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Abstract: Amyotrophic lateral sclerosis (ALS) is a complex neuromuscular disease characterized by
progressive motor neuron degeneration, neuromuscular junction dismantling, and muscle wasting.
The pathological and therapeutic studies of ALS have long been neurocentric. However, recent
insights have highlighted the significance of peripheral tissue, particularly skeletal muscle, in disease
pathology and treatment. This is evidenced by restricted ALS-like muscle atrophy, which can
retrogradely induce neuromuscular junction and motor neuron degeneration. Moreover, therapeutics
targeting skeletal muscles can effectively decelerate disease progression by modulating muscle
satellite cells for muscle repair, suppressing inflammation, and promoting the recovery or regeneration
of the neuromuscular junction. This review summarizes and discusses therapeutic strategies targeting
skeletal muscles for ALS treatment. It aims to provide a comprehensive reference for the development
of novel therapeutics targeting skeletal muscles, potentially ameliorating the progression of ALS.

Keywords: amyotrophic lateral sclerosis (ALS); skeletal muscle; muscle satellite cells (MuSCs);

inflammation; neuromuscular junction (NM]J)

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating neuromuscular disorder charac-
terized by progressive degeneration of motor neurons (MNs) and severe muscle atrophy.
Most ALS cases are sporadic, and a minority of cases (5-10%) are familial [1]. Over 30 genes
have been identified as being linked to ALS [2], with the most prevalent mutations found
in SOD1 (Cu/Zn superoxide dismutase 1), COORF72 (chromosome 9 open reading frame
72), TARDBP (TAR DNA-binding protein 43; TDP-43), and FUS (fused in sarcoma) [3].
ALS patients endure progressive muscle wasting, which gradually impairs their ability to
move, speak, eat, and breathe. Typically, patients succumb to respiratory failure within
2 to 5 years after diagnosis [4,5]. No efficacious therapies have been developed, mainly
due to an elusive pathogenic mechanism underlying this multisystemic disorder. Multi-
ple cell types, such as motor neurons and glial cells in the central nervous system (CNS)
and Schwann cells and skeletal muscle in peripheral tissues, collectively orchestrate the
onset and progression of the disease [6-9]. Moreover, defects in cellular structure, physi-
ology, and metabolism interact and reinforce each other, making it difficult to pinpoint a
primary pathogenic mechanism and develop effective therapeutics [6-9]. Current FDA-
approved medications, such as the glutamate antagonist Riluzole, the free radical scavenger
Edaravone, or the endoplasmic reticulum stress and mitochondrial dysfunction mitigator
Relyvrio, only extend patients’ lives for a few months, with no capacity to reverse nerve
damage or muscle atrophy [10-12].

In ALS, muscle atrophy has traditionally been viewed as a secondary consequence
of MN degeneration and denervation [13]. However, distinct pathologies within the
skeletal muscle, such as fiber necrosis, inflammation, and myopathic features, have been
documented in ALS muscles [14-16], suggesting that skeletal muscle atrophy in ALS may
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not solely result from denervation. Furthermore, studies of ALS patients have indicated that
skeletal muscle plays an early and active role in the development of ALS [17,18]. Defects in
skeletal muscle and the neuromuscular junction (NMJ) can occur before MN degeneration
and the onset of clinical symptoms in ALS animal models and patients [19-21]. Skeletal
muscle-restricted expression of an ALS-associated mutated protein (a G93A mutant form
of human superoxide dismutase type 1 (SOD1)) causes motor neuron degeneration and a
fatal ALS-like syndrome in transgenic mice [22-25]. All these observations suggest that
ALS can be a distal axonopathy. These findings have brought renewed attention to the
‘dying-back” hypothesis for ALS, where a retrograde pathogenic signaling cascade that
originates in the peripheral tissues, such as skeletal muscles, can trigger the degeneration
of MNs in the CNS [17,18]. Intriguingly, evidence of distal axonopathy has also surfaced in
other neurodegenerative diseases, such as Parkinson’s disease and Alzheimer’s disease,
suggesting that targeting peripheral tissues may be an effective therapeutic strategy for a
range of neurodegenerative disorders, including ALS [26-28]. This review aims to provide
a comprehensive summary of studies on therapies that target skeletal muscle and their
impact on muscle satellite cells (MuSCs), inflammation, and the NMJ, which are essential
components of ALS pathogenesis (summarized in Figure 1 and Table 1).
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Figure 1. Dynamic interplay of skeletal muscle and nerves in response to therapeutics targeting
skeletal muscles in ALS. In a healthy state, motor neurons are wrapped with Schwann cells to form the
myelin sheath, aiding in neural signaling towards the NMJ and ultimately reaching the muscle fibers.
In ALS, significant damage is evident in muscle fibers and Schwann cells, often accompanied by the
presence of activated macrophages and neutrophils, releasing inflammatory cytokines within the
skeletal muscle and the surrounding NMJ. This inflammatory milieu may signal back to the central
nervous system and aggravate motor neuron degeneration. In response to therapeutics targeting
skeletal muscle in ALS, such as stem cell transplantation or adeno-associated virus (AAV)-based gene
therapies, a profound reduction in muscle inflammation is observed, which is paralleled by muscle
regeneration and NM] recovery, leading to neuroprotection and regeneration.

