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Altered skeletal muscle glucose–fatty acid flux
in amyotrophic lateral sclerosis

Frederik J. Steyn,1,2,3,4 Rui Li,1,5 Siobhan E. Kirk,5 Tesfaye W. Tefera,5 Teresa Y. Xie,1

Timothy J. Tracey,5 Dean Kelk,5 Elyse Wimberger,5 Fleur C. Garton,6 Llion
Roberts,7,8 Sarah E. Chapman,9 Jeff S. Coombes,7 W. Matthew Leevy,9 Alberto Ferri,10,11

Cristiana Valle,10,11 Frédérique René,12,13 Jean-Philippe Loeffler,12,13

Pamela A. McCombe,2,3,4 Robert D. Henderson2,3,4 and Shyuan T. Ngo2,3,4,5,14

Amyotrophic lateral sclerosis is characterized by the degeneration of upper and lower motor neurons, yet an increasing number of

studies in both mouse models and patients with amyotrophic lateral sclerosis suggest that altered metabolic homeostasis is also a

feature of disease. Pre-clinical and clinical studies have shown that modulation of energy balance can be beneficial in amyotrophic

lateral sclerosis. However, the capacity to target specific metabolic pathways or mechanisms requires detailed understanding of

metabolic dysregulation in amyotrophic lateral sclerosis. Here, using the superoxide dismutase 1, glycine to alanine substitution at

amino acid 93 (SOD1G93A) mouse model of amyotrophic lateral sclerosis, we demonstrate that an increase in whole-body metabol-

ism occurs at a time when glycolytic muscle exhibits an increased dependence on fatty acid oxidation. Using myotubes derived

from muscle of amyotrophic lateral sclerosis patients, we also show that increased dependence on fatty acid oxidation is associated

with increased whole-body energy expenditure. In the present study, increased fatty acid oxidation was associated with slower

disease progression. However, within the patient cohort, there was considerable heterogeneity in whole-body metabolism and fuel

oxidation profiles. Thus, future studies that decipher specific metabolic changes at an individual patient level are essential for the

development of treatments that aim to target metabolic pathways in amyotrophic lateral sclerosis.
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Abbreviations: ALS ¼ amyotrophic lateral sclerosis; BAT ¼ brown adipose tissue; C9orf72 ¼ chromosome 9 open reading frame

72; EDL ¼ extensor digitorum longus; MI ¼ metabolic index; NEFA ¼ non-esterified fatty acids; OCR ¼ oxygen consumption rate;

ORO ¼ oil Red O; SOD1G86R ¼ superoxide dismutase 1, glycine to arginine substitution at amino acid 86; SOD1G93A ¼ superoxide

dismutase 1, glycine to alanine substitution at amino acid 93; WAT ¼ white adipose tissue; WT ¼ wild-type; WTSOD1 ¼ wild-type

human SOD1.

Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurodege-

nerative disease that is characterized by the degeneration

of motor neurons in the brain, brainstem and spinal

cord. The progressive loss of neurons in ALS results in

muscle denervation, weakness and paralysis. Death usual-

ly occurs within 3–5 years from diagnosis (Brown and

Al-Chalabi, 2017). ALS is variable in terms of age of

onset, site of symptom onset and rate and pattern of dis-

ease progression. Underlying the clinical variability of

ALS is complexity of genetic contribution and the patho-

genic pathways that lead to the death of neurons (Brown

and Al-Chalabi, 2017; Ghasemi and Brown, 2018).

While multiple pathogenic mechanisms, including neur-

onal hyperexcitability (Vucic et al., 2008; Kiernan, 2009),

glutamate excitotoxicity (Rothstein et al., 1992), protein

aggregation (Arai et al., 2006) and oxidative stress (Blasco

et al., 2017), are proposed to contribute to the pathogen-

esis of ALS, studies also indicate that metabolic dysfunc-

tion is associated with disease progression (Dupuis et al.,

2004; Ahmed et al., 2016; Ioannides et al., 2016).

In human ALS, an increase in resting energy expenditure

(i.e. hypermetabolism) has been observed in approximately

one-third to more than half of all patients (Desport et al.,
2001, 2005; Bouteloup et al., 2009; Funalot et al., 2009;

Vaisman et al., 2009; Jesus et al., 2018; Steyn et al.,

2018a). More recently, we have shown that hypermetabo-

lism in patients with ALS is associated with lower motor

neuron dysfunction, more rapid disease progression and

increased risk of earlier death (Steyn et al., 2018a).

Despite this evidence of the importance of metabolism, the

capacity to target metabolism to slow disease progression

is restricted by our limited understanding of the underlying

biochemistry of altered metabolism in ALS.

Previous studies in superoxide dismutase 1, glycine to

alanine substitution at amino acid 93 (SOD1G93A) and

superoxide dismutase 1, glycine to arginine substitution

at amino acid 86 (SOD1G86R) mouse models of ALS sug-

gest that altered metabolic balance is a feature of the dis-

ease (Dupuis et al., 2004), with early and persistent

perturbations in the blood levels of metabolic hormones

such as leptin, the presence of circulating ketone bodies

and increased energy expenditure (Dupuis et al., 2004).

Graphical Abstract
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Reports of increased peripheral clearance of circulating

lipids (Fergani et al., 2007) and increased expression of

fatty acid metabolism genes in glycolytic muscle

(Palamiuc et al., 2015) suggest that altered skeletal

muscle metabolism could contribute to the altered metab-

olism observed in ALS. However, whether this altered

profile of gene expression is associated with functional

changes in glucose–fatty acid metabolism in the muscle of

ALS mice, and how this might relate to metabolic

changes at the whole-body level remains to be deter-

mined. Moreover, whether similar metabolic changes

occur in the skeletal muscle of ALS patients and the rele-

vance of these changes to the clinical and metabolic pre-

sentations in human ALS is unknown.

In this study, we aimed to address this gap in know-

ledge by characterizing whole-body metabolism in the

SOD1G93A mouse model of ALS throughout the course

of disease, and by assessing energy substrate utilization in

intact glycolytic muscle fibres isolated from SOD1G93A

mice when compared to wild-type (WT) controls. We

also assessed fatty acid and glucose oxidation in myo-

tubes derived from well characterized ALS patients and

healthy controls to determine whether substrate metabol-

ism in ALS muscle is linked to the energy expenditure

profiles and clinical features. We report evidence of a

functional alteration in glucose–fatty flux in glycolytic

muscle of SOD1G93A mice. In ALS patient-derived myo-

tubes, changes in glucose and fatty acid oxidation are

associated with whole-body energy expenditure and dis-

ease progression, but not hypermetabolism.

