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Abstract
Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease that primarily affects motor neurons and 
causes muscle atrophy, paralysis, and death. While a great deal of progress has been made in deciphering the underlying 
pathogenic mechanisms, no effective treatments for the disease are currently available. This is mainly due to the high degree 
of complexity and heterogeneity that characterizes the disease. Over the last few decades of research, alterations to bioen-
ergetic and metabolic homeostasis have emerged as a common denominator across many different forms of ALS. These 
alterations are found at the cellular level (e.g., mitochondrial dysfunction and impaired expression of monocarboxylate 
transporters) and at the systemic level (e.g., low BMI and hypermetabolism) and tend to be associated with survival or dis-
ease outcomes in patients. Furthermore, an increasing amount of preclinical evidence and some promising clinical evidence 
suggests that targeting energy metabolism could be an effective therapeutic strategy. This review examines the evidence both 
for and against these ALS-associated metabolic alterations and highlights potential avenues for therapeutic intervention.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating neuro-
degenerative disease characterized by selective degenera-
tion of upper and lower motor neurons, leading to muscle 
atrophy, paralysis, and death [1]. ALS is a remarkably pro-
gressive disease, with death occurring typically 3–5 years 
from symptom onset, usually due to respiratory failure [1]. 
Furthermore, no therapeutics  capable of extending survival 
more than a few months are currently available. This is 
mainly due to the high level of complexity and heterogeneity 
that characterizes ALS. Most cases (90–95%) are sporadic, 
meaning they present with no family history of the disease 
and with little to no indication of the underlying cause [1]. 
The remaining 5–10% present with family history and are 
termed familial [1]. These are often caused by genetic muta-
tions, and indeed, mutations in dozens of different genes 

have been found to independently cause ALS, the most com-
mon of which (accounting for over 50% of familial cases) 
is a  G4C2 hexanucleotide repeat expansion mutation in the 
C9orf72 gene [1]. Others include mutations in superoxide 
dismutase 1 (SOD1), TAR DNA binding protein (TAR-DBP), 
and fused in sarcoma (FUS) [1]. Interestingly, the proteins 
these genes encode often have wildly different cellular roles 
or functions. Furthermore, a subset of patients — especially 
those with the C9orf72 repeat expansion — also present 
with cognitive impairment and are co-diagnosed with fron-
totemporal dementia (FTD) [2]. Despite these added layers 
of complexity, the presence of a common disease phenotype 
among all disease subtypes — the selective degeneration 
of upper and lower motor neurons — suggests that distinct 
pathogenic mechanisms of these different ALS subtypes 
may eventually converge, or at least share certain features. 
Identifying these mechanistic commonalities or points of 
convergence will enhance the field’s understanding of this 
disease. It will also be critical in determining therapeutic 
agents that will be efficacious across all forms of ALS.

One such common disease feature appears to be energy 
imbalance. Neurons (and motor neurons in particular) are 
highly energy-dependent, mainly due to the high ATP cost 
associated with neurotransmission and axonal transport 
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(motor neurons) [3]. Therefore, motor neurons are highly vul-
nerable to any disruptions to the energy balance. Indeed, ALS 
is broadly characterized by several forms of energy imbalance, 
including (but not limited to) hypermetabolism, mitochon-
drial dysfunction, abnormal carbohydrate metabolism, insulin 
resistance, and dyslipidemia. Furthermore, these metabolic 
abnormalities tend to be associated with a worse disease 
outcome, suggesting that they are involved in the pathogenic 
mechanism and may be a primary driver of disease. In many 
cases, these metabolic abnormalities precede symptom onset 
[4–6], indicating that a critical window for therapeutic inter-
vention exists. This review examines the evidence both for 
and against each of these energy imbalances and highlights 
potential avenues for therapeutic intervention.

General Energy Imbalances: Low Body Mass 
Index (BMI) and Systemic Hypermetabolism

One of the most apparent energy imbalances in ALS patients 
is low body mass index (BMI) and weight loss [7–10]. While 
this could be explained by the loss of lean body mass due 
to disease-related muscle atrophy, other factors are likely at 
play (Fig. 1). For one, degeneration of bulbar muscles often 

leads to dysphagia, i.e., difficulty swallowing, which can 
make it difficult for patients to obtain sufficient nutrition and 
lead to weight loss [11]. However, remarkably, patients with-
out dysphagia still exhibit severe weight loss [9, 12], which 
suggests the involvement of other factors. Patients’ difficulty 
consuming enough food is often exacerbated by a lack of 
appetite, a common ALS occurrence that worsens as the 
disease progresses [13, 14]. In support of this, a clear asso-
ciation is seen between lack of appetite, decreased caloric 
intake, and weight loss in patients [15]. Another potential 
factor is atrophy of the hypothalamus, which was recently 
identified in the brains of ALS patients (as measured by 
histological staining of post-mortem tissue and MRI of live 
subjects) [16–18]. The hypothalamus is the primary regula-
tor of whole-body energy homeostasis, including feeding 
behavior and energy expenditure (among many other things) 
[19]. Thus, its atrophy could also decrease caloric intake 
and ultimately lead to weight loss. Indeed, a correlation has 
been identified between hypothalamic volume and BMI in 
ALS patients [16]. And finally, some ALS patients could be 
genetically predisposed towards weight loss. A recent meta-
analysis of ALS GWAS datasets identified an association 
between several SNPs in the ACSL5 gene and ALS [20]. 
ACSL5 encodes a long-chain fatty-acid-coenzyme A ligase 

Fig. 1  Potential mechanisms in ALS patients leading to systemic hypermetabolism, low body mass index, and weight loss
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that plays a crucial role in lipid biosynthesis and fatty acid 
degradation [21]. Furthermore, mutations in ACSL5 have 
been associated with rapid weight loss in humans [21] and 
thus could contribute to weight loss in ALS.