2. Muscle Satellite Cells

Skeletal muscle regeneration is a well-coordinated process of myogenesis that relies
on MuSCs activation, proliferation, fusion, and differentiation [29]. Quiescent MuSCs
are activated in response to acute injury, muscle denervation, or exercise stimuli. Once
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activated, MuSCs enter the cell cycle for proliferation, followed by differentiation into
myoblasts and fusion with existing myofibers to repair and regenerate muscle fibers. The
orderly process of myogenesis is tightly regulated by a family of transcription factors
known as the myogenic regulatory factors (MRFs). They are crucial for regulating the gene
expression essential for specifying the skeletal muscle lineage and controlling myogenic
differentiation [30]. MuSCs express specific MRFs depending on their state. In their quies-
cent state, they express the MRF family member Pax7 (a paired box family transcription
factor) and myogenic factor 5 (Myf5) [31,32]. Upon activation, MuSCs quickly enter the cell
cycle and begin to express another MRF member, MyoD (myogenic differentiation 1) [33].
The co-expression of both Pax7 and MyoD indicates that these stem cells have shifted to
an active state. As activated MuSCs proliferate, Pax7 expression is downregulated, while
MyoD and/or Myf5 expression persists. During differentiation, another MRF, myogenin
(MyoG; Myf4), is expressed and is essential for the differentiation of MuSCs into multinucle-
ated myotubes, making myogenin a marker for the onset of myogenic differentiation [33].
Besides muscle regeneration, MuSCs also help maintain the structure and activity of the
NM]J [34,35]. Depletion of MuSCs results in impaired myofiber/NMJ connectivity and
inefficient re-innervation of the NMJ [34].

In ALS, the activity and function of MuSCs are altered. Pradat and colleagues isolated
MuSCs from the deltoid muscle biopsies of ALS patients and observed that these cells
proliferated at a similar rate to those from healthy controls [36]. However, the myoblasts
derived from ALS patients displayed a senescent-like morphology, with increased senes-
cence markers, including senescent-associated (SA)-BGal and p16 expression. In addition,
MuSCs derived from ALS patients were unable to fully differentiate in vitro, which was
evidenced by the abnormal morphology of the myotubes and reduced expression of MHC
isoforms [36]. In another study, Scaramozza and colleagues observed that myoblasts de-
rived from the vastus lateralis muscle of ALS patients exhibited a higher proliferation rate
than those of control cultures [37]. Additionally, these ALS-derived myoblasts displayed
significantly higher transcription levels of MyoD compared to controls, while maintaining
similar levels of Pax7. Ultrastructural assays revealed that ALS myoblasts had an altered
morphology characterized by a large number of vacuoles. Furthermore, differentiating ALS
myoblasts displayed lower expression levels of Myf4 compared to controls [37]. Studies by
both Pradat and Scaramozza suggest that myoblasts derived from ALS patients are unable
to fully differentiate into myotubes to achieve efficient muscle regeneration. Mitochondrial
bioenergetics failure was observed in satellite cells isolated from the early presymptomatic
stage (p55) of an established ALS mouse model carrying human mutated SOD1 (G93A)
genes [38]. Dysfunctional mitochondria accelerate the accumulation of reactive oxygen
species and other DNA-damaging factors. These factors may contribute to the susceptibility
of MuSCs to degeneration following the activation of the repair system [37]. Although
further research is necessary to elucidate the mechanisms underlying the compromised
muscle regeneration mediated by MuSCs in ALS, these cells could represent a potential
therapeutic target for the disease.