Materials and methods

Animal studies

Mice

Experiments at the University of Queensland were

approved by the University of Queensland Animal Ethics

Committee and conducted in accordance with the

Queensland Government Animal Care and Protection Act

2001, associated Animal Care and Protection Regulations

(2002 and 2008) and the Australian Code of Practice for

the Care and Use of Animals for Scientific Purposes

(2004). Experiments at the University of Notre Dame

were conducted in accordance with the Freimann Life

Science Center Guidelines and the Notre Dame

Institutional Animal Care and Use Committee Policy on

Humane Endpoints for animal use.

Transgenic mice overexpressing the human SOD1

G93A mutation [B6-Cg-Tg (SOD1-G93A) 1Gur/J]

(Gurney et al., 1994) were purchased from the Jackson

Laboratory (Bar Harbor, ME, USA) and bred on a C57

black 6 (C57BL/6J) background. Male SOD1G93A mice

and litter- or age-matched WT control mice (n¼ 3–26/

group) were randomly assigned for experiments at ages

that correspond to pre-defined stages of disease in

SOD1G93A mice; presymptomatic (5 weeks of age, no

symptoms), onset (9–11 weeks of age, early signs of hind-

limb tremor and weakness), mid-stage (16–19 weeks of

age, pronounced hindlimb weakness) and end-stage

(21–25 weeks of age, significant hindlimb weakness lead-

ing to paralysis and euthanasia due to loss of the righting

reflex) (Ngo et al., 2012; Lee et al., 2013). In line with

ethical requirements, SOD1G93A mice were monitored

twice daily after the onset of pronounced hindlimb

weakness (i.e. mid-stage of disease). All mice were group-

housed (3–4 mice per cage) in filter top cages, or in indi-

vidually ventilated cages when maintained in a specific

pathogen-free environment. For the assessment of energy

expenditure, mice were single-housed in cages designed

specifically for the Phenomaster metabolic phenotyping

system (TSE-Systems, Bad Homburg, Germany). Mice

were maintained on a 12 h light, 12 h dark cycle (ON at

0600 h and OFF at 1800 h) and had free access to food

(20% protein, 4.8% fat; Specialty Feeds, WA, Australia)

and water. Room temperature was maintained at

22 6 2�C. Assessments in live mice or collection of tissue

from mice occurred between 1000 and 1400 h on any

given day. Prior to tissue collection, all mice were anaes-

thetized with an intraperitoneal injection of sodium

pentobarbitone (32.5 mg/kg, Virbac Animal Health,

NSW, Australia). Following complete loss of the pedal

withdrawal reflex and eye-blink reflex, mice were killed

by cervical dislocation. All animal work was conducted

in accordance with the Animal Research: Reporting of In

Vivo Experiments guidelines (Kilkenny et al., 2010).

EchoMRI assessment of fat and fat free mass

Imaging took place in the Notre Dame Integrated

Imaging Facility Friemann Life Sciences Center. Whole-

body fat and fat free mass was measured with an

EchoMRI-130TM Quantitative Magnetic Resonance

(EchoMRI, TX, USA) (Metzinger et al., 2014). Two X-

ray images were taken at different energy levels to assess

soft tissue density and bone. Mass measurements for fat

and fat free tissue were produced for all scans in the

EchoMRI Body Composition Analyzer EMR-184 soft-

ware (EchoMRI).

Indirect calorimetry

Energy expenditure was measured with a Phenomaster

open-circuit indirect calorimetry system housed within a

temperature (22�C) and 12 h light, 12 h dark cycle (ON

at 0600 h and OFF at 1800 h) controlled chamber (TSE-

Systems), as we have done previously (Steyn et al.,

2018b). All mice were acclimated for single-housing be-

fore collection of individualized measures using the

Phenomaster system. Experimental cages (n¼ 16) were

sampled at 60 min intervals for 3.5 min/cage, with con-

centrations of O2 and CO2 in the outgoing air being

measured sequentially within each interval. One vacant

cage was included to obtain a reference concentration for

ambient gas. Activity (x- and y-plane), food intake and
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body weight were recorded synchronously with metabolic

data. Measurements were performed continuously over

72 h, with analysis restricted to the final 24 h assessment

period (allowing 48 h of acclimation). For data analysis,

measures of total energy expenditure and food intake

were adjusted for body weight. Food intake measures are

representative of hourly food intake for each mouse.

18F-deoxyglucose PET/single-photon emission

computed tomography/CT imaging

Animals were anaesthetized using isoflurane inhalation

for 2–5 min in a vaporized-controlled tank to allow suffi-

cient anaesthesia followed by recovery. Animal breathing

was checked once every minute by visual inspection. 18F-

deoxyglucose at a dose of 0.200mCI activity was admin-

istered to mice intravenously through the tail vein (vol-

ume < 100 ll). PET images were acquired on a trimodal

Alibra PET/single-photon emission computed tomography/

CT image station (Carestream Health, Woodbridge, CT,

USA) to produce high-resolution PET images that were

reconstructed for analysis. 18F-deoxyglucose uptake in

brown adipose tissue (BAT) was quantified as the mean

voxel value within a visually determined volume of inter-

est as described previously (van der Veen et al., 2012).

Ex vivo lipolysis

Epididymal white adipose tissue (WAT) was excised and

rinsed in 1� phosphate buffered saline supplemented

with 0.1% fatty acid-free bovine serum albumin. All epi-

didymal WAT explants were placed in plastic vials con-

taining 1 ml of modified Krebs–Henseleit buffer (in mM):

4.7 KCl, 1.2 KH2PO4, 1.2 MgSO4�7H2O, 1.25

CaCl2�2H2O, 25 NaHCO3, 5 glucose, 118 NaCl and 4%

fatty acid-free bovine serum albumin. Buffer was gassed

with 95% O2/5% CO2 for 45 min to reach a pH of 7.4.

All procedures were conducted in a shaking water bath

at 37�C. For the assessment of non-esterified fatty acids

(NEFA), 6 ml of buffer was collected at 0-, 30-, 60-, 90-

and 120-min time points, placed immediately on dry ice

and stored at �80�C. Samples were assayed on a NEFA-

C kit (Wako Chemicals, Osaka, Japan). For glycerol, buf-

fer was collected after 2 h of incubation. Glycerol content

was assessed using a free glycerol determination kit with

glycerol standard solution (Sigma-Aldrich, MO, USA).

Final glycerol content and NEFA-C levels were expressed

relative to the weight of the respective epididymal WAT

explant.

Plasma NEFA

Following sacrifice, terminal blood samples were collected

from mice via cardiac puncture. Samples were transferred

into ethylenediaminetetraacetic acid-precoated tubes and

centrifuged for 3 min. Plasma was aliquoted and stored at

�80�C until use. NEFA levels in plasma were determined

using a NEFA-C test kit (Wako Chemicals).

