
Metabolic Dysfunction in ALS Skeletal Muscle | Encyclopedia.pub

https://encyclopedia.pub/entry/38716 1/8

Metabolic Dysfunction in ALS Skeletal Muscle
Subjects: Biology

Contributor: Ekene Anakor , William John Duddy , Stephanie Duguez

Defects in mitochondrial structure and function as well as energy metabolism in skeletal muscle contribute to

disease pathology and progression, with metabolic dysfunctions appearing long before motor neuron degeneration

and death.
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1. Mitochondrial Dysfunction

Mitochondria are involved in cellular production of radicals that are implicated in neurodegenerative diseases, and

evidence exists for mitochondrial involvement in the skeletal muscle pathogenesis of ALS, exemplified by abnormal

mitochondrial aggregates and vacuolations within skeletal muscle in ALS mouse models and human

patients/biopsies  and reviewed by . Furthermore, the excessive presence and accumulation of Reactive

Oxygen Species (ROS) as well as ultrastructural mitochondrial abnormalities in the skeletal muscles of mice

bearing SOD1  mutations and in ALS patients, suggests a disease dependent change in mitochondrial function

. Excess ROS production in skeletal muscle results in damage to mitochondrial structure and function including

mitochondrial DNA deletions and depletions, and decreased activity of respiratory chain mitochondrial enzymes

that ultimately leads to decreased generation of ATP . Interestingly, mitochondrial alterations including a

reduction in NADH:CoQ oxidoreductase activity are present in skeletal muscle biopsies obtained from sALS

patients, and the severity of mitochondrial dysfunction increased as ALS worsened , suggesting that

dysfunctional mitochondria are a common trait in ALS skeletal muscles.

2. Dysregulated Skeletal Muscle Energy Metabolism
(Hypermetabolism and Dyslipidemia)

Closely linked to mitochondrial dysfunctions, energy dyshomeostasis represents an early and persistent

observation during ALS . Abnormalities in skeletal muscle energy metabolism provokes a defect in energy

homeostasis exhibited as decreased glycolysis, elevated beta-oxidation in skeletal muscles as well as

hypermetabolism , and may be responsible for the NMJ dismantling seen in a transgenic mouse model

(SOD1 /MCK-UCP1 mice) . An ALS-associated protein, TDP-43 regulates body fat composition and

skeletal muscle glucose homeostasis in vivo—transgenic mice overexpressing wild type TDP-43 possess

myofibers with altered Glut4 translocation and glucose uptake abnormalities . Muscle specific expression of

SOD1  in MLC/SOD1  mice induces fatty acid (FA) recruitment to skeletal muscle that is necessary for

sustaining lipid flux into skeletal muscle fibers and ensuring availability of FAs for β-oxidation—these likely precede
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muscle denervation and have also been identified in ALS patients and other murine models . In addition,

hypermetabolism, defined as an abnormally elevated level of resting energy expenditure, has been identified in

sALS (25–68% prevalence) and fALS (100% prevalence) patients, with its presence in familial cohorts suggesting

a genetic component even though the exact cause(s) remain unknown and is associated with poor prognosis .

Clinically, weight loss is a symptom of ALS and body mass index (BMI) has been inversely correlated with ALS risk

and progression, with lower BMI values in ALS cohorts associated with malnutrition arising from dysphagia .

Overall, mitochondrial dysfunction and energy deficits or hypermetabolism in ALS skeletal muscles are linked,

having a capacity to cause NMJ disruption and, consequently, motor neurodegeneration .

3. Impaired Muscle Proteostasis

Protein homeostasis is a finely regulated process that is a balance between protein production/synthesis, folding

and degradation involving protein quality control, trafficking and clearance, and it is important for preventing cellular

dysfunction and propagation of misfolded proteins . Skeletal muscle cells handle protein misfolding more

efficiently than MNs, clearing misfolded proteins, including mutant SOD1 and aggregate species of TDP-43, using

a combination of an efficient proteasome and autophagic system . Protein quality control system includes

molecular chaperones and proteolytic mechanisms such autophagy, ubiquitin-proteasome and the unfolded protein

response pathways are more efficiently activated in skeletal muscles than the nervous system and appear more

relevant in the skeletal muscle , with a significant suppression of autophagic flux in skeletal muscles of

SOD1  ALS model as the disease progresses . Indeed, TDP-25 (prion-like TDP-43 fragment) mislocalizes to

the cytoplasm forming aggregates in myoblasts (although to a lower extent when compared to MNs) and impairs

autophagy , and pTDP43 inclusions were observed in ALS patient muscles  especially in axial skeletal

muscles . Furthermore, proteasome activity in the skeletal muscle of SOD1  mice is upregulated in early

symptomatic stage with a reduction as the disease progresses towards symptomatic and terminal stages whereas

autophagic activation in the skeletal muscle of SOD1  mice occurs at presymptomatic and terminal stages .