Therapeutic Targets on MuSCs

Recently, researchers have explored the purinergic P2X receptor 7 (P2XR?7), a family
member of purinergic ionotropic receptors, as a therapeutic target for ALS, aiming to
promote muscle regeneration. For example, Fabbrizio and colleagues found that activation
of P2XR7 was able to reduce muscle atrophy in ALS mice [39]. Activation of P2XR7 through
intramuscular administration of the P2XR7 agonist 2/(3')-O-(4-benzoylbenzoyl) adenosine
5-triphosphate (BzATP) into the tibialis anterior (TA), gastrocnemius medjialis (GCM), and
quadriceps (QC) of SOD1 (G93A) mice enhances the pro-regenerative activity of infiltrat-
ing macrophages and improves the motor performance of ALS mice by promoting the
activation and differentiation of MuSCs [40]. BzATP-treated muscle exhibited a larger
muscle fiber cross-sectional area and higher expression levels of myogenic factors (MyoD
and MyoG) in the QC muscle compared to controls. Primary satellite cells isolated from
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BzATP-treated mice also showed increased proliferation rates and fusion index during
differentiation. A serial of in vitro evaluations confirmed that BZATP promotes satellite
cell proliferation and differentiation, which were mediated by the activation of P2XR7.
Additionally, supplements of BzATP resulted in decreased glycogen synthase kinase 3
(GSK3) activation and increased extracellular signal-regulated kinase 1/2 (ERK1/2) phos-
phorylation in the skeletal muscle of SOD1 (G93A) mice, suggesting the involvement of
pro-survival/regenerative pathways. In addition, activation of P2XR7 by BzATP increased
the recruitment of CD11b* cells (macrophages) in the skeletal muscles of SOD1 (G93A)
mice, particularly at the disease onset stage. Histological analysis revealed an increase
in Macrophage 2 (M2) CD206* macrophages in BzZATP-treated mice, while Macrophage
1 (M1) iNOS* macrophages showed no significant difference compared to controls, sug-
gesting a correlation between P2XR7 activation and M2 polarization. At the onset of
the disease, BZATP treatment led to downregulation of pro-inflammatory cytokines like
insulin-like growth factor-1 (IGF-1) and Tumor Necrosis Factor o (TNF-«) while increasing
the anti-inflammatory cytokine interleukin 10 (IL-10), indicating a shift towards an anti-
inflammatory milieu favoring muscle regeneration [39]. Other studies have shown that
activating P2X7 benefits the peripheral nervous system (PNS) by promoting Schwann cell
proliferation after sciatic nerve injury and facilitating myogenesis and the formation of the
NMJ [39,41].

In addition to P2XR7, mouse insulin-like growth factor (mlgf)-1 isoform, previously
implicated in the anabolism of muscle and nerve tissues, has shown promising potential as
a muscle-focused ALS treatment [42]. Dobrowolny and colleagues found that the skeletal
muscle-restricted expression of mlgf-1 enhanced MuSC activity and fiber maturation [42].
Transgenic mIgf-1 expression also stabilized the NM]J, reduced spinal cord inflammation,
improved MN survival, and ultimately prolonged the lifespan of mice carrying the ALS-
associated SOD1 (G93A) mutation [42]. These studies highlight the potential of targeting
MuSCs for ALS therapies.