Oil Red O staining

Extensor digitorum longus (EDL) muscles were embedded

in optimum cutting temperature compound and rapidly

frozen in liquid nitrogen cooled isopentane. Oil Red O

(ORO) staining was performed on muscle cryosections

(10 lm) to visualize neutral lipids using an ORO kit

(Abcam, Cambridge, UK). Briefly, sections were fixed

with 10% neutral buffered formalin for 15 min and

rinsed three times with distilled water for 30 s at room

temperature. ORO solution was added onto the sections

and incubated for 10 min, and the slides were differenti-

ated in 85% propylene glycol solution for 1 min at room

temperature. After two rinses, slides were air dried and

mounted with aqueous mounting agent (Aquatex, EMD

Millipore, CA, USA). Bright-field images (20� magnifica-

tion) were taken with an Aperio ScanScope system

(Leica, Mannheim, Germany). ORO labelling was quanti-

fied using 10þ randomly selected sections of muscle per

animal (n¼ 5 per group). Representative images of the

muscle section were processed using ImageJ to identify

the mean ORO intensity for each animal, following

thresholding to remove non-specific labelling [threshold

set to 225 (0–255)].

Assessment of cellular respiration in muscle fibre

bundles

EDL muscle fibre bundles were chemically dissociated as

previously described (Li et al., 2016). Muscle fibre bun-

dles were seeded onto Seahorse XFe96 microplates in cul-

ture media (low glucose Dulbecco’s Modified Eagle

Medium supplemented with 10% foetal bovine serum

and 1% Antibiotic-Antimycotic; ThermoFisher, MA,

USA) and maintained overnight at 37�C with 5% CO2.

Prior to the commencement of metabolic assays, muscle

fibre viability was assessed using an alamarBlue cell via-

bility assay (ThermoFisher) and used for the data normal-

ization. Real-time assessment of bioenergetic parameters

in EDL fibre bundles was performed on the XFe96

Extracellular Flux Analyzer (Agilent Technologies, CA,

USA).

The dependence and capacity of EDL fibres to use glu-

cose and fatty acid as fuel substrates were determined

using the Seahorse XF Mito Fuel Flex Test Kit (Agilent

Technologies). Prior to the assay, culture media was

replaced with pre-warmed assay media (pH 7.4) consist-

ing of extracellular flux base media (Agilent

Technologies), 10 mM D-glucose (Sigma-Aldrich), 1 mM

sodium pyruvate (Sigma-Aldrich) and 2 mM L-glutamine

(ThermoFisher). Carnitine palmitoyltransferase 1A inhibi-

tor etomoxir (ETO, 4.0 lM), mitochondrial pyruvate car-

rier inhibitor UK5099 (2.0 lM) and glutaminase inhibitor

BPTES (3.0 lM) were prepared with assay media and

loaded into the XFe96 sensor cartridge following the

manufacturer guidelines. Following the first three cycles

of baseline measurement of oxygen consumption rate

(OCR), the decrease of OCR levels upon inhibition of

one or more pathways was continuously recorded for the
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following six cycles. Each cycle consisted of 3 min mix,

30 s wait and 3 min measurement. The dependence and

capacity of each fuel pathway relative to total fuel oxida-

tion were calculated according to the manufacturer

guidelines.

Substrate induced maximal respiration was tested in

EDL fibre bundles as previously described (Li et al.,

2016). Briefly, plates containing muscles fibres were

changed into assay media (pH 7.4) containing 120 mM

NaCl, 3.5 mM KCl, 1.3 mM CaCl2, 0.4 mM KH2PO4,

1 mM MgCl2, 2.5 mM D-glucose and 0.5 mM L-carnitine

prior to the assay run. OCR was continuously measured

for six cycles after sequential injections of sodium pyru-

vate (10 mM) or palmitate-bovine serum albumin

(100 lM) with carbonyl cyanide-p-trifluoromethoxyphe-

nylhydrazone (0.4 lM), followed with antimycin/rotenone

(1 lM).

Patient studies

Subjects

Eighteen ALS patients who met the revised El-Escorial

criteria for ALS (Brooks et al., 2000) were enrolled from

the Royal Brisbane and Women’s Hospital ALS clinic for

the collection of skeletal muscle biopsies. Eleven healthy

control participants were also enrolled. These control

individuals were the spouses, friends or family members

of ALS participants. For all participants, exclusion criteria

were history of a metabolic condition (e.g. Hashimoto’s

disease) and diabetes mellitus. Participant details are

shown in Table 1 and Supplementary Table 1. For ALS

patients, the ALS functional rating scale-revised (ALSFRS-

R) score, King’s stage and deltaFRS were obtained from

clinical records. All participants provided written

informed consent; participant consent was obtained

according to the Declaration of Helsinki. Work per-

formed in this study was approved by the Royal Brisbane

and Women’s Hospital and University of Queensland

human research ethics committees.

Assessment of body composition and energy

expenditure

Body composition (fat mass and fat free mass) was deter-

mined by whole-body air displacement plethysmography

using the BodPod system (Cosmed USA, Rome, Italy)

(Ioannides et al., 2017). Values of fat mass and fat free

mass were used to predict resting energy expenditure

(Steyn et al., 2018a). Energy expenditure in fasting and

alert ALS and control participants at rest (i.e. resting en-

ergy expenditure) was then measured by indirect calorim-

etry using a Quark RM respirometer (Cosmed) as per

our established methodology (Steyn et al., 2018a).

Controls were matched to patients with ALS by age, sex,

weight, body mass index and body composition. The

metabolic index (MI) of each individual was derived by

calculating measured resting energy expenditure as a per-

centage of predicted resting energy expenditure. An MI

(i.e. measured energy expenditure relative to predicted

resting energy expenditure) �120% was defined as hyper-

metabolism, as we have done previously (Steyn et al.,

2018a).

Muscle biopsy and culture

Muscle biopsies were collected from the vastus lateralis

of one leg. Lignocaine (1%; 5 ml) was injected to anaes-

thetize the skin and underlying fat and muscle tissue. A

10-mm incision was made and advanced through the fa-

scia of the muscle. A �200 mg sample of muscle was

collected using a sterile 6-mm hollow Bergstrom biopsy

needle (Pelomi, Albertslund, Denmark) modified for suc-

tion (Tarnopolsky et al., 2011) and placed in holding

media (Dulbecco’s Modified Eagle Medium/Ham’s F-12

with 0.5% gentamicin; ThermoFisher).

Primary myoblasts were isolated and cultured using a

modified muscle tissue explant method (Tarnopolsky

et al., 2011) and frozen as low passage cell stocks.