Impairment in proteostasis may be due in part to mutations in ALS-associated proteins including SOD1, p62,

valosin-containing protein (VCP), ubiquilin-2 (UBQLN2), optineurin (OPTN), and TANK-binding kinase 1 (TBK1) 

.

4. Dysregulated RNA Metabolism in Skeletal Muscle

RNA-binding proteins such as TDP-43 (transactivation response element DNA-binding protein 43), FUS, TAF15

(TATA-binding protein-associated factor 15), EWSR1 (Ewing sarcoma breakpoint region 1), and heterogeneous

nuclear ribo-nucleoproteins A1 and A2 (hnRNPA1 and hnRNPA2) are involved in aspects of RNA metabolism

including mRNA transcription and stabilization, alternative splicing, RNA transport, and miRNA biogenesis .

They possess RNA recognition motifs and low complexity or prion-like domains that could act as key scaffolds,

causing them to accumulate in cytoplasmic stress granules or other membrane-less organelles such as nuclear

paraspeckles implicated in ALS .
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TDP-43 is essential for myoblast differentiation and skeletal muscle regeneration in vitro and in vivo studies,

respectively . Cytoplasmic TDP-43 is involved in the formation of temporary structures or amyloid-like

assemblies called myo-granules that contain mRNAs encoding for sarcomere associated proteins during normal

skeletal muscle formation, and which are increased during regeneration in response to damaged skeletal tissue

. Over time, myo-granules from C C  myotubes seeded amyloid-like fibrils in vitro, revealing a mechanism by

which TDP-43 aggregation could occur . In addition, phosphorylated TDP-43 (pTDP-43) aggregates were

observed in the skeletal muscles of sALS and fALS cohorts, highlighting axial skeletal muscles as an additional site

of phosphorylated TDP-43 pathology, while suggesting that impaired proteostatic clearance of misfolded proteins

might play a role in the pathology . On the other hand, FUS which is involved in aspects of RNA processing and

metabolism, was significantly enriched in subsynaptic myonuclei but this enrichment was lost upon denervation

and disrupted in the presence of mutant ALS FUS, highlighting mutant FUS toxicity to skeletal muscle in vivo .

Furthermore, muscle biopsies from patients with FUS mutations revealed muscle atrophy and a loss in FUS

subsynaptic enrichment . In addition, mutant FUS toxicity to skeletal muscle was demonstrated in MN-myotube

co-cultures and observed toxicity was due to endplate maturation defects arising from inefficient gene expression

of acetylcholine receptor subunits in subsynaptic myonuclei as well as impaired myogenic differentiation .

Finally, products of the C9orf72 hexanucleotide repeat expansion (HRE), G4C2 RNA foci and dipeptide repeat

(DPR) proteins have been identified in skeletal muscles of animal models of C9-ALS  and in the skeletal

muscles of ALS patients with C9orf72 mutations . Although Swartz and colleagues reported lower levels of

C9orf72 variants in iPSC skeletal muscles compared to iPSC-derived MNs and an absence of TDP-43

mislocalization or ubiquitin/p62-positive inclusions , another study showed that C9-ALS myocytes from iPSCs of

C9orf72 ALS patients had increased expression and aggregation of TDP-43 , necessitating the need for more

studies to investigate contribution of C9orf72 transcripts to skeletal muscle pathology.

Epigenetic regulation, especially that mediated by microRNAS (miRNAs) and histone deacetylases or HDACs, are

affected in ALS skeletal muscle . At neuromuscular synapses, miR-206 and HDAC4 control the denervation-

innervation process and both are proposed to be involved in ALS progression as their expression levels are altered

in the skeletal muscles of animal models and ALS patients . Upregulation of HDAC4 mRNA in muscle

biopsies of ALS patients correlates with disease severity, with its expression being higher in patients with faster

disease progression . Furthermore, HDAC links neuronal activity and muscle transcription during denervation

since HDAC4 is normally concentrated at the neuromuscular junction with low levels in skeletal muscles .

HDAC4 may have a role in muscle pathology, with its expression increasing during skeletal muscle denervation,

activating the muscle atrophy . On the other hand, miR-206 is a negative regulator of skeletal muscle HDAC4

 and may have a role in NMJ maintenance . In muscle biopsies from patients with genetic forms of ALS

(SOD1 and C9orf72 mutations), miR-206 level is strongly increased while the HDAC4 protein expression is

decreased . This elevated expression of miR-206 at the onset of neurological symptoms is suggested to be a

compensatory mechanism aimed at re-establishing the connection between the muscle and nerve via reinnervation

.
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