Another form of energy imbalance consistently observed 
in ALS is systemic hypermetabolism [11, 22–28], simply 
defined as an excessive increase in resting energy expenditure 
(REE). For example, a recent study found that ALS patients 
had a daily metabolic rate of 1500 kilocalories (kcal) per day, 
compared to 1230 kcal per day in age-matched controls [28]. 
This, combined with the multitude of other energy imbalances 
outlined in this review, makes obtaining sufficient energy a 
truly daunting task for ALS patients. Furthermore, this phe-
nomenon is also seen in the human mutant  SOD1G93A mouse 
model of ALS, suggesting that it is intrinsic to the ALS dis-
ease mechanism [29]. It is worth noting that, with muscle 
being the highest energy-consuming tissue in the body, the 
loss of muscle mass that occurs in ALS would be expected 
to cause a decrease in REE, not an increase. Thus, the hyper-
metabolic phenotype is quite paradoxical — so what could 
explain it? There are several potential factors (Fig. 1). Firstly, 
it has been postulated that increased respiratory activity 
(deriving from the deterioration of diaphragmatic function) 
could contribute. However, in a study of 62 ALS patients, 
REE was not found to be associated with forced vital capacity 
[23], so this is likely not the case. It has also been suggested 
that muscle fasciculations, which require energy, could play a 
role. However, no correlation between fasciculations and REE 
has been identified in patients, either [23]. A third explanation 
is that mitochondrial dysfunction — which, as discussed at 
length in the next section, is widely seen in ALS patients and 
ALS disease models [30] — could decrease the efficiency 
of energy production and lead to hypermetabolism. Indeed, 
certain mitochondrial disturbances, including uncoupling of 
oxidative phosphorylation, have been shown to contribute 
to hypermetabolism [31]. Hypothalamic atrophy (discussed 
earlier in this section) could also be involved. And finally, 
cortical hyperexcitability — a well-established feature of ALS 
[32] — could increase energy requirements within the nervous 
system and lead to increased energy expenditure.

Regardless of how or why they occur, these energy imbal-
ances do not bode well for patients. Many studies have linked 
low BMI to lower ALS-FRS score, faster disease progression, 
and worse survivability [10, 33–38], as well as an increased 
risk of developing ALS in the first place [39]. Furthermore, 
while not all patients are hypermetabolic, those that tend to 
have a worse disease outcome [27]. Conversely, overweight 
individuals have a lower likelihood of developing ALS, and 
when they do, they tend to have a better disease outcome 
[37, 40, 41]. Therefore, preserving patients’ energy balance 
appears essential for maximizing patient survival and may 
present an opportunity for therapeutic intervention. Indeed, 
implementing a high-calorie/high-fat diet is beneficial in both 

patients and animal models and will be discussed at greater 
length in the final section of this review.

Mitochondrial Dysfunction

Mammalian cells generate the bulk of their ATP via oxi-
dative phosphorylation, which occurs exclusively in the 
mitochondrion [42]. During this process, a series of enzy-
matic reactions known collectively as the Kreb’s cycle 
facilitates the oxidation of the high-energy molecule acetyl- 
CoA (among other potential substrates) into carbon diox-
ide [42]. The energy released during this process converts 
 NAD+ molecules into the higher-energy NADH molecules, 
which serve as the electron donor during the electron trans-
port chain to fuel ATP synthesis [42]. The brain is one of 
the most highly ATP-dependent organs in the entire body, 
which renders the nervous system particularly vulnerable to 
mitochondrial perturbations or dysfunctions [3].

A growing body of literature suggests that various aspects 
of mitochondrial physiology are perturbed in ALS. When 
examined at high resolution using cryo-EM, postmortem 
samples from sporadic ALS patients tend to exhibit swollen  
and aggregated mitochondria in both the spinal cord and  
skeletal muscle [43–48]. Likewise, abnormal mitochondrial 
morphology has been consistently detected in several mouse 
models of familial ALS, including the  SOD1G93A model 
[49–52], the TDP-43A315T model [53, 54], and the  FUSP525L 
model [55]. Similar results have also been obtained with 
in  vitro studies, with over-expression of human mutant 
SOD1 [56, 57], TDP-43 [58, 59], or FUS [60, 61] leading  
to mitochondrial damage; furthermore, both fibroblasts and 
iPSC-derived neurons from patients with the C9orf72 muta-
tion show evidence of abnormal mitochondrial morphology 
[62, 63]. Interestingly, over-expression of wild-type TDP-43, 
or even just the C-terminal fragment of wild-type TDP-43, 
also leads to mitochondrial damage [58, 64, 65]. It should be 
noted that TDP-43 contains internal mitochondrial targeting 
sequences and has been found to localize to the mitochon-
dria in patient neurons [48, 66] and overexpression systems  
[48, 58, 59, 64]. Mis-localization of TDP-43 to the cytoplasm  
— a hallmark of almost all forms of ALS [67] — could 
give TDP-43 greater opportunity to localize to and damage 
mitochondria, which could contribute to the mitochondrial  
dysfunction seen in sporadic cases.

Other ALS proteins have also been found to localize to 
and play critical roles within the mitochondria. In  SOD1G93A 
transgenic animals, the ALS-causative  SOD1G93A mutant 
protein accumulates in various compartments of the mito-
chondria [68–71]. Likewise, wild-type and ALS-linked 
mutant FUS proteins interact with mitochondria when 
overexpressed in a neuron-like cell line [60]. A recent study 
found that, under normal conditions, the C9orf72 protein 
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localizes to the inner mitochondrial membrane (IMM), 
where it stabilizes assembly of respiratory chain complex I 
through its specific interaction with translocase of internal 
mitochondrial membrane domain containing 1 (TIMMDC1) 
[72]. Another study found that C9orf72 interacts with many 
other mitochondrial proteins, especially those localized to 
the IMM, highlighting its role as an IMM-localized mito-
chondrial protein [73]. And finally, poly-glycine-arginine 
(poly-GR) — one of the dipeptide repeats made from RAN 
translation of C9orf72-ALS linked  G4C2 repeat expansion — 
was found to interact with mitochondrial ribosomal proteins 
[74]. Poly-GR also interacted with the mitochondrial con-
tact site and cristae organization system (MICOS), impairing 
mitochondrial ion homeostasis and IMM structure [75].

In addition to mitochondrial morphological defects, alter-
ations to mitochondrial function have also been reported in 
ALS and ALS model systems. Indeed, spectrophotometric 
enzymatic assays have demonstrated decreases in the specific 
activities of respiratory chain components in patient spinal 
cord samples [76, 77] and skeletal muscle cells [78–80]. 
Likewise, both  SOD1G93A mice and cell culture models of 
mutant SOD1 overexpression consistently exhibit decreased 
mitochondrial respiration and oxygen consumption [51, 52, 
69, 81, 82]. Similarly, the expression of TDP-43 in various 
cell types causes a reduction in respiratory chain complex 
activity [48, 58]. Interestingly, TDP-43 binds to and impairs 
the expression of mitochondrial-transcribed mRNAs encod-
ing complex I subunits, which causes complex I disassembly 
and could potentially underlie the respiratory chain defects 
seen in TDP-43 models [66]. Coincidentally, haploinsuffi-
ciency in C9orf72 was also found to cause complex I disas-
sembly, in this case via disruption of the interaction between 
C9orf72 and TIMMDC1, ultimately leading to impaired res-
piratory chain function and ATP production [72]. Therefore, 
the loss of complex I integrity is a common disease feature 
across several forms of ALS, although the specific mecha-
nism by which this could lead to neurodegeneration remains 
unclear. Still, the potential importance of complex I integrity 
was highlighted by a 2012 study, which identified a corre-
lation between lymphocyte complex I activity and patient 
disease progression [83], which suggests that mitochondrial 
function (and complex I function in particular) may be a 
key determinant of disease outcome. It is worth noting that 
additional studies have obtained conflicting results, identify-
ing either no difference or an increase in respiratory chain 
activity [84–86]. The reasons for the discrepancy between 
these studies remain unknown.