Primary myogenic cells were maintained in Dulbecco’s

Modified Eagle Medium/Ham’s F-12 medium supple-

mented with 20% foetal bovine serum, 10% AmnioMAX

C-100 and 0.5% gentamicin (ThermoFisher). Culture

media was changed every second day and cells were pas-

saged when they reached �70% confluence. For experi-

ments, primary myogenic cells were seeded at a density

of 15 000 cells/well into Seahorse XFe96 cell culture

microplates. At 80% confluence, cells were differentiated

into myotubes by replacing maintenance media with dif-

ferentiation media consisting of Dulbecco’s Modified

Eagle Medium/Ham’s F-12 medium with 2% non-inacti-

vated horse serum and 0.5% gentamicin (ThermoFisher).

Fresh differentiation medium was fed every 2 days until

mature multinucleated myotubes formed. Primary myo-

tubes underwent assessment of key parameters of glucose

Table 1 Characteristics of ALS patients and healthy

controls at the time of muscle biopsy collection

Control (n 5 11) ALS (n 5 18) P

Demographics

Age (years) 58.9 6 10.1 55.4 6 7.2 0.277

Sex, female 3 (27.27) 4 (22.2) 0.758

Anthropometric and metabolic measures

Body mass index (kg/m2) 25.9 6 2.7 26.6 6 4.2 0.644

Fat free mass (kg) 53.4 6 10.5 54.7 6 10.8 0.745

Fat mass (%) 31.1 6 9.4 32.4 6 11.5 0.759

EEkc (kcal/day) 1596 6 331.1 1809 6 336.2 0.107

MI (%) 108.4 6 15.41 119.5 6 9.6 0.025

Clinical scores

Time since onset (months) 29.2 6 21.5

ALSFRS-R 36.7 6 6.1

deltaFRS �0.5 6 0.3

King’s stage 2.4 6 1.0

FVC (% of predicted) 88.5 6 22.1

Data presented as mean (SD) and n (%) for categorical data. Means were compared by

independent t-test and proportions with the chi-square test.

ALSFRS-R ¼ ALS functional rating scale-revised; deltaFRS ¼ change in ALSFRS-R since

symptom onset; EEkc ¼ energy expenditure kilocalories; FVC ¼ forced vital capacity;

MI ¼ metabolic index (measured EEkc/predicted EEkc).
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and fatty acid oxidation dependency and capacity using

the Seahorse Mito Fuel Flex Test Kit (Agilent

Technologies). Parameters of glycolytic flux (glycolysis,

glycolytic capacity and glycolytic reserve) were deter-

mined using the Seahorse XF Glycolysis Stress Test Kit

(Agilent Technologies).

Statistical analysis

Statistical differences were assessed using Prism 8.0a.

(GraphPad Software Inc., La Jolla, CA, USA). Statistical

comparisons were performed following testing for normal

distribution, and unless otherwise indicated, outcomes

were compared using unpaired Student’s t-test, non-para-

metric t-test or two-way ANOVA followed by Bonferroni

multiple comparison. Percentage data were log trans-

formed prior to statistical comparison. Linear relation-

ships were assessed by Pearson correlation. All graphical

data are presented as mean 6 SD. Values of P< 0.05

were considered to be statistically significant.

Data availability

The data from this study are available from the corre-

sponding author, upon reasonable request.

Results

Disease progression in SOD1G93A

mice is associated with a decline in

both fat free mass and fat mass

To determine the impact of disease progression on body

composition and total body weight in SOD1G93A mice,

we conducted a serial assessment of body weight, and

whole-body fat free mass and fat mass by EchoMRI

(Fig. 1A–C). Total body weight in SOD1G93A mice was

significantly lower than that of litter-matched WT con-

trols by 19 weeks of age (Fig. 1A). Loss of body weight

was due, in part, to a loss in total fat free mass

(Fig. 1B). Tibialis anterior and gastrocnemius weight

were reduced by disease onset (Fig. 1D and E), and EDL

mass was reduced by the mid-stage of disease (Fig. 1F).

When compared to age-matched WT controls, fat accu-

mulation in SOD1G93A mice slowed following disease

onset, and whole-body fat mass was significantly lower

from 15 weeks of age (Fig. 1C). Epididymal and inguinal

fat mass was lower in SOD1G93A mice from the mid-

stage of disease (Fig. 1G and H). Consistent with this,

circulating levels of leptin were stable in SOD1G93A mice

throughout the disease course while the WT controls

showed increased levels of leptin with time (Fig. 1I).

Total energy expenditure in

SOD1G93A mice increases by the

mid-stage of disease

We next sought to determine whether energy expenditure

in SOD1G93A mice increases relative to disease progres-

sion. When compared to WT controls, SOD1G93A mice

at the mid-stage of disease had higher levels of energy ex-

penditure during the light and dark cycle, resulting in an

overall increase in 24 h total energy expenditure (Fig. 2A

and B). SOD1G93A mice had decreased activity by disease

onset (Fig. 2C and D).

We also investigated whether reductions in body weight

and fat mass in SOD1G93A mice were due to a decline in

food intake. We observed no change in food intake be-

tween SOD1G93A mice at disease onset and litter-matched

WT controls. SOD1G93A mice at the mid-stage of disease

consumed more food than litter-matched WT controls

(Fig. 2E and F). Thus, reductions in weight are not asso-

ciated with decreased food consumption, and despite an

increase in food intake and a decline in activity-depend-

ent energy expenditure, SOD1G93A mice are unable to

offset increased energy expenditure to prevent the deple-

tion of energy stores.

Lipolytic rate is maintained in

SOD1G93A mice

BAT regulates non-shivering thermogenesis, which itself

can contribute to total energy expenditure in mice (Even

and Blais, 2016). We found no difference in BAT weight

(Fig. 3A) or glucose uptake in BAT between SOD1G93A

and WT control mice (Fig. 3B and C). Thus, the increase

in energy expenditure in SOD1G93A at the mid-stage of

disease is unlikely to be due to increased non-shivering

thermogenesis.

WAT stores lipids, providing energy reserves that are

available during periods of increased energy demand.

Given the slowing of accumulation and eventual reduc-

tion of fat mass in SOD1G93A mice, we assessed the re-

lease of lipids (a proxy measure for lipolysis) from

epididymal WAT explants. The lipolytic rate of ex vivo

explants of epididymal WAT decreased over the lifespan

of WT mice, while the lipolytic rate in SOD1G93A mice

was maintained throughout the course of disease. The

lipolytic rate in SOD1G93A mice was significantly higher

by the mid-stage of disease when compared to WT con-

trols (Fig. 3D and E). This corresponded to a sustained

rate of appearance of cumulative NEFA and glycerol

from WAT explants (Fig. 3F). Circulating plasma NEFA

in WT and SOD1G93A mice did not differ (Fig. 3G).