3. Inflammation

Neuroinflammation has been recognized as one of the key mediators of ALS pathogen-
esis. Zamiri and colleagues identified immunological dysregulation as a central contributor
to disease progression in sporadic ALS, making it a potential therapeutic target [43]. They
observed infiltration of immune cells such as IL-17A and granzyme-positive cytotoxic T
lymphocytes (CTLs), IL-17A-positive mast cells, and inflammatory macrophages into the
brain and spinal cord. Early elevation in inflammatory cytokines (IL-12A, IFN-y, TNF-«),
granzymes, and transcription factors (STAT3, STAT4) in peripheral blood mononuclear
cells (PBMCs) was also observed. Upregulation of autoimmunity-associated cytokines
(IL-23A, IL-17B) and chemokines (CXCL9, CXCL10) in PBMCs was detected, attracting
CTLs and monocytes into the CNS. Furthermore, systemic inflammation in ALS is also
driven by changes in T-cell regulation. In ALS patients, inhibitory co-receptors like CTLA4
(cytotoxic T lymphocyte-associated protein 4) and PD-1 (programmed cell death protein-1)
decrease, while stimulatory co-receptors like OX40 and GITR increase. CTLA4 gradually
decreases over time, while LAG3 initially increases but sharply declines around 40 months
post-onset. Conversely, OX40 and GITR significantly upregulate in the same time frame.
Longer-surviving patients exhibit increased FOXP3 activity, a key regulator of regulatory T
cells (Tregs), aiding immune response regulation. In addition, proteomic analysis revealed
heightened expression of granzymes, kinases, cell adhesion, and apoptotic proteins in the
natural killer (NK) cells of an ALS patient compared to their healthy twin. Investigations
into therapeutic interventions for sporadic ALS patients revealed that dimethyl fumarate
(DMF) and the cGAS/STING pathway inhibitor H-151 downregulate granzymes and pro-
inflammatory cytokines (IL-13, IL-6, IL-15, IL-23A, IFN-y), promoting a pro-resolution
macrophage phenotype. Additionally, anti-inflammatory eicosanoid epoxyeicosatrienoic
acids (EETs) from arachidonic acid synergize with DMF. DMF and H-151 emerge as promis-
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ing drugs that target inflammation and autoimmunity in sporadic ALS by modulating the
NFkB and cGAS/STING pathways [43].

Dysregulated inflammatory processes in the skeletal muscle also play a significant
role in ALS pathology [15]. For healthy muscles, when muscle injury occurs, resident
and recruited mast cells, neutrophils, and other immune cells contribute to creating a pro-
inflammatory environment through the secretion of pro-inflammatory cytokines, such as
TNF-«, interferon-y (IFN-v), and interleukin-1f (IL-1(3). This process recruits macrophages,
derived from monocytes in the bone marrow, to the site of muscle injury at approximately
two days post-injury. During muscle regeneration, the macrophages undergo a transition
from the M1 (pro-inflammatory) to the M2 (anti-inflammatory) phase. In the early stage
of muscle regeneration, M1 macrophages predominate, promoting the proliferation of
MuSCs by secreting large amounts of cytokines such as TNF-«, IL-1§3, IGF-1, interleukin-6
(IL-6), and IFN-y [44]. As the number of MuSCs reaches its peak, the pro-inflammatory
(M1) microenvironment transitions into the anti-inflammatory state (M2), facilitating the
differentiation of MuSCs and the maturation of newly formed myofibers. M2 macrophages
establish this anti-inflammatory environment by producing anti-inflammatory cytokines,
such as interleukin-4 (IL-4), interleukin-10 (IL-10), and interleukin-13 (IL-13), and suppress-
ing the local inflammatory response at the injury site. Simultaneously, M2 macrophages
facilitate the differentiation of MuSCs into myotubes, thereby contributing to the later
stages of myogenesis and regeneration through secreting various growth factors, such
as GDF3 [45,46]. This transition from the pro-inflammatory to the anti-inflammatory
macrophage phenotype during muscle regeneration is crucial to maintaining a favorable
regeneration microenvironment.

