
SH-SY5Y cells

1–10 µM, 24 h

(1) Protected the cell
viability and reduced
ROS/RNS levels
(2) Direct antioxidant
activity against oxidative
stress

[59]

959 ALS patients 50–242 mg/day
Prolonged survival of ALS
patients at stage 4
(100 mg/day)

[62]

974 ALS patients 50, 100, and
200 mg/day

(1) Increased survival
(100 mg/day)
(2) Small beneficial effect on
bulbar and limb function

[63]

Edaravone

22 ALS patients
(disease duration
of 2 years)

60 min/day, i.v.
2 weeks/2 weeks
drug-free
period/10 days

(1) Decreased anti-oxidative
activity in serum and CSF
(2) Improved ALS
functional rating
scale-revised (ALSFRS-R)

[67]

26 ALS patients

17 patients
(30 mg/day),
3 months
and 13 continued
treatments/6 months

(1) Increased plasma uric
acid, 3-NT and oxidized
CoQ10
(2) Decreased plasma free
fatty acid and oxidative
damages

[68]
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Table 1. Cont.

Category Drug Model Treatment Effects References

Nrf2 and
SOD1G93A double
transgenic mice

15 mg/kg/day,
28 days, i.p.

(1) Accelerated oxidative
stress in motor neuron of
spinal cord and lower limb
muscles
(2) Enhanced oxidative
stress in serum
(3) Improved motor function

[70]

Masitinib

SOD1G93A rats
30 mg/kg/day,
15 days, p.o.

(1) Modulated microglia
and mast cells activation
(2) Prevented axonal
pathology and the loss of
myofibers

[73]

Phase 2/3 clinical
trial
394 ALS patients

Masitinib (3 or
4.5 mg/kg/day)
with riluzole
(100 mg/day)

(1) Improved ALS
functional rating scale,
disease progression and life
quality
(2) No change on efficacy
and safety

NCT02588677
[74]

EPI-589
Phase 2a clinical
trial
19 ALS patients

500 mg/twice/day,
3 months

(1) Removed oxidative
stress and
neuroinflammation
(2) Delayed disease
progression

NCT02460679

Phytochemicals

7,8-DHF SOD1G93A mice
5 mg/kg,
3 days/week,
105 days

(1) Improved motor deficits
(2) Prevented spinal motor
neurons and dendritic
spines

[78]

Fisetin SOD1G93A mice
9 mg/kg/day,
10 weeks, p.o.

(1) Decreased free radical
levels and human SOD1
levels
(2) Increased antioxidant
factors by ERK activation

[79]

Quercetin

Lymphoblast cell
lines derived from
familial ALS
patients

10 µM Reduced ROS levels [80]

Curcumin

THP1 human
monocytic cells
with SOD1 mutant

1–500 µM, 6–72 h

(1) Inhibited the fibrillation
of aggregated SOD1 by
direct binding
(2) Decreased cytotoxicity

[82]

TDP-43Q331K

NSC-34 cells
15 µM, 24 h

Decreased abnormal
excitability induced by
TDP-43 mutation

[83]

Resveratrol

SOD1G93A-
expressed cortical
neurons

0.01–3 µM, 24 h

Decreased neurotoxicity by
SIRT1/DREAM/PDYN
pathway [84]

SOD1G93A mice

625 mg resveratrol-
containing diet
30 days
(25 mg/kg/day)

Increased life span, not
motor performance by p53
deacetylation [86]
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Table 1. Cont.

Category Drug Model Treatment Effects References

Cannabidiol and
endocannabi-
noid
system

Nabiximols
Phase 2 clinical
trial
60 ALS patients

Combination of
2.7 mg δ-THC and
2.5 mg CBD, 6 weeks,
oromucosal spray

Reduced spasticity
symptoms [89]

Phyto-
cannabinoid SOD1G93A mice 20 mg/kg/day

(1) Improved neurological
score
(2) Increased mice survival
and CB2 receptor

[90]

Endocannabinoid SOD1G93A mice
35, 90 and 120 days
of age

(1) Increased
endocannabinoid levels in
spinal cord with progressive
degeneration
(2) Decreased neuronal cell
damage in spinal cord and
neurotoxins by modulating
glial activation

[94]

CB2 receptor

CB2 receptor
knockout

TDP-43A315T mice
crossed with CB2
receptor knockout
mice

7 weeks, 11 weeks,
65 days and 90 days
of age

(1) Accelerated neurological
deficits (motor function)
(2) Induced severe motor
neuron death and glial
activation
(3) Led to premature
mortality

[95]

Win-55,212-2
HU-308

SOD1G93A mice
and TDP-43A315T

mice

5 mg/kg/day,
30 days, i.p.