Overall, results suggest that the rate of lipolysis in epi-

didymal WAT explants from SOD1G93A is sustained

throughout disease, and that it does not decrease with

age, as is seen in WT mice.
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SOD1G93A mice exhibit a functional

preference for fat oxidation in

glycolytic EDL muscle

Previously, a decrease in the expression of glucose han-

dling genes and an increase in the expression of lipid

handling genes in glycolytic muscle of SOD1G86R mice

have been suggested to drive a switch towards the use of

lipid as an energy substrate (Palamiuc et al., 2015). Thus,

sustained lipolysis in SOD1G93A mice could serve to mo-

bilize fatty acids for use as an energy source in skeletal

muscle. We used ORO staining to quantify intramuscular

lipid accumulation in the glycolytic EDL muscle and con-

ducted real-time assessment of substrate utilization in

EDL muscle fibre bundles isolated from SOD1G93A and

age-matched WT mice. There was no difference in intra-

muscular lipid content in the EDL muscle of SOD1G93A

mice when compared to WT controls (Fig. 4A and B).

We observed no difference in glucose oxidation depend-

ence (Fig. 4C and D), and following the inhibition of

mitochondrial fatty acid and glutamine uptake, EDL

muscle fibres from SOD1G93A mice exhibited similar lev-

els of glucose oxidation capacity across all disease stages

(Fig. 4E and F). In contrast to the decline in fat oxida-

tion and dependence in WT mouse skeletal muscle fibres

with age, we observed sustained dependence on fat oxi-

dation in isolated EDL muscle fibre bundles from

SOD1G93A mice by the mid-stage of disease (Fig. 4G and

H). Moreover, the capacity for fat oxidation to sustain

mitochondrial respiration after inhibition of pyruvate and

glutamine entry into mitochondria was also increased in

EDL muscle fibres bundles from SOD1G93A mice at the

mid-stage of disease when compared to WT controls,

which exhibited a decline in fat oxidation capacity with

age (Fig. 4I and J).

To determine the capacity of glucose and fatty acid oxi-

dation pathways to sustain mitochondrial respiration in the

absence of substrate competition, and to study substrate

utilization in the presence of increased energy demand, we

measured the capacity of mitochondria in EDL fibre

Figure 1 Body weight, fat free mass and fat mass decreases in SOD1G93A mice over the course of disease. (A) Total body weight,

(B) fat free mass and (C) fat mass in SOD1G93A mice and WTage-matched controls (n¼ 9–10/group). Total (D) tibialis anterior (TA),

(E) gastrocnemius (Gastroc) and (F) EDL muscle mass in SOD1G93A mice and age-matched WT controls (n¼ 10–26/group). Total weight of

(G) epididymal white adipose tissue (eWAT) and (H) inguinal white adipose tissue (ingWAT) in SOD1G93A mice and age-matched WT controls

(n¼ 5–12/group). (I) Circulating levels of leptin in SOD1G93A mice and age-matched WT controls (n¼ 5–6/group). White circles represent WT

mice; teal circles represent SOD1G93A transgenic mice. All data presented as mean 6 SD. *P< 0.05, two-way ANOVA with Bonferroni’s post hoc

test. ES ¼ end-stage; MS ¼ mid-stage; OS ¼ onset; PS ¼ presymptomatic.
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bundles to oxidize pyruvate or palmitate in the presence of

the mitochondrial uncoupler, carbonyl cyanide-p-trifluoro-

methoxyphenylhydrazone (Fig. 5A and B). The basal OCR

of EDL muscles from WT and SOD1G93A mice was similar

(Fig. 5C). In the presence of pyruvate, we observed a sig-

nificant elevation in maximal peak OCR in EDL muscle

fibre bundles from SOD1G93A mice at the mid-stage stage

of disease (Fig. 5A). In the presence of palmitate, we

observed no difference in maximal OCR in EDL muscle

fibre bundles between SOD1G93A and WT controls

(Fig. 5B). Compared to WT mice, total oxygen consump-

tion in the EDL muscle fibres from SOD1G93A mice was

significantly higher at the mid-stage of disease when pyru-

vate was provided as the external energy substrate

(Fig. 5D). However, oxygen consumption between EDL

muscle fibres from SOD1G93A mice and WT mice was

comparable when palmitate-bovine serum albumin was

provided as the external energy substrate (Fig. 5E). Thus,

despite exhibiting a functional preference towards fatty

acid oxidation, glycolytic EDL muscle fibres from

SOD1G93A mice are capable of utilizing glucose metabolism

pathways to sustain mitochondrial function when there are

no competing fatty acid substrates.

ALS patient-derived myotubes have

increased dependence on fat

oxidation

We next aimed to determine whether the preferential use

of lipids by mitochondria of SOD1G93A mice was also

present in human ALS subjects. We generated primary

myotubes from skeletal muscle from ALS patients and

age-matched healthy controls and conducted real-time as-

sessment of substrate utilization. Demographics of our

study population are detailed in Table 1. Sex, age and

clinical demographics of ALS patients are detailed in

Supplementary Table 1. When compared to myotubes

derived from healthy controls, myotubes from patients

with ALS had similar levels of glucose oxidation

Figure 2 Increased energy expenditure occurs in parallel with increased food intake in symptomatic SOD1G93A mice. (A)

Representative data trace of oxygen consumption over 24 h in SOD1G93A mice and WT litter-matched controls. (B) Average VO2 consumption

in these mice during the light and dark cycle, and over a 24-h period. (C) Representative data trace of daily activity over 24 h. (D) Average total

activity during the light and dark cycle, and over a 24-h period in SOD1G93A mice and WT litter-matched controls. (E) Representative data trace

of food intake over 24 h. (F) Average food intake during the light and dark cycle, and over a 24-h period in SOD1G93A mice and WT litter-

matched controls. Black lines and white circles represent WT mice; teal lines and circles represent SOD1G93A transgenic mice. Data presented

as mean 6 SD for n¼ 8/group. *P< 0.05, two-way ANOVA with Bonferroni’s post hoc test. MS ¼ mid-stage; OS ¼ onset; PS ¼ presymptomatic.
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dependency and capacity (Fig. 6A). ALS patient-derived

myotubes also had similar levels of fat oxidation capacity

compared to myotubes derived from healthy controls.

However, they exhibited an increased dependence on fat

oxidation (Fig. 6B).

The transition between glucose and fatty acid oxidation

can ultimately impact the flux of metabolic substrates

through their respective pathways. We therefore sought

to determine whether the increase in fat oxidation de-

pendence in ALS patient-derived myotubes was associated

with altered glycolytic function. We found no difference

in glycolysis, glycolytic capacity or glycolytic reserve be-

tween myotubes derived from control individuals and

myotubes derived from patients with ALS (Fig. 6C).