In the ALS in vivo model, inflammation gradually worsens as the disease advances
from the late pre-symptomatic stage to the symptomatic and late disease states in the
limb muscles. This inflammation is particularly prominent near the postsynaptic region
of the NM]J [47]. Elevated inflammasome activation has been implicated in skeletal mus-
cle pathology in ALS, as evidenced by macrophage infiltration and increased levels of
caspase-1 and IL-1f3 in both the SOD1 (G93A) mouse model and sporadic ALS patients [48].
Furthermore, the elevated levels of these proteins in the skeletal muscle of pre-symptomatic
SOD1 (G93A) mice indicate an early activation of innate immunity in the pathogenesis of
ALS [48]. In addition, during muscle regeneration, elevated IL-1(3 levels correlate with an
accumulation of activated macrophages, leading to impaired regeneration [49]. Prolonged
inflammation disrupts the microenvironment of cells within the skeletal muscle, upsets the
delicate equilibrium between protein synthesis and degeneration, and affects components
like the myosin heavy chain, the major contractile protein required to sustain muscle con-
traction [50]. This disruption is achieved through the activation of various inflammatory
signaling pathways, including but not limited to the NF-kB (nuclear factor-kB), JAK/STAT
(Janus-activated kinase/signal transducer and activator of transcription), and p38 MAPK
(mitogen-activated protein kinase) pathways [51]. Therefore, modulating inflammation in
ALS skeletal muscle may facilitate tissue regeneration and ameliorate disease progression.

Therapeutic Targets for Anti-Inflammation

During muscle regeneration, macrophages are the dominant immune cells recruited
within the damaged tissue and directly interplay with MuSCs to orchestrate their fate
through different secretory cues [45]. Intramuscular injection of the anti-inflammatory
factor IL-10 into SOD1 (G93A) mice has been shown to counteract skeletal muscle atrophy
by facilitating macrophage polarization and MuSCs differentiation [52]. Upon IL-10 ad-
ministration, protein levels of MyoD and MyoG were significantly increased in the MuSCs,
indicating a promotive role in facilitating the transition from the proliferative stage to the
differentiation stage [53]. IL-10, as a potent immunomodulatory factor, can induce the shift
of M1 macrophages to M2, which is crucial for muscle growth and regeneration. The study
found that IL-10 treatment increased CD11b™" cell density in the TA muscle, suggesting
a potential influence on macrophage proliferation. In vitro, SOD1 (G93A) macrophages
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showed a 2.7-fold increase in proliferation with IL-10 treatment, which was reversed upon
IL-10 blockage. In C57-SOD1 (G93A) mice, IL-10 reduced M1 iNOS* macrophages while
increasing their M2 CD206" counterparts in the quadriceps muscle. Histological and
RNA lysate analyses confirmed the decreased expression of pro-inflammatory cytokines
(TNFo and IL1-) with IL-10 treatment, indicating an anti-inflammatory effect. The study
further investigated the influence of IL-10 on the interaction between macrophages and
MuSCs in damaged skeletal muscle. The administration of IL-10 enhanced the migration of
macrophages towards MuSCs in vitro, even in the absence of M2 polarization. This effect
was further boosted when IL-10 was combined with IL-4, indicating enhanced macrophage-
MuSCs crosstalk. Eventually, the immunomodulation and anti-inflammation mediated by
IL-10 led to the preservation of MNs, improving motor performance and extending the
lifespan of SOD1 (G93A) mice [52].

Trolese and colleagues also demonstrated that boosting the peripheral immune response
by utilizing an intramuscular injection of the scAAV9 vector packed with Mcpl (monocyte
chemoattractant protein-1) improved motor functions in SOD1 (G93A) mice [54]. Mcp1 is a
key chemokine that regulates the migration and infiltration of monocytes/macrophages. This
intervention, in turn, triggered the differentiation of myogenic progenitors and facilitated
muscle re-innervation, ultimately leading to improved muscle strength and a delay in disease
onset. The study also revealed that the fluorescent protein-tagged scAAV9 vector spread
retrogradely from the injected muscles alongside the motor unit, eventually transducing
the soma of MNs [54]. The induction of Mcp1 in the motor unit protected MNs in the
spinal cord by decreasing neuroinflammation, as indicated by decreased pro-inflammatory
markers, such as IL-1(3 [54]. Together, these studies suggest that the direct modulation of
inflammation in skeletal muscle not only stimulates muscle regeneration but also preserves
the NMJ and enhances motor function in an ALS mouse model.