(1) Improved motor
function
(2) Protected neuronal loss
and inhibited reactive
gliosis

[96]

AM1241 SOD1G93A mice 1 mg/kg/day, i.p.

(1) Delayed motor
impairment and disease
progression (paralysis score
and weight loss)
(2) Increased mice survival

[96]

Modification of
oxidative
stress-related
factors

NOX2 deletion
NOX2 knockout
mice with
SOD1G93A mice

Perphenazine
(3 mg/kg)
Thioridazine
(10 mg/kg)

(1) Increased NOX2
expression in microglia of
SOD1G93A mice and ALS
patients
(2) Decreased superoxide
level and microglial
activation

[101]

NOX
inactivation

SOD1G93A mice
crossed with
gp91PHOX

knockout mice

At 1 month and
4-month-old mice

Delayed neurodegeneration
and increased survival by
modulation of IGF-1/Akt
pathway

[102]

NOX inhibitor
(Apocynin)

SOD1L8Q/G93A-
expressed
SH-SY5Y cells and
MO59J cells

SOD1G93A mice

100 µM

30, 150,
300 mg/kg/day
Water intake

Attenuated the glial
activation-induced
cytotoxicity

Increased life span

[103]
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Table 1. Cont.

Category Drug Model Treatment Effects References

Lentivirus
cocktail
(EAAT2,
GDH2, Nrf2)

SOD1G93A mice
65 days of age
i.c., i.m.

(1) Reduced glutamate
excitoxicity and improved
anti-oxidant activity
(2) Did not affect prolonged
survival in mice
(3) Prevented body weight
loss, neurological score and
motor function

[104]

Vitamin E

Vitamin E SOD1G93A mice
75 IU vitamin
E-supplemented diet
5 months

Delayed disease progress,
but does not prolong
survival

[106]

Clinical trial
Human case
study

289 ALS patients
(less than 5 years
duration)

500 mg/capsule and
50 mg riluzole
12 months

(1) After 3 months,
decreased oxidative stress
markers in plasma
(2) Delayed disease
progression (from milder
state to severe state)
(3) After 12 months, no
effect on the survival

[109]

Abbreviations: 3-NT, 3-nitrotyrosine; 7,8-DHF, 7,8-dihydroxyflavone; ALS, amyotrophic lateral sclerosis; CB2, cannabinoid receptor 2;
CoQ10, coenzyme Q10; CSF, cerebrospinal fluid; DREAM, downstream regulatory element antagonist modulator; EAAT2, excitatory amino
acid transporter 2; GDH2, glutamate dehydrogenase 2; i.c., intracisternal; i.m., intramuscular; i.p., intraperitoneal; i.v., intravenous; IGF-1,
insulin-like growth factor-1; NOX2, NADPH (nicotine adenine dinucleotide phosphate) oxidase 2; Nrf2, nuclear factor erythroid-2-related
factor 2; NSC-34, neuroblastoma spinal cord-34; p.o., per oral; PDYN, prodynorphin; RNS, reactive nitrogen species; ROS, reactive oxygen
species; SIRT1, sirtuin (silent mating-type information regulation 2 homolog) 1; SOD1, superoxide dismutase 1; TDP-43, TAR DNA-binding
protein 43.

Overall, the present paper demonstrated that oxidative stress is closely related to the
pathogenesis and disease mechanism in ALS. Although there are issues that need to be
addressed, the modulation of oxidative stress is crucial in the development of ALS therapeu-
tics. We expect that these considerations will contribute to the development of antioxidant
therapeutics for ALS, and inform other perspectives to better understanding ALS.
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