Impairments to respiratory chain complex activity would 
be expected to reduce the driving force for ATP production 
— i.e., the transmembrane proton gradient — which can be 
reflected as a decrease in mitochondrial membrane poten-
tial (MMP) and a decrease in ATP production [42]. Indeed, 
there is evidence that both MMP and ATP production are 

compromised in ALS. Overexpression of various ALS- 
associated proteins, including TDP-43, SOD1, and FUS, as 
well as loss of C9orf72, has all been found to decrease MMP 
[57, 58, 60, 64, 72] and ultimately reduce ATP levels [48, 
57, 87]. Furthermore, C9orf72 patient iPSC-derived neu-
rons cultured in galactose (to force reliance on oxidative 
metabolism) or treated with glutamate (to induce hyperex-
citability, which is highly energy-dependent) were found 
to have reduced ATP levels compared to similarly treated 
iPSC-derived neurons from healthy control subjects [72]. 
Lymphocytes from ALS patients were also found to have a 
reduced ATP:ADP ratio [83].

In addition to causing an energy imbalance, defective 
mitochondrial respiration can lead to several other down-
stream consequences, one of which is oxidative stress [88]. 
Under normal conditions, oxidative phosphorylation is the 
most prominent cellular source of reactive oxygen species 
(ROS), including superoxide  (O−

2) and hydrogen peroxide 
 (H2O2) [88]. When produced at “normal” levels, these mol-
ecules serve critical signaling roles [88]. However, when 
made excessively, which can be caused by inhibition of 
the respiratory chain (as is seen in ALS), they can cause 
oxidative damage to various cellular components, includ-
ing the respiratory chain enzymes and mitochondrial DNA 
(mtDNA) [89]. Indeed, evidence of oxidative damage has 
been identified in ALS patient postmortem tissue and bio-
fluids, as well as in various animal models, and has been 
extensively studied (reviewed in [90]). Accordingly, altera-
tions to mtDNA, including diminished overall levels and an 
increased frequency of mutation to mtDNA, have also been 
found in patients [77, 91]. However, this is just one of many 
potential downstream consequences of ROS overproduction. 
Furthermore, Edaravone, one of just two FDA-approved 
drugs for ALS treatment, functions as a free radical scaven-
ger and thus works to mitigate oxidative damage [92].

Alterations to Glucose Metabolism

The brain is highly reliant on glucose as a source of energy. 
Indeed, although the brain constitutes less than ~2% of total 
body weight, it consumes ~20% of all glucose that enters 
the bloodstream [93]. Furthermore, there is strong evidence 
to suggest that cerebral glucose uptake is impaired in ALS 
patients. Glucose is imported into the nervous system at the 
blood–brain barrier — specifically, glucose in the blood-
stream passes through GLUT1 transporters localized on 
the membrane of neurovascular endothelial cells [93]. In 
patients, the rate of cerebral glucose import can be approxi-
mated by infusing them with the radiolabeled glucose 
analog  [18F]-2-deoxy-D-glucose (FDG) and then measur-
ing its uptake into various regions of the brain via positron 
emission tomography (PET). Like glucose, FDG is taken up 
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into the brain via GLUT1 and imported into brain cells by 
either GLUT1 or GLUT3, where it is then phosphorylated by 
hexokinase [94]. But then, unlike glucose, it cannot be fur-
ther metabolized and subsequently accumulates in the cell 
[94]. Therefore, the accumulation of FDG in various cells or 
tissues, which can be measured by PET imaging, serves as a 
proxy for glucose utilization in that region. This technique 
was first applied to ALS patients in two studies performed 
in 1987 and 1992, both of which identified a decrease in 
FDG uptake throughout the cerebral cortex (as well as in 
some subcortical structures) of ALS patients compared to 
healthy controls [95, 96]. Two larger-scale studies confirmed 
these findings, one that included 195 patients and another 81 
patients, both of which identified glucose hypometabolism 
throughout the cerebral cortex of ALS patients compared to 
healthy controls [97, 98]. Remarkably, discriminant analyses 
of these datasets could distinguish ALS patients from con-
trols with up to 95% accuracy, suggesting that the pattern of 
cerebral glucose utilization could serve as a diagnostic or 
prognostic marker for ALS. Unsurprisingly, the  SOD1G93A 
mouse model also exhibits a progressive decline of glucose 
metabolism during disease progression [99]. Furthermore, 
carriers of the ALS/FTD-linked C9orf72 repeat expansion 
mutation exhibit cortical glucose hypometabolism up to 
10 years prior to symptom onset, suggesting that decreases 
in glucose uptake may be an early and critical disease modi-
fier event, particularly in the case of the C9orf72 [5, 100].

While glucose uptake into cortical brain regions appears 
to be reduced in ALS, glucose uptake into peripheral regions 
may be increased. Indeed, mid-symptomatic  SOD1G93A 
mice were recently found to have increased glucose uptake 
in several peripheral regions, including liver, skeletal mus-
cle, adipose tissue, and others, which interestingly was found 
to occur in an insulin-independent manner [101]. In line with 
this, enhanced glucose metabolism in peripheral regions has 
also been identified in ALS patients, specifically in dener-
vated forearm muscle [102]. The mechanisms underlying 
these tissue-specific alterations in glucose metabolism, 
whether increased or decreased, are unclear and require 
further investigation.