4. Neuromuscular Junction

Given the early pathological changes that occur at the NM]J prior to the onset of ALS
clinical symptoms, the NM] is emerging as a promising therapeutic target for ALS treatment.
The NM]J directly links the nervous and muscular systems and enables communication
between the MNs and skeletal muscle fibers [55]. It comprises three essential elements: the
presynaptic motor nerve terminal, the perisynaptic Schwann cells (5Cs), and the postsynap-
tic plasma membrane of the muscle fiber [56,57]. Upon the arrival of the action potential,
calcium enters the presynaptic terminal, promoting the release of the neurotransmitter
acetylcholine (ACh) into the extracellular space. The ACh then binds to tightly clustered
ACh receptors (AChRs) on the muscle tissue, initiating the muscle action potential that
ultimately leads to muscle contraction [58]. The malfunction of the NM]J disrupts muscle
contraction, highlighting its central role in neuromuscular disorders [58]. In support of
the distal axonopathy theory of ALS, pathological changes in the NM]J were reported to
occur before MN degeneration and the onset of clinical symptoms [7,59,60]. Studies have
revealed deficiencies in NMJ formation, fidelity, stability, and fatigability across all ALS
NM]J models [61]. Additionally, there is a significant decrease in the innervated endplate
area and increased fragmentation of the NMJ in ALS [61].

Therapeutic Targets for the NM]J

To ameliorate NM]J and MN defects in ALS patients, Barrientos and colleagues in-
jected bone marrow mononuclear cells (BMMCs) into the skeletal muscle in a phase I/11
clinical trial [62]. The results revealed a significant increase in the compound muscle action
potential (CMAP), which was indicated by the D50 index, within the treatment group,
suggesting that BMMCs have the potential to ameliorate NMJ damage in ALS [62]. In
another study, human umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs)
were repeatedly intramuscularly injected into the limbs of SOD1 (G93A) mice [63]. The
treated group exhibited a significant enlargement of the NMJ endplate area compared to
the vehicle-treated group. Implanted hUCB-MSCs also ameliorated muscle atrophy by
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inhibiting reactive oxidative species generation and activating AMPK-regulated protein
synthesis. As a result, the transplantation of hUCB-MSCs improved motor function and
extended survival in an ALS mouse model [63]. In addition, there are other treatments that
combine stem cells with neurotrophic factors, such as glial-derived neurotrophic factors
(GDNFs) and vascular endothelial growth factor (VEGF), to target the NM] and muscle
atrophy in an ALS animal model [64,65]. GDNFs and VEGF have also been shown to
protect motor neurons in ALS models [66,67]. Intramuscular injection of human mesenchy-
mal stem cells (hMSCs) engineered to express GDNF and/or VEGF led to a significant
improvement in innervated endplates, as indicated by increased AChR cluster formation
in an ALS animal model [64]. This protective effect extended to MNs in the spinal cord,
resulting in an overall increase in the survival of SOD1 (G93A) rats [64]. In another study,
overexpression of neuregulin (NRG-1), a neurotrophic factor that supports axonal and
neuromuscular development and maintenance, within the skeletal muscle contributed
to NMJ maintenance and improved redox homeostasis in the muscle of SOD1 (G93A)
mice [68-71]. This also led to decreased glial reactivity and enhanced MN survival in the
spinal cord [71]. Therefore, neurotrophic factors in conjunction with stem cells may serve
as a valuable therapeutic target for ALS, as demonstrated by their ability to ameliorate both
NM]J and MN phenotypes.