Figure 3 Lipolysis is maintained throughout disease course in SOD1G93A mice. (A) BATweight (n¼ 5–12/group) and (B, C) glucose

uptake in BAT in SOD1G93A mice and age-matched WT controls (n¼ 9–11/group). (D) Levels of NEFA-C in Krebs–Henseleit buffer as an

indicator of lipolytic rate of epididymal white adipose tissue explants from SOD1G93A mice and WT controls (n¼ 6–17/group). (E) Lipolytic rate

expressed as a per cent of that observed at PS stage. (F) Cumulative NEFA (n¼ 6–17/group) and glycerol (n¼ 8–17/group) in Krebs–Henseleit

buffer. (G) Circulating plasma NEFA in SOD1G93A mice and WTage-matched controls (n¼ 12/group). White circles represent WT mice; teal

circles represent SOD1G93A transgenic mice. All data presented as mean 6 SD. *P< 0.05, two-way ANOVA with Bonferroni’s post hoc test. ES ¼
end-stage; MS ¼ mid-stage; OS ¼ onset; PS ¼ presymptomatic.
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Figure 4 A functional shift in mitochondrial fuel preference from glucose to fat occurs in glycolytic EDL muscle of SOD1G93A mice. (A) ORO

staining and (B) quantification of intramuscular lipid in the glycolytic EDL muscle of SOD1G93A and age-matched WT mice (n¼ 5/group), scale

bar ¼ 50 lm. (C) Data trace of mitochondrial OCR (% baseline) contributed to by glucose oxidation dependence. (D) Quantification of glucose

oxidation dependence in isolated EDL muscle fibre bundles from SOD1G93A mice and WT controls. (E) Data trace of mitochondrial OCR (%

baseline) contributed to by glucose oxidation capacity. (F) Quantification of glucose oxidation capacity in isolated EDL muscle fibre bundles from

SOD1G93A mice and WT controls. (G) Data trace of mitochondrial OCR (% baseline) contributed to by fat oxidation dependence. (H)

Quantification of fat oxidation dependence in SOD1G93A mice and WT control mice. (I) Data trace of mitochondrial OCR (% baseline)

contributed to by fat oxidation capacity. (J) Quantification of fat oxidation capacity in SOD1G93A mice and WT controls. White circles represent

WT mice; teal circles represent SOD1G93A transgenic mice. All data presented as mean 6 SD for n¼ 3–13/group. *P< 0.05, two-way ANOVA

with Bonferroni’s post hoc test. MS ¼ mid-stage; OS ¼ onset; PS ¼ presymptomatic.
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We next assessed the relationships between substrate

oxidation and glycolytic function in myotubes and the

metabolic and clinical characteristics of our ALS co-

hort. The metabolic measures were resting energy ex-

penditure and the MI, which we have previously used

to define hypermetabolism in ALS patients

(Supplementary Table 2) (Steyn et al., 2018a). We

found that glucose oxidation capacity and glycolytic re-

serve were negatively correlated with resting energy ex-

penditure, and that fat oxidation dependency and

capacity, as well as glycolysis were greater in myotubes

derived from ALS patients with higher resting energy

Figure 5 Glycolytic EDL muscle fibre bundles from SOD1G93A mice are capable of utilizing glucose metabolism pathways.

(A) Data traces of mitochondrial OCR (% of baseline) when carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP) was used to induce

maximal mitochondrial respiration in the presence of (A) pyruvate (PY) or (B) palmitate (PA), followed by inhibition of the mitochondrial

electron transport chain complexes III and I by antimycin a (AA) and rotenone (ROT). (C) Quantification of basal OCR in EDL muscle fibre

bundles from SOD1G93A mice and WTage-matched control mice. (D) Quantification of area under the curve (AUC) of OCR in muscle fibre

bundles from SOD1G93A and WT control mice in the presence of FCCP and pyruvate. (E) Quantification of AUC of OCR in muscle fibre

bundles from SOD1G93A and WT controls in the presence of FCCP and palmitate. White circles represent WT mice; teal circles represent

SOD1G93A transgenic mice. All data presented as mean 6 SD for n¼ 5–11/group. *P< 0.05, two-way ANOVA with Bonferroni’s post hoc test.

MS ¼ mid-stage; OS ¼ onset; PS ¼ presymptomatic.
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expenditure. Substrate oxidation was not correlated

with the MI.

We observed no relationship between substrate oxida-

tion or glycolytic function in ALS patient-derived myo-

tubes relative to the severity of disability as determined

by the ALS functional rating scale-revised at the time of

metabolic assessment (Supplementary Table 2). However,

glucose oxidation capacity was greater, and fat oxidation

dependence was lower in patients with a more rapidly

progressing disease [indicated by a faster decline in ALS

functional rating scale-revised scores (deltaFRS);

Supplementary Table 2 and Fig. 7]. Collectively, these

data indicate that substrate utilization in myotubes is not

related to hypermetabolism but is linked to the resting

energy expenditure of ALS patients. Moreover, our data

also suggest that substrate utilization in myotubes is

Figure 6 Myotubes derived from patients with ALS have increased dependence on fat oxidation. (A) Data traces and

quantification of mitochondrial OCR (% baseline) contributed to by glucose oxidation dependency and capacity in ALS and control myotubes.

(B) Data traces and quantification of mitochondrial OCR (% baseline) contributed to by fat oxidation dependency and capacity in ALS and

control myotubes. (C) Data trace of extracellular acidification rate, and quantification of glycolysis, glycolytic capacity and glycolytic reserve in

ALS and control myotubes. All data presented as mean 6 SD for n¼ 11 control and n¼ 18 ALS individuals. *P< 0.05, Unpaired t-test. Individuals

with a C9orf72 expansion are noted in grey, and an individual with a SOD1 mutation is noted in blue.
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associated with the rate of functional decline in patients

with ALS.

Discussion
The primary aim of this study was to explore the poten-

tial mechanisms underpinning altered whole-body meta-

bolic balance in ALS (Ahmed et al., 2018; Steyn et al.,

2018a; Vandoorne et al., 2018). We show that an in-

crease in whole-body energy expenditure in symptomatic

SOD1G93A mice is associated with a decline in both fat

mass and fat free mass. We also find that glycolytic

muscle from symptomatic SOD1G93A mice exhibit an

increased dependence on fatty acids as an energy sub-

strate, as well as an increased capacity to utilize fatty

acids. In myotubes derived from patients with ALS, we

show a similar association between dependence on fatty

acid oxidation and resting energy expenditure. Further

there was an association between muscle cellular metabol-

ism and rate of disease progression.

Compared to WT littermates, SOD1G93A mice exhibited

an increase in total whole-body oxygen consumption (a

proxy for energy expenditure) alongside a concomitant

decline in body mass, fat mass and fat free mass over the

course of disease. These observations are in line with the

notion that increased energy expenditure in ALS

contributes to weight loss (Dupuis et al., 2011).

However, given that hypermetabolism has not been

shown to be associated with weight loss in human ALS

(Steyn et al., 2018a), these divergent observations be-

tween ALS mice and patients suggest that multiple factors

are likely to contribute to weight loss in patients with

ALS. These include reduced capacity to meet energy

requirements (Ngo et al., 2017) [including loss of appetite

resulting in loss of fat mass (Ngo et al., 2019; Mezoian

et al., 2020)], as well as neurogenic wasting (Al-Sarraj

et al., 2014).