Evidence also suggests that glycolysis may be downreg-
ulated in ALS. Once within the nervous system, glucose 
is taken up by glia via GLUT1 or by neurons via GLUT3 
and then either metabolized via glycolysis, which is the 
other main pathway (in addition to oxidative metabolism) 
through which mammalian cells can generate ATP [93], or  
converted to glycogen for storage. Downregulation of essen-
tial glycolytic genes, including PFKB3 (which encodes the 
rate-limiting glycolytic enzyme), has been identified in ALS 
patients’ motor cortex [103, 104] and fibroblasts from spo-
radic ALS patients [105]. Accordingly, the spinal cords from 
ALS patients (and  SOD1G93A mice) were found to have ele-
vated glycogen concentrations [106], presumably caused by  

decreased glycolytic flux. Alternatively, elevated glycogen 
concentrations could be caused by reduced expression of the 
enzymes responsible for glycogen breakdown (namely gly-
cogen phosphorylase and glycogen phosphoglucomutase), 
as observed in induced astrocytes derived from C9orf72 
patients [107]. Somewhat surprisingly, several in vitro mod-
els of SOD1-ALS exhibit increased glycolytic activity [108, 
109]; similarly, overexpression of TDP-43 in Drosophila led  
to an upregulation of PFK [110]. These observations 
could reflect a compensatory mechanism that has adapted  
to “correct” the energy imbalance caused by overexpression 
of these mutant proteins. Indeed, enhancing glucose metab-
olism in the same flies overexpressing TDP-43 — either 
by feeding them a high-sugar diet or further upregulating 
PFK — led to the significant rescue of locomotor function 
[110]. It should also be noted that riluzole, the other FDA-
approved drug for the treatment of ALS, has been found 
to increase glucose metabolism both in the rat brain and 
in motor neuron-like cells, likely by increasing transloca-
tion of glucose transporters to the plasma membrane [111, 
112]. Collectively, these studies point towards significant 
aberrations in brain glucose metabolism in ALS and suggest 
that enhancing brain glucose metabolism could be a viable  
therapeutic approach.

Impaired Metabolic Support from Glia

Brain metabolism is not restricted only to neuronal cells. 
In addition to neurons, the brain is also made up of glial 
cells, including astrocytes, oligodendroglia, and microglia, 
all of which are known to play supportive roles (or, in some 
cases, pathological roles) both in health and in disease [113]. 
Notably, glia are known to provide metabolic support to 
neurons [113]. One of the primary ways is through lactate 
shuttling, which can be defined as the transfer of glycolysis-
derived lactate from one cell type to another as a supple-
mental energy source. Cells generate lactate by converting 
it from pyruvate (the end product of glycolysis) via lactate 
dehydrogenase [113]. This lactate can then be released via 
monocarboxylate transporters (MCTs) and subsequently 
taken up by recipient cells, also by MCTs [113]. The lactate 
is then re-converted by recipient cells into pyruvate, which 
can be utilized as an energy substrate for oxidative metabo-
lism [113]. There is evidence that, in the brain, glia adopt 
a more glycolytic profile compared to neurons and that glia 
(including both astrocytes and oligodendroglia) provide lac-
tate to neurons as a supplemental form of energy [114–116].

Furthermore, a loss of glial MCT expression, which 
could impair brain lactate shuttling and contribute to dis-
ease, is seen in ALS. First and foremost, genetic excision 
of mutant SOD1 specifically in oligodendroglia extends 
survival in the  SOD1G37R mouse model [117], suggesting a 
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non-cell-autonomous role for oligodendroglia in the patho-
genesis of ALS. Additional work found that oligodendro-
glia are the primary cell type that expresses MCT1 in the 
brain and that oligodendroglial precursor cells (OPCs) spe-
cifically exhibit reduced expression of MCT1 in  SOD1G93A 
mice compared to wild type animals [116]. A loss of MCT1 
was also detected in the motor cortex of patients [116] and 
in both mice and HEK cells overexpressing mutant SOD1 
[118]. These findings suggest that, in the context of SOD1-
ALS, oligodendroglia have a reduced capacity to extrude 
lactate. Accordingly, spinal cord lactate levels were sig-
nificantly reduced in the  SOD1G93A mouse [119]. But what 
might be the downstream consequences of this? In organo-
typic slice cultures, the loss of oligodendroglial MCT1 
expression was found to cause axonal damage and neuron 
loss [116]; furthermore, genetic ablation of oligodendroglial 
lineage-specific MCT1 caused axonal degeneration, includ-
ing swollen mitochondria and concomitant hypomyelination 
[120]. Thus, a loss of MCT1 expression appears to have 
profound and deleterious consequences on neighboring 
neurons. However, the proposed mechanism by which this 
occurs — i.e., a loss of metabolic support towards neurons 
— requires further evidence. It should also be noted that a 
loss of MCT4, which is primarily expressed by astrocytes, 
has also been observed in ALS [116], and that toxicity of 
 SOD1G93A-derived astrocytes towards motor neurons can 
be rescued by supplementing the media with lactate [119], 
suggesting that astrocytic lactate shuttling may also be per-
turbed in ALS. Therefore, the contribution of astrocytes to 
this lactate shuttling paradigm should not be overlooked. 
Collectively, these data suggest that compromised glial MCT 
expression — whether it be MCT1, MCT4, or both — may 
contribute to energy imbalances in ALS and that MCTs may 
be a viable therapeutic target for ALS.

Insulin Resistance

Insulin resistance is also a consistently observed phenom-
enon in ALS [121–125]. Insulin is a hormone released by 
beta cells of the pancreas following the consumption of car-
bohydrates [126]. Under normal conditions, insulin release 
stimulates glucose uptake from the blood by tissues includ-
ing the brain, muscle, and fat [126]. Insulin resistance — a  
defining characteristic of diabetes mellitus (DM) type II 
— is a state in which abnormally high insulin levels are 
required to elicit a proper glucose uptake response [126]. 
Remarkably, the incidence of DM type II is associated 
with a 4-year delayed onset of ALS, thus appearing to be  
protective [127]. Conversely, the incidence of DM type I is  
associated with an increased risk of ALS [128]. The reasons  
underlying these conflicting correlations are unknown.

The high prevalence of insulin resistance in ALS is gener-
ally assumed to be a consequence of muscle atrophy since 
muscle is a primary site of glucose uptake in the body. How-
ever, this may not be a safe assumption. In one study identi-
fying insulin resistance in ALS, the ALS patients weighed 
more than the healthy controls [123]. In another, no corre-
lation was found between insulin resistance and the degree 
of muscle atrophy nor locomotor activity [124], together 
suggesting that insulin resistance is intrinsic to ALS itself 
rather than simply a byproduct of muscle wasting.