In addition, gene therapy for ALS has also been successfully administered in an
ALS mouse model by intramuscular injection of AAV to express human Dok-7, a crucial
muscle protein involved in NM]J formation [72]. This treatment effectively reduced muscle
denervation and improved motor function [72]. Nonetheless, the perceived safety of the
direct administration of gene editing-based therapy into humans warrants further studies
to ensure that there are no short- and long-term side effects. Overall, these studies show
promising results for targeting the NM]J as a treatment for ALS.
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Table 1. Therapeutics targeting skeletal muscles for ALS treatment.
Effects on Effects on
Drug/Approach Animal Model Motor MNs in Effects on Effects on Muscle .Effects on Lifespan Reference
Performance . NM]J Inflammation . Disease Onset
Spinal Cord Satellite Cells
2'-(3')-O-(4-benzoyl-
benzoyl) adenosine B6.Cg- Delayed onset Reduced Increased Delayed onset
5'-triphosphate Tg(mSOD1)1Gur/J of motor inflammation in activation and of motor [40]
triethylammonium salt mouse impairment the spinal cord differentiation impairment
(BzATP)
Restrlct?d skel'etal r.nus.cle e Reduced Increased Delayed onset
expression of insulin-like . Enhanced Stabilized . L . Extended
SOD1G93A B6] mice . inflammation in activation and of motor . [42]
growth factor (mlIgf)-1 MN survival NMJ . : - . . lifespan
. the spinal cord differentiation impairment
isoform
Reduced
SOD1G93A male mice inflammation in Delaved onset
Intramuscular and C57BL./6] Delayed onset the spinal cord Increased and }rlo ression
.. . (C57-SOD1G93A) and 4 Enhanced and enhanced - prog Extended
administration of of motor . activation and of muscle . [52]
recombinant mouse IL-10 12952/Sv impairment MN survival macrophage differentiation strength lifespan
(129Sv-SOD1G93A) P polarization to . 18
: . impairment
female mice Macrophage 2 in
skeletal muscle
Delayed onset
. I‘ntran‘luscular SOD1G93A mice on Delayed onset Enhanced . Increased and progression
administration of scAAV9 Enhanced expression of anti- o
. . C57BL/6] or 129SvHsd of motor . ! activation and of muscle [54]
vector engineered with . . MN survival inflammatory - -
backgrounds impairment differentiation strength
the Mcp1 gene markers . .
impairment
Intramuscular
transplantation of human Improved Delayed onset
s hSOD1G93A transgenic Reduced Decreased of disease
umbilical cord . motor . Extended
. mice (B6.Cg- . NM]J degen- muscle indicated by . [63]
blood-derived N function and - . lifespan
Tg(SOD1*G93A)1Gur/J) . eration atrophy body weight
mesenchymal stem cells activity loss

(hUCB-MSCs)
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Table 1. Cont.

Effects on Effects on
Drug/Approach Animal Model Motor MNs in Effects on Effects on Muscle .Effects on Lifespan Reference
Performance Spinal Cord NMJ Inflammation Satellite Cells Disease Onset
Human mesenchymal No sienificant
stem cells engineered to Enhanced Reduced d(i)ffsefencg ?n Extended
| sear ete glial cell . SODIGI3A rats MN survival NMJ . disease onset or lifespan [64]
line-derived neurotrophic denervation OoTession
factor ((MSC-GDNF) Prog
Human mesenchymal
stem cells engineered to
secrete glial cell
line-derived neurotrophic SOD1G93A rats Del)afy;i; r;set Enhanced R‘ElKEIEd Delayed disease Extended [65]
factor (hMSC-GDNF) and impairment MN survival denervation onset lifespan
vascular endothelial patrme ehervatio
growth factor
(hMSC-VEGEF)
Vascular endothelial Decreased Delayed disease
growth factor . Enhanced Extended
. SOD1G93A mice motor . onset and . [67]
(VEGF)-expressing . . MN survival . lifespan
. impairment progression
lentiviral vector
Oil;iitai;;?zgif Improved motor Enhanced Reduced Reduced neuron Delayed disease
pPr SOD1G93A mice function and . NMJ . . 4 [71]
Neuregulin 1 type I activity MN survival denervation inflammation onset

(NRG1-I)




Biomolecules 2024, 14, 878

10 of 14

5. Mitochondria

Mitochondria, which support various essential cellular processes, including energy
production, calcium storage, and lipid synthesis, are vital for cell viability and maintenance
of life. In ALS patients, both sporadic and familial cases exhibit similar mitochondrial
abnormalities in the spinal cord and muscles, as characterized by defects in morphology,
quantity, and disposition. These abnormalities are accompanied by defects in the respi-
ratory chain complex and increased oxidative stress [73]. Research by Bernardini et al.
(2013) utilizing microarray technology identified significant alterations in mitochondrial
network gene expressions in ALS, which are crucial for oxidative phosphorylation and
ATP synthesis in muscle tissues [74]. Further studies using multigene gqRT-PCR revealed a
downregulation of genes responsible for mitochondrial biogenesis and dynamics, indicat-
ing a pervasive mitochondrial dysfunction in ALS [75]. Defective mitochondrial respiratory
function, a primary source of reactive oxygen species (ROS) production, can lead to ele-
vated intracellular ROS levels. Alleviated ROS and the resulting oxidative stress play a role
in the pathogenesis of ALS, potentially leading to the formation of the unfolded protein
aggregates that are invariably found in ALS motor neurons [76]. Halter B observed that
the accumulation of ROS in skeletal muscles occurs at the asymptomatic stage in SOD1
(G93A) mice [77]. Similarly, Méndez-Lopez I and Scaricamazza S found that mitochondrial
dysfunction in the skeletal muscles of SOD1 (G93A) mice occurs before clinical symptoms
appear [38,78]. These studies suggest that mitochondria and the resulting oxidative stress
may contribute to the onset and progression of ALS.