A failure to accumulate fat mass was an early feature

of disease in SOD1G93A mice. When compared to WT

mice, where the lipolytic rate of WAT explants decreased

with age, the rate of lipolysis of WAT explants from

SOD1G93A mice was sustained over the course of disease.

The sustained rate of lipolysis by disease mid-stage corre-

sponded to greater energy needs, as indicated by the

higher total energy expenditure of SOD1G93A mice at this

time. That circulating levels of fatty acids (NEFA) were

not increased in SOD1G93A mice, even though WAT

explants were primed for lipolysis, would suggest that lip-

ids that entered circulation were rapidly utilized. It is

well established that lipolysis and fatty acid mobilization

are upregulated in response to increased muscle energy

requirements, for example, during exercise (Goodpaster

and Sparks, 2017). Thus, increased mobilization of lipids

in ALS mice presumably occurs as a means to sustain

metabolic requirements in peripheral skeletal muscle, as

has been suggested previously (Dupuis et al., 2004;

Fergani et al., 2007). Expanding on previous reports of

increased expression of genes associated with fatty acid

oxidation in skeletal muscle of SOD1G86R mice (Palamiuc

et al., 2015), we have now generated the first evidence to

show that there is a greater functional dependence and

capacity of glycolytic skeletal muscle from symptomatic

SOD1G93A mice to utilize fatty acids as a fuel substrate.

This is in contrast to what is observed in WT mice,

where fat oxidation declined from 5 weeks of age through

to 20–25 weeks of age. This decline in fat oxidation is in

line with, and likely to be secondary to our observations

of decreased lipolytic rate of WT epididymal WAT

explants and stable levels of plasma NEFA, indicating

that the metabolic demand of skeletal muscle in WT mice

is possibly lower than that of SOD1G93A mice. Although

the increased dependence and capacity for fatty acid oxi-

dation in SOD1G93A mice could be an adaptive response

to muscle metabolic demand, it might also occur due to

reduced muscle glucose uptake and glucose intolerance

(Pradat et al., 2010; Desseille et al., 2017). Yet, we found

that glycolytic muscle fibres were able to utilize pyruvate,

a product of glucose oxidation, following inhibition of

fatty acid and glutamine pathways. While providing evi-

dence to suggest that glucose oxidation mechanisms re-

main intact in glycolytic SOD1G93A muscle, our data lend

further support to the notion that increased utilization of

fatty acids could inhibit the use of glucose in ALS

Figure 7 Rate of functional decline in patients with ALS is

linked to substrate utilization in myotubes derived from

respective donors. Correlation analyses between rate of disease

progression (deltaFRS) and (A) glucose oxidation dependency,

(B) glucose oxidation capacity, (C) fat oxidation dependency and

(D) fat oxidation capacity. DeltaFRS, rate of functional decline as

defined by (ALS function rating scale-revised score-48)/disease

duration (in months) from symptom onset. Data presented as

Pearson correlations for n¼ 18 ALS patients. Individuals with a

C9orf72 expansion are noted in grey, and an individual with a

SOD1 mutation is noted in blue.
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(Palamiuc et al., 2015), presumably via the Randle cycle;

a biochemical process that is characterized by the compe-

tition of fatty acids and glucose as cellular energy sub-

strates (Hue and Taegtmeyer, 2009). Indeed, under

uncoupling, we found that EDL muscle fibres from both

WT and SOD1G93A mice were capable of using either

pyruvate or palmitate to sustain energy demand.

Interestingly, maximal respiration through consumption

of pyruvate was higher in SOD1G93A mice at mid-stage

of disease when compared to WT mice. These data dem-

onstrate that pyruvate oxidation also appears to remain

intact in glycolytic muscle of SOD1G93A mice, and that

when in the absence of a competing fatty acid substrate

(i.e. palmitate), glycolytic muscle fibres from SOD1G93A

mice will utilize pyruvate to sustain function under

increased energy demand.

In order to understand whether the metabolic changes

observed in isolated SOD1G93A mouse muscle fibres occur

in human ALS, we investigated substrate oxidation cap-

acity and dependence in myotubes derived from patients

with ALS. We also extended our studies to assess glyco-

lytic function in human myotubes. Similar to SOD1G93A

mouse muscle, we observed an increase in fatty acid oxi-

dation dependence in ALS patient myotubes, although

fatty acid oxidation capacity remained unchanged.

Myotubes with higher fat oxidation dependence and cap-

acity were derived from ALS patients with higher resting

energy expenditure. These results are congruent with the

known ability for skeletal muscle to adapt to changes in

energy supply and requirement to maintain energy

homeostasis (Horowitz, 2003). It is well known that fatty

acid metabolism provides more ATP when compared to

glucose metabolism (Turner et al., 2014). As such, an in-

crease in the need for fatty acid oxidation in myotubes

obtained from patients with higher resting energy expend-

iture may function to increase ATP availability.

Moreover, the correlation observed between resting en-

ergy expenditure and fatty acid oxidation dependence

aligns with physiological processes whereby continued de-

pendence on fatty acid metabolism requires greater levels

of oxygen consumption when compared to glucose me-

tabolism (Turner et al., 2014). Interestingly, myotubes

derived from ALS patients with higher resting energy ex-

penditure also had higher glycolysis, but lower glucose

oxidation capacity. The finding of increased glycolysis is

in agreement with previous studies demonstrating higher

activity of phosphofructokinase, the rate limiting enzyme

of glycolysis, in skeletal muscles from individuals with

higher resting energy expenditure (Zurlo et al., 1994).

This higher level of glycolysis likely explains the negative

correlation between resting energy expenditure and glyco-

lytic reserve. High levels of glycolysis indicate that the

glycolytic activity of a cell is close to the theoretical max-

imum, and therefore, there is reduced capacity to respond

to increased energy demand through this pathway. The

negative correlation between resting energy expenditure

and glucose oxidation capacity is paradoxical, given that

glycolysis is the pathway through which glucose is oxi-

dized. However, this observation can be explained by the

known biochemical interplay of the Randle cycle. Fatty

acid oxidation inhibits glucose utilization through strong

inhibition of pyruvate dehydrogenase, and to a lesser ex-

tent, phosphofructokinase (Hue and Taegtmeyer, 2009).

Pyruvate dehydrogenase inhibition leads to pyruvate accu-

mulation, which in turn activates lactate dehydrogenase

to produce increased levels of lactate. As measurements

of extracellular acidification rate via the Seahorse are

mainly attributed to the production of lactic acid per unit

time following its conversion from pyruvate (TeSlaa and

Teitell, 2014), increased glycolysis could represent a

higher degree of pyruvate dehydrogenase inhibition by

the increase in fatty acid oxidation.