Interestingly, overexpression of TDP-43 was found to 
cause altered translocation of the insulin-sensitive glucose 
transporter GLUT4 in muscle fibers, as well as abnormal 
insulin-mediated glucose uptake [129]. Thus, the mis-
localization of TDP-43, a feature common to almost all 
forms of ALS, could contribute to insulin resistance in  
patients. TDP-43 mis-localization was also identified in islet  
cells of postmortem ALS pancreatic tissue [130]. Further-
more, in vitro and in vivo, a loss of TDP-43 reduced beta 
cell exocytosis and insulin secretion, suggesting a novel 
mechanism by which TDP-43 pathology could cause aber-
rant insulin signaling [130]. In the context of C9orf72 
ALS, overexpression of the  G4C2 repeat expansion in Dros-
ophila was found to cause a reduction in several insulin 
receptor ligands, suggesting that the mutation could per-
turb the insulin signaling cascade [131]. Moreover, insulin 
administration to these flies significantly extended survival, 
suggesting that modulation of insulin signaling could be an 
effective therapeutic intervention [131]. Additional work 
needs to be done to clarify these potential mechanisms and 
the role of insulin signaling in ALS.

Dyslipidemia

Mixed evidence for lipidic abnormalities has been identi-
fied in ALS patients. The types of lipids in question include 
(1) cholesterol, which is an essential constituent of cell 
membranes and serves as a precursor for the synthesis of 
hormones, and (2) triglycerides, which are the primary 
form of fat stored in adipocytes and collectively serve as an 
energy reservoir into which the body can tap during starva-
tion conditions [132]. A French study of 369 ALS patients 
and 286 healthy controls found that the ALS patients were 
around twice as likely to have elevated cholesterol (spe-
cifically LDL) levels in the blood [133]. Interestingly, this 
effect seems to be protective — when those same 369 ALS 
patients were stratified into high- vs. low-cholesterol groups, 
the high-cholesterol group was found to have significantly 
better survival than the low-cholesterol group [133]. Simi-
lar results were obtained in a German study of 488 ALS 
patients, in which patients with elevated serum cholesterol 
or triglyceride levels survived significantly longer than those 
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with normal levels [134]. However, these observations were 
non-significant on multivariate analysis. Furthermore, an 
Italian study of 658 ALS patients reported no difference 
in the prevalence of hyperlipidemia compared to an equal 
number of healthy controls, with no effect on survival [135]. 
And finally, a longitudinal UK study of 512 ALS patients 
found no significant link between serum lipid levels and sur-
vival in ALS [136]. The reasons underlying the discrepan-
cies between these studies are unknown but could reflect 
regional genetic or dietary differences between each ALS 
patient cohort.

Lipid metabolism alterations have also been seen in ALS 
model systems. In particular, the  SOD1G93A mouse exhibits  
a shift in mitochondrial fuel preference from glucose to  
fat (in muscle tissue) [137, 138] and an elevated rate of  
lipolysis throughout the disease course [106]. The causes of 
this are unknown but could potentially reflect a compensatory 
response to disease-related glucose intolerance and glucose 
hypometabolism. Glucose is the ideal fuel source for muscle 
metabolism, and so this switch towards lipid metabolism can 
be considered maladaptive. Also, in the  SOD1G93A mouse, 
the activity of carnitine palmitoyltransferase 1 (CPT1), a 
central component of the carnitine shuttle, is associated with 
disease progression [139]. The carnitine shuttle facilitates 
the import of membrane-impermeable long-chain fatty acids 
into the mitochondria for metabolism in the Kreb’s cycle  
[140]. Thus, upregulation of this pathway may be a compen-
satory shift towards lipid metabolism. Interestingly, phar-
macological and genetic downregulation of CPT1 activity 
ameliorated mitochondrial dysfunction and oxidative stress, 
improved motor and cognitive function, and delayed dis-
ease progression in the  SOD1G93A mouse [139]. Similarly, 
RNAi-mediated knockdown of CPT1 mitigated locomotor 
dysfunction in TDP-43G298S-expressing flies [141]. These 
effects could potentially reflect a metabolic shift towards 
preferential use of glucose — indeed, knockdown of CPT1 
led to over a 50% reduction in serum glucose levels in the 
 SOD1G93A mouse [139], indicating an increase in glucose 
metabolism — however, additional evidence is required to 
establish this as the protective mechanism.

AMP Kinase, PGC‑1α, and Aberrant Energy 
Signaling in ALS

The AMP-activated protein kinase (AMPK) is a key 
energy sensor in mammalian cells and is activated in ALS 
[142–144]. When a cell enters a state of sustained energy 
deficit, it will eventually begin to deplete its local ATP 
stores, leading to an increase in the AMP:ATP ratio, which 
in turn serves as a molecular trigger for the phosphorylation 
and activation of AMPK [145]. Generally speaking, activa-
tion of AMPK promotes catabolic pathways (which lead to 

ATP production) and inhibits anabolic pathways (which lead 
to ATP consumption), with the net effect being a restoration 
of the cellular energy balance back to baseline levels [145]. 
Therefore, AMPK activation serves as a cellular safeguard 
that helps to correct local energy imbalances as they occur. 
Given the plethora of energy imbalances in ALS that have 
already been outlined in this review, it would be expected for  
AMPK to be activated in patient cells. Indeed, evidence of 
AMPK activation has been identified in both motor neurons  
of ALS patients [146] and the spinal cord of  SOD1G93A  
mice [143, 144]. Interestingly, both in vitro and in vivo evi-
dence suggest that AMPK activation in the context of ALS is  
deleterious rather than protective — pharmacological inhibi-
tion of AMPK was found to rescue toxicity in NSC-34 motor 
neuron-like cells expressing mutant SOD1; furthermore, in 
C. elegans overexpressing either mutant SOD1 or mutant 
TDP-43, genetic ablation of the AMPK orthologue aak-2 
rescued locomotor deficits [143]. Similarly, treating the 
 SOD1G93A mouse model with metformin, which increases 
AMPK activation, worsened the survival in female animals 
[147]. Given that AMPK activation is generally corrective, 
these findings are somewhat counterintuitive. However, a 
potential explanation is that the subcellular localization of 
TDP-43 appears to be linked to AMPK activation status. 
Specifically, activation of AMPK activity has been found 
to cause mislocalization of TDP-43 to the cytoplasm, while 
inhibition of AMPK activity has been found to reduce it 
[142]. Assuming that mislocalization of TDP-43 is indeed a 
central pathogenic event, it could conceivably be the down-
stream mechanism through which AMPK activation exerts 
toxic effects. However, additional evidence of this is lacking.