Therapeutic Targets for Mitochondrial Dysfunction and Oxidative Stress

Edaravone (MCI-186, 3-methyl-1 phenyl-2-pyrazolin-5-one), first described as a free
radical scavenger, has been approved for treating ALS since 2015 in several countries,
including Japan, South Korea, the United States, and Canada [79]. Edaravone treatment
of rats with cerebral infarction significantly boosts the expression of Nrf2 (nuclear factor
erythroid 2-related factor-2), a key stimulator of antioxidant activities that defend against
oxidative stress [80]. Nrf2 activation, triggered by inflammation or injury, leads to its
translocation from the cytoplasm to the nucleus, where it binds to antioxidant response
elements in the promoter regions of various detoxifying enzymes, such as HO-1 (heme
oxygenase-1) and NQO1 (NAD(P)H quinone oxidoreductase-1), thereby protecting cells
from oxidative damage [81]. Additionally, Honokiol has demonstrated the ability to reduce
cellular oxidative stress by enhancing the synthesis of glutathione (GSH) and activating
the Nrf2 antioxidant response element (ARE) pathway. It also improves mitochondrial
efficiency and morphology, promoting mitochondrial dynamics in SOD1(G93A) cells. No-
tably, Honokiol extends the lifespan and enhances the motor function of SOD1(G93A)
transgenic mice when administered daily from disease onset to the end stage [82]. ALCAT1
(acyl-CoA:lysocardiolipin acyltransferase 1), an acyltransferase associated with mitochon-
drial dysfunction in age-related diseases, has been found to have increased expression
in the skeletal muscle of SOD1(G93A) mice. Targeted deletion of ALCAT1 and pharma-
cological inhibition of this enzyme can prevent the aggregation of SOD1 (G93A) protein
and mitochondrial dysfunction. These interventions may help to attenuate motor neuron
dysfunction, skeletal muscle atrophy, and neuronal inflammation in SOD1 (G93A) mice [83].
Sodium butyrate has been shown to improve mitochondrial respiration and alleviate dis-
ease progression in ALS models [84-86]. Additionally, it promotes MuSC renewability and
increases the expression of Cxcl12, which aids in axon attraction. Supplementation with
sodium butyrate also resulted in reduced NM]J loss in the hindlimb and diaphragm muscles
of SOD1 (G93A) mice [87]. These studies suggest that alleviating mitochondrial dysfunc-
tion and oxidative stress could significantly improve disease symptoms and influence the
progression of ALS in cellular and animal models.
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6. Conclusions

As a multisystem disorder, ALS underscores the critical yet often overlooked involve-
ment of skeletal muscle in the onset and progression of the disease. The dysregulation of
MuSC activation and differentiation, chronic inflammation, and dismantling of the NM]J col-
lectively shape retrograde signaling that may contribute significantly to MN degeneration
and exacerbate ALS syndromes. These skeletal muscle-related defects represent therapeutic
targets with the potential to delay or even reverse the progression of the disease. This
review has summarized therapies targeting MuSCs, inflammation, and the NMJ within the
skeletal muscle as potential treatments for ALS. These therapies have exhibited numerous
beneficial effects, including the reduction in inflammation and mitochondria defects and the
amelioration of muscle and motor functions. These improvements led to extended lifespan
in ALS in vivo models, supporting the critical roles of skeletal muscles in understanding
and treating ALS. These findings further demonstrate the intricate interplay between mul-
tiple tissues and cell types in the complexity of ALS, which will aid in identifying novel
pathogenic mechanisms and innovative therapeutic targets for the treatment of ALS.
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