We did not observe a relationship between the MI or

any substrate oxidation parameters in ALS patient myo-

tubes. We assume that the findings in myotubes reflect

the situation in intact muscle. Hypermetabolism in ALS

could arise from other tissues such as the brain. Previous

investigations using [18F]fluorodeoxyglucose positron

emission tomography supports such a hypothesis, as

increased energy use has been observed across a number

of brain regions in ALS patients (Cistaro et al., 2012). In

ALS patients who show hypermetabolism, the metabolic

changes could reflect a whole-body response to disease.

Indeed, hypermetabolism is a feature of critical illness,

wherein the degree of hypermetabolism varies with the

severity and duration of illness (McClave and Snider,

1994).

We found that myotubes with higher fatty acid oxida-

tion dependence were derived from patients with slower

clinical decline, indicating that substrate availability and/

or use could be a factor that determines disease progres-

sion in ALS. Previous studies linking higher levels of

serum lipids and fat mass with longer survival (Marin

et al., 2011; Lindauer et al., 2013; Huang et al., 2015)

provide some evidence to suggest that lipids are beneficial

in ALS. This is further supported by recent clinical obser-

vations demonstrating that high fat dietary supplementa-

tion is able to slow disease progression and extend

survival in patients with more rapid progressing disease

(Ludolph et al., 2020).

The cause for the change in fuel substrate preference

towards fatty acids in skeletal muscle remains unknown.

An interesting observation in this study was the function-

al change in fuel oxidation preference at the symptomatic

stage of disease in SOD1G93A mice—this finding is in

contrast to work published by Palamiuc et al. who identi-

fied gene expression changes suggestive of a similar pref-

erence for fat oxidation in asymptomatic SOD1G86R mice

(Palamiuc et al., 2015). The differences observed between

the two SOD1 mouse models are curious and could be

due to the more aggressive disease course in SOD1G86R

mice. It is plausible that the timing in the change in pref-

erence for fatty acid oxidation is associated with altera-

tions in global metabolic homeostasis (which are
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apparent in asymptomatic SOD1G86R mice) that results in

cellular bioenergetic deficit (Ngo and Steyn, 2015;

Loeffler et al., 2016; Vandoorne et al., 2018), and this in

turn might subsequently lead to the utilization of fatty

acids as an initial adaptive response to yield more ATP

than glucose to sustain cellular function and survival. As

disease progresses, persistent fatty acid oxidation would

likely become maladaptive, with increased production of

reactive oxygen species and lipotoxicity exacerbating the

degenerative process (Aon et al., 2014; Tracey et al.,

2018). If this were the case, could modulation of glu-

cose–fatty acid flux offer therapeutic benefit in ALS? It

has previously been shown that dichloroacetate, a syn-

thetic halogenated organic acid that promotes glucose

oxidation and pyruvate oxidation, improves function and

survival in SOD1 mouse models of ALS (Miquel et al.,

2012; Palamiuc et al., 2015). Moreover, the direct target-

ing of glycolysis or glycolysis associated pathways in skel-

etal muscle might also show promise. This approach is

supported by observations that promotion of glycolytic

function in motor neurons improves locomotor function

in a transactive response DNA binding protein 43 (TDP-

43) fly model of ALS (Manzo et al., 2019), and that pre-

supplementation of chromosome 9 open reading frame

72 (C9orf72) induced astrocytes with inosine improves

survival of motor neurons by increasing glycolytic flux

(Allen et al., 2019).

The biochemical mechanisms that underpin the

increased dependence for fatty acid oxidation in skeletal

muscle also remain to be determined. It is well known

that substrate competition between glucose and fatty

acids at the mitochondrial outer membrane is dictated by

the activities of the pyruvate dehydrogenase complex and

the carnitine palmitoyl transferase system/complexes, and

that the interaction between these two complexes is influ-

enced by nutrient availability (Sugden and Holness,

1994). In ALS, an increase in energy expenditure that

outstrips nutrient supply might result in negative energy

balance, and a switch in substrate preference from glu-

cose to fatty acids through altered pyruvate dehydrogen-

ase and carnitine palmitoyl transferase activity. Future,

in-depth and longitudinal assessment of the complex

interactions between glucose and fatty acid metabolism

pathways is needed to decipher the mechanisms that

modulate the adaptation of ALS skeletal muscle towards

higher fatty acid oxidation.

Although we have used both mouse and human-derived

models to investigate aspects of muscle metabolism in

ALS, there are some limitations to our study. First, the

SOD1G93A mouse, albeit an accepted pre-clinical model

of ALS, is representative of only a small proportion of

ALS patients. However, we found similar alterations in

substrate oxidation in the myotubes derived from some

ALS patients, indicating that muscle metabolic changes

are possibly present widely in the disease. Second, we

matched measures in SOD1G93A mice with measures in

WT control mice rather than measures in mice

overexpressing wild-type human SOD1 (WTSOD1).

Similar to mutant human SOD1G93A, the overexpression

of WTSOD1 in motor neuron-like cells is associated with

altered glycolytic function (Richardson et al., 2013;

Valbuena et al., 2016), although, to our knowledge, the

impact of WTSOD1 on fatty acid metabolism remains to

be investigated. Thus, detailed metabolic characterization

of WTSOD1 mice is needed if we are to generate further

insight into the degree to which mutant human SOD1

alters glucose–fatty acid flux when compared to

WTSOD1. Third, while we conducted assessment of en-

ergy expenditure in ALS patients using indirect calorim-

etry (Haugen et al., 2007), and assessed substrate

oxidation in real-time using Seahorse technology, our use

of primary human myotubes is a caveat. Previously, it

has been shown that human primary myotubes mirror

the metabolic phenotypes of their donors (Ukropcova

et al., 2005). Regardless, as primary myotubes are grown

from cells, which have been isolated from muscle biopsies

that were removed from their physiological milieu, future

studies assessing substrate oxidation in muscle in vivo are

needed.

In summary, we demonstrate that an increase in fatty

acid oxidation dependence and capacity occurs in glyco-

lytic muscle of SOD1G93A mice during the symptomatic

stages of disease when they exhibit increased energy ex-

penditure. In myotubes derived from ALS patients, a

similar increase in fatty acid oxidation dependence

occurs. While this change in fatty acid oxidation appears

to be associated with the progression of disease, it is not

linked to hypermetabolism in human ALS. Given the het-

erogeneity of disease in ALS, there remains an important

need for further studies that delineate mechanisms of

metabolic imbalance and the link between substrate util-

ization and energy expenditure throughout the course of

the disease. A comprehensive understanding of specific

metabolic changes at an individual patient level will be

essential for the development of treatments that aim to

target metabolic pathways in ALS.
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