Interestingly, several other lines of evidence suggest that  
AMPK activation — when timed correctly — could be ben-
eficial in ALS. Pre-conditioning of  SOD1G93A mice with 
latrepiridine (a potent activator of AMPK) from postnatal 
day 70 to 120 delayed symptom onset and improved sur-
vival [148]. Similarly, the treatment of  SOD1G93A mice  
with resveratrol (a polyphenol known to activate AMPK) 
from 8 or 12 weeks of age onwards delayed the symptom 
onset, extended the lifespan, and ameliorated the locomotor 
deficits [149]. However, while both of these compounds acti-
vate AMPK, neither are entirely selective for AMPK — for 
example, resveratrol is also known to activate Sirt1 [150]. 
Therefore, effects on different pathways cannot be ruled out. 
Still, these studies interestingly point towards a “window 
of opportunity” during which activation of AMPK could 
benefit disease outcomes.

Downregulation of peroxisome proliferator-activated 
receptor (PPAR γ) coactivator PGC-1α has also been  
demonstrated in the motor cortex of ALS patients, as well 
as in transgenic SOD1 and FUS mice [151, 152]. PGC-1α 
is a transcriptional coactivator that, similarly to AMPK, is 
activated by a cellular energy deficit [153]. Once activated, 
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PGC-1α interacts with a wide variety of transcription factors 
which primarily elicit metabolic responses, such as mito-
chondrial biogenesis and glucose/fatty acid metabolism, and 
help to reestablish cellular energy balance [153]. The loss of 
PGC-1α in ALS may, at least in part, underlie some of the 
metabolic imbalances already outlined in this review. In line 
with this, overexpression of PGC-1α in  SOD1G93A animals 
improved the motor performance, mitigated the neuronal 
loss, and extended the survival [154–156], suggesting that 
PGC-1α expression is neuroprotective in the context of ALS. 
The precise mechanism by which this occurs is unknown, 
and indeed, a wide array of downstream targets could pre-
sumably be responsible for the neuroprotection mediated 
by PGC-1α.

Interestingly, PPARγ, one of the main targets of PGC-1α, 
was predicted to be one of the primary transcription coac-
tivators differentially expressed between mutant SOD1 and 
wild type astrocytes [157]. Furthermore, several studies 
have found that selective positive regulation of PPARγ by 
treatment with pioglitazone, a classic anti-diabetic drug, 
could extend survival and improve disease symptoms in 
the SOD1-G93A mouse [158, 159], as well as in both 
TDP-43 and FUS Drosophila models [160], which sug-
gests that the PPARγ axis could be a primary downstream 
pathway through which PGC-1α mediates neuroprotection. 
With these data in mind, pioglitazone would appear to be 
a promising candidate for clinical trials. But disappoint-
ingly, when tested in clinical trials, pioglitazone had no 
beneficial effect on ALS patient survival [161], nor did it 
affect patient BMI [162]. One potential explanation is that 
pioglitazone’s mechanism of action is via inhibition of the 
hypothalamic melanocortin system [162]. As mentioned 
earlier, hypothalamic atrophy has been identified in ALS 
patients [16–18]. Moreover, altered expression of two pep-
tides that regulate the melanocortin system — specifically 
proopiomelanocortin (POMC) and agouti-related peptide 
(AGRP) — was observed in the hypothalamus of several 
ALS mouse models, which could impair the responsiveness 
of ALS patients to drugs like pioglitazone and could explain 
its lack of efficacy in clinical trials [162]. Still, the modu-
lation of metabolic pathways that are subject to transcrip-
tional control by PGC-1α, including the PPARγ pathway, 
remains a promising therapeutic approach for restoring the 
energy balance in ALS.

Additional Opportunities for Therapeutic 
Intervention

As we have seen in this review, numerous energy imbal-
ances are observed in ALS patients and model systems. 
This leads to a situation in which ALS patients have 
insufficient energy, which likely contributes to disease  

pathogenesis and neurodegeneration. Therapeutic inter-
ventions that tip the scale back towards energy abundance 
would likely mitigate disease severity and prolong patient 
survival. Since brain glucose uptake is primarily driven by 
neuronal activity [3], simply increasing glucose concen-
tration in the blood through diet or other means is likely 
not enough. In fact, high intake of carbohydrates has been 
associated with an increased risk of ALS [163]. There-
fore, there is a clear need for other approaches to correct 
patients’ energy imbalances, which are outlined in Table 1  
and explored in depth below.

High‑Fat Diet

Dietary intervention is the simplest yet most powerful 
method to preserve patients’ energy balance. As mentioned 
in the first section, patients with a high BMI tend to have a 
better disease outcome than those with a lower BMI [7, 9,  
10, 12, 33–38, 40, 41], and the primary way to promote a 
high BMI is through diet. Indeed, a 2016 study identified a 
correlation between increased eating behavior and increased 
survival, suggesting that simply modifying food intake can 
profoundly impact disease course [164]. Interestingly, the 
macronutrient content does seem to matter — in a cohort 
of 153 ALS patients, reduced intake of dietary fats (but not 
carbohydrates or protein) was correlated with an increased 
risk of ALS [163]. Furthermore, two other studies identi-
fied intake of polyunsaturated fats to be associated with 
a reduced risk of ALS [165, 166]. The reasons for these 
macronutrient-specific effects are unclear, although fats are 
more calorie-dense than other macronutrients and maybe 
more protective because they simply provide more energy 
[167]. With these findings in mind, a high-calorie diet, but  
more specifically a high-fat diet, should be protective 
in the context of ALS. Indeed, in the  SOD1G93A mouse  
model, a high-fat diet corrected metabolic abnormalities, 
prevented motor neuron loss, and extended the survival [29, 
168, 169], while calorie restriction worsened the survival 
[169, 170]. Similar results were obtained in the TDP-43A315T 
mouse model [171], suggesting that this intervention may 
be widely applicable to different forms of ALS. But what 
about in patients? In a recent study of 201 ALS patients, 
half were assigned to a high-calorie fatty diet (HCFD) and 
the other half were assigned to a placebo diet. Remarkably, 
fast-progressing patients who received the HCFD exhibited 
a decrease in neurofilament light chain serum levels (a gen-
eral biomarker for neurodegeneration) and survived longer 
compared to placebo [172, 173]. For unclear reasons, these 
effects were not observed in slow-progressing patients — 
additional follow-up studies are warranted. Furthermore, 
since the study did not test different macronutrient com-
positions, it could not distinguish whether the HCFD diet 
was protective because it was high in fat or simply high 
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in calories. Still, the results are promising and suggest that 
a high-calorie, and perhaps a high-fat diet specifically, is 
indeed therapeutically beneficial in ALS patients.

Re‑energizing Mitochondria (Pyruvate, 
Dichloroacetate, Acetyl‑l‑carnitine, Triglycerides, 
Ketones, Olesoxime)

Mitochondria are the primary energy production site in cells 
[42], and therefore, maintaining their function is critical in 
maintaining proper energy homeostasis. However, to pro-
duce ATP, mitochondria need sufficient energy substrates as 
a starting point. In ALS, between the previously-discussed 

loss of body mass and decreases in glucose uptake, the avail-
ability of these energy substrates is not optimal. Providing 
mitochondria with additional or supplemental fuel sources 
may restore ATP production and improve energy balance. 
Perhaps, the most obvious of these is pyruvate, the end-
product of glycolysis and one of the primary fuels for mito-
chondrial metabolism [42]. In the context of the  SOD1G93A 
mouse model, pyruvate supplementation has produced 
mixed effects: in one study, it delayed disease progression 
and improved motor performance [174], while in another, 
it had no effect [175]. The reasons underlying this discrep-
ancy are unclear. However, simply supplementing with pyru-
vate may not be sufficient. Before mitochondria can utilize 

Table 1  Efficacy of ALS preclinical and clinical trials with compounds affecting metabolic pathways

*Only sporadic ALS patients were included in the trial

Therapeutic Protective mechanism Efficacy in preclinical models Efficacy in ALS patients

High fat diet Providing additional energy Extended survival in  SOD1G93A, 
 SOD1G86R, and TDP-43A315T mouse 
models [29, 168, 169]

*Extended survival and decreased 
serum neurofilament levels (in 
fast-progressing patients only) 
[172, 173]

Pyruvate Providing additional energy Improved motor symptoms but had 
mixed effects on survival in  SOD1G93A 
mouse [174, 175]

Not tested

Triheptanoin Providing alternative energy Improved motor symptoms and rescued 
motor neuron loss but had no effect on 
survival in  SOD1G93A mouse [179]

Not tested

Caprylic triglyceride Providing alternative energy Delayed symptom onset and rescued 
motor neuron loss but had no effect on 
survival in  SOD1G93A mouse [180]

Not tested

Ketogenic diet Providing alternative energy Rescued motor neuron loss but had no 
effect on survival in  SOD1G93A mouse 
[178]

Not tested

Creatine Improving ATP buffering Improved motor symptoms, rescued 
motor neuron loss, and extended  
)survival in  SOD1G93A mouse [189]

*No effect on survival or functional 
status [190−192]

Pioglitazone Enhancing PPAR pathway activity Improved motor symptoms, rescued motor 
neuron loss, and extended survival in 
 SOD1G93A mouse [158, 159]

Improved motor symptoms but had no 
effect on survival in TDP-43 and FUS 
Drosophila models [160]

*No effect on survival or functional 
status [161]

Latrepiridine Enhancing AMPK pathway activity Delayed symptom onset and extended 
survival in  SOD1G93A mouse [148]

Not tested

Resveratrol Enhancing AMPK pathway activity Delayed symptom onset, improved 
motor function, and extended survival 
in  SOD1G93A mouse [149]

Not tested

Dichloroacetate Stimulating conversion of pyruvate to 
acetyl-CoA

Improved motor function, rescued motor 
neuron loss, and extended survival in 
 SOD1G93A mouse [137, 176]

Not tested

Acetyl-L-carnitine Enhancing fatty acid metabolism Delayed symptom onset, improved 
motor function, and extended survival 
in  SOD1G93A mouse [181]

*Extended survival and slightly 
improved ALS-FRS scores [182]

Olesoxime Stabilizing mitochondrial permeability 
transition pore (mPTP)

Improved motor function, rescued motor 
neuron loss, and extended survival in 
 SOD1G93A mouse [183, 184]

*No effect on survival or functional 
status [186]
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pyruvate, it must first be converted into acetyl-CoA [42]. 
This conversion is catalyzed by pyruvate dehydrogenase 
(PDH), which is in turn subject to negative regulation by 
pyruvate dehydrogenase kinase (PDK). Phosphorylation of 
PDH by PDK decreases PDH-mediated conversion of pyru-
vate into acetyl-CoA. Interestingly, overexpression of mutant 
SOD1 in NSC-34 motor neuron-like cells led to an increase 
in PDK expression, which may impair their ability to con-
vert pyruvate into acetyl-CoA [108]. Inhibiting PDK activity 
to boost acetyl-CoA production may be a viable approach 
to enhance the functional status of mitochondria in ALS. 
Indeed, treatment of  SOD1G93A mice with dichloroacetate, a 
PDK inhibitor, greatly improved the mitochondrial function 
in the spinal cord, mitigated the motor neuron loss, improved 
the motor function, and extended the survival [137, 176], 
suggesting that enhancing the conversion of pyruvate to 
acetyl-CoA is indeed neuroprotective, at least in the context 
of mutant SOD1 [137]. Similar approaches should be tested 
in other models of familial ALS. Furthermore, it would be 
interesting to test the effect of administering both pyruvate 
and dichloroacetate simultaneously — perhaps, it would 
have a synergistic impact on acetyl-CoA levels and lead to 
even better mitochondrial function and disease outcome.

Supplying mitochondria with alternative fuels, including 
ketone bodies and medium-chain triglycerides, may serve 
as another strategy to boost mitochondrial energy produc-
tion. When glucose is in a short supply, ketone bodies are 
produced from body fat by the liver (i.e., ketogenesis) — this  
can be elicited by consumption of a ketogenic (i.e., a very 
low-carbohydrate, high-fat) diet [177]. The resulting ketone 
bodies are transported throughout the body, taken up by 
cells, and used directly in the Kreb's cycle [177]. Interest-
ingly, administering  SOD1G93A mice a ketogenic diet par-
tially rescued motor neuron loss and delayed disease onset, 
suggesting it was protective to some degree — however, it 
did not affect survival [178]. Another potential mitochon-
drial fuel is bodies of medium-chain triglycerides, which 
are converted into acetyl-CoA by β-oxidation once taken 
up by cells, either directly or by first being converted into 
ketone bodies by the liver [178, 179]. Two different medium-
chain triglycerides, namely caprylic triglyceride [180] and 
triheptanoin [179], have both shown efficacy in reducing 
motor neuron loss and delaying symptom onset in  SOD1G93A  
mice. However, they are similar to the ketogenic diet in that 
they had no significant effect on survival. Thus, these alter-
native mitochondrial fuels appear to have a measurable yet 
limited benefit towards energy balance and disease outcome 
in the context of mutant SOD1. Similar approaches should  
be tested in other models of familial ALS.

Supplementation with acetyl-L-carnitine is another poten-
tial strategy for boosting mitochondrial energy production. 
Acetyl-L-carnitine is a naturally occurring molecule formed 
by enzymatic acetylation of carnitine and has two primary 

roles in metabolism [140]. Firstly, as a critical component of 
the carnitine shuttle, it facilitates the import of membrane-
impermeable long-chain fatty acids into the mitochondria 
for β-oxidation [140]. And secondly, it serves as a source 
of acetyl groups for the regeneration of acetyl-CoA when 
needed [140]. Both roles promote mitochondrial energy pro-
duction, especially in the metabolism of fatty acids, which 
should be protective in the context of ALS. Indeed, the treat-
ment of  SOD1G93A mice with L-carnitine delayed the disease 
onset, delayed the motor impairment, and extended the sur-
vival [181]. And remarkably, in phase II clinical study, ALS 
patients who took 3 g per day of acetyl-L-carnitine survived 
over twice as long compared to those who took a placebo 
[182]. A more extensive phase III trial should be carried out 
to confirm these exciting results.

And lastly, another compound that has demonstrated 
some efficacy in ALS preclinical models is olesoxime, an 
experimental mitochondria-targeting drug that is thought 
to stabilize the mitochondrial permeability transition 
pore (mPTP) [183]. Specifically, in the  SOD1G93A mouse,  
olesoxime improved survival, prevented motor neuron loss, 
and ameliorated motor dysfunction [183, 184]. However, 
olesoxime showed mixed results in ALS patient–derived 
induced pluripotent stem cells [185]. Furthermore, when 
tested in a phase II–III clinical trial, olexosime did not ben-
efit ALS patients [186].

Creatine Supplementation

Supplementation of ALS patients with creatine has also 
been explored as a potential therapeutic strategy. Creatine 
is an energy-buffering molecule produced by the liver and 
transported peripherally for use primarily within brain and 
muscle cells, where it gets phosphorylated into phospho-
creatine [187]. During high energy consumption periods, 
an enzyme known as creatine kinase uses the phosphoryl 
group from phosphocreatine to regenerate ATP from ADP 
rapidly [187]. Thus, phosphocreatine serves as a cellular 
reserve of phosphoryl groups that, when needed, helps to 
buffer ATP levels. Furthermore, dietary supplementation 
with exogenous creatine has been shown to increase tissue 
phosphocreatine stores, thereby increasing the cells’ ability 
to regenerate ATP from ADP and satisfy energy demands 
when needed [187]. For this reason, creatine supplementa-
tion was thought to be a promising approach to improve 
energy balance in ALS. Indeed, depletion of ATP stores in 
the spinal cord and cerebral cortex of  SOD1G93A mice was 
partially rescued by supplementation with creatine [188]. 
Furthermore, in  SOD1G93A mice, creatine supplementation 
mitigated the neurodegeneration, improved the motor func-
tion, and extended the survival [189]. However, when tested 
in three ALS patient clinical trials, creatine supplementation 
had no beneficial effects [190–192]. The reasons for this 
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are unknown, although the timing of the creatine supple-
mentation is likely a key factor. In the animal experiments, 
creatine supplementation was initiated before symptom 
onset. In contrast, it was initiated well into disease progres-
sion in the patients. At that point, metabolic imbalances 
are pretty severe, and the body’s responsiveness to creatine 
may be limited. Therefore, administration sufficiently early 
in patients’ disease course (or, in an ideal scenario, before 
symptom onset) may significantly improve the clinical effi-
cacy of creatine supplementation.

Conclusion

Although the underlying pathogenic mechanisms remain to 
be elucidated, numerous alterations to bioenergetic and met-
abolic homeostasis are observed in both ALS/FTD patients 
and model systems, including low BMI, hypermetabolism, 
hypothalamic abnormalities, mitochondrial dysfunction, 
glucose hypometabolism, impaired metabolic support from 
glia, dyslipidemia, insulin resistance, and aberrant energy 
signaling. These alterations culminate to produce a state 
of energy imbalance in patients, which likely contributes 
to motor neurons’ selective vulnerability and death. It is 
worth noting that the majority of the in vivo studies linking 
energy imbalances to ALS — especially the early studies 
— were done in the context of the  SOD1G93A mouse model. 
This is primarily because this model accurately and reliably 
recapitulates ALS-like phenotypes, while many others do 
not. However, it only accounts for one subset of the disease. 
Furthermore, there are known discrepancies between the 
 SOD1G93A mouse and human sporadic ALS — for exam-
ple, the  SOD1G93A mouse lacks robust TDP-43 pathology 
[193]. Therefore, it would be inappropriate to extend find-
ings obtained exclusively with this model to other muta-
tions, or to sporadic ALS, which accounts for ~90% of cases 
in humans. Thankfully, the advent of other model systems 
(including FUS, TDP-43, and C9orf72 transgenic mice) as 
well as patient-derived in vitro systems (including iPS tech-
nology) has allowed for findings obtained in the  SOD1G93A 
mouse to be confirmed in the context of other mutations, 
or even in the context of sporadic disease. When looked at 
in totality and alongside patient data, these model systems 
confirm one another and paint a clear picture of altered 
metabolic homeostasis in ALS. Interestingly and even more 
broadly, several of the same energy imbalances observed 
in ALS are also seen in patients with other, distinct neu-
rodegenerative disorders — for example, both weight loss 
and glucose hypometabolism are also associated with Alz-
heimer’s disease, Parksinson’s disease, and Huntington’s 
disease, which suggests that energy imbalances may also 
be involved in the degeneration of neuronal subtypes other 

than motor neurons (e.g., dopaminergic neurons in the case 
of Parkinson’s) [194].

The fact that energy imbalances are conserved across a 
variety of ALS subtypes suggests that targeting metabolic 
pathways as a therapeutic intervention would be broadly 
efficacious, despite the heterogeneity and complexity of 
ALS. Indeed, several therapeutics that aim to restore energy 
balance have shown promise in ALS clinical trials. In par-
ticular, both high-fat diet and supplementation with acetyl-
L-carnitine have been shown to extend survival in ALS 
patients. Furthermore, several other compounds/strategies 
have demonstrated preclinical efficacy and deserve to be 
tested in clinical trials. With enough research, we believe 
that one (or some combination) of these strategies will 
emerge as an optimal approach to maintaining energy bal-
ance and will prove invaluable in slowing disease progres-
sion in ALS patients.
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