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Repurposing of Trimetazidine for amyotrophic lateral sclerosis:
A study in SOD1%%3” mice
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indicates that the sole protection of motor neurons by a single targeted drug is not
sufficient to improve the pathological phenotype. We therefore evaluated the thera-
peutic potential of the multi-target drug used to treatment of coronary artery disease,
trimetazidine, in SOD1°73A mice.

Experimental Approach: As a metabolic modulator, trimetazidine improves glucose
metabolism. Furthermore, trimetazidine enhances mitochondrial metabolism and pro-
motes nerve regeneration, exerting an anti-inflammatory and antioxidant effect. We
orally treated SOD1%%3A mice with trimetazidine, solubilized in drinking water at a
dose of 20 mg kg™, from disease onset. We assessed the impact of trimetazidine on
disease progression by studying metabolic parameters, grip strength and histological
alterations in skeletal muscle, peripheral nerves and the spinal cord.

Key Results: Trimetazidine administration delays motor function decline, improves
muscle performance and metabolism, and significantly extends overall survival of
SOD1%7%A mice (increased median survival of 16 days and 12.5 days for male and
female respectively). Moreover, trimetazidine prevents the degeneration of neuro-
muscular junctions, attenuates motor neuron loss and reduces neuroinflammation in
the spinal cord and in peripheral nerves.

Conclusion and Implications: In SOD1%7*A mice, therapeutic effect of trimetazidine is

underpinned by its action on mitochondrial function in skeletal muscle and spinal cord.

KEYWORDS

mice, Trimetazidine

1 | INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder
that is clinically characterized by the loss of upper and lower motor
neurons. Despite intense research studies and numerous clinical trials,
ALS currently remains an incurable disease (Wobst et al., 2020).

Metabolic dysfunction has been linked to ALS pathogenesis since
the 1970s (Reyes et al., 1984; Van den Bergh et al., 1978). In humans, a
decrease in premorbid body mass index (BMI) increases the risk of ALS
(O'reilly et al., 2013), while weight loss and hypermetabolism are associ-
ated with poor prognosis (Steyn et al., 2018; Van Mantgem, 2020).
Accordingly, both ALS patients and animal models share features such
as weight loss, energy store depletion, hypermetabolism and alterations
in glucose and lipid metabolism (Ferri & Coccurello, 2017; Peggion
et al., 2017; Steyn et al., 2018). Overall, these metabolic disorders are
likely to promote the use of fat as the main energy source to protect
from protein catabolism (Ngo et al., 2014). However, constant lipid con-
sumption results in the exhaustion of energy stores, loss of body fat
mass (Dolezalova et al., 2007; Ngo et al., 2014; Tremblay et al., 1990)
and a reduction in BMI (Kirk et al., 2019; Ngo et al., 2014).

Despite a growing body of evidence linking metabolic alterations
to disease outcome in ALS, interest in targeting metabolic dysfunction
as a therapeutic approach has only grown in recent times (Fayemendy
et al., 2021; Ferri & Coccurello, 2017; Ngo & Steyn, 2015). In this con-
text, we aimed to evaluate the therapeutic potential of trimetazidine

amyotrophic lateral sclerosis, hypermetabolism, mitochondria, neurodegeneration, SOD

1G93A

What is already known?

Amyotrophic lateral sclerosis (ALS) is a multifactorial neu-
rodegenerative disease with currently no effective cure.

The failure of the numerous clinical trials in ALS indicates
that protection of motor neurons by a single target drug

alone is not sufficient to improve the disease outcomes.

What does this study add?

SOD1%7** mice treated with the multi target drug
trimetazidine show an improved survival and locomotor
performances and a decreased hypermetabolism.
Trimetazidine treatment protects motor neurons and
NMJ, improves energy metabolism in spinal cord and
skeletal muscle, and decreases neuroinflammation.

What is the clinical significance?

The ability of trimetazidine to improve energy metabo-
lism provides new evidences for a therapeutic approach
in the treatment of ALS.

This preclinical study supports the repurposing of

trimetazidine in the clinical practice of ALS.
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in the SOD1%7** mouse model of ALS. Trimetazidine is an anti-
ischemic drug used for the treatment of coronary artery disease. This
drug is classified as a metabolic modulator that inhibits the long-chain
mitochondrial 3-ketoacyl coenzyme A thiolase (ACAA2), an enzyme
that catalyses the oxidation of long-chain fatty acids (Kalucka
et al, 2018; Kantor et al., 2000). Because of its ability to inhibit
B-oxidation and fatty acid uptake, trimetazidine improves glucose
metabolism (Fragasso et al., 2003; Kantor et al., 2000). Additionally,
trimetazidine is known to increase mitochondrial protein levels and
stimulate myogenesis, muscle strength and oxidative metabolism in
aged and cachectic muscles, improving muscle quality and neuromus-
cular communication (Belli et al., 2019; Molinari et al., 2017).

Here, we show that when administered orally at disease onset,
trimetazidine improves muscle performance and energy metabolism,

1573A mice. Moreover, we show

while also extending survival of SOD
that trimetazidine protects neuromuscular junctions (NMJs), preserves
spinal motor neurons and reduces neuroinflammation. In this frame-
work, trimetazidine exerts therapeutic benefit by improving mitochon-
drial function and, ultimately, the production of adenosine

triphosphate (ATP).

2 | METHODS

21 | Antibodies

The antibodies used in this study are summarized in Table 1.

2.2 | Animals

All procedures in Rome were performed in accordance with European
Guidelines for the use of animals in research (2010/63/EU) and the
requirements of Italian laws (D.L. 26/2014) and were approved by the
Animal welfare office, Department of Public Health and Veterinary,
Nutrition and Food Safety, General Management of Animal Care and
Veterinary Drugs of the Italian Ministry of Health (protocol number
931/2017/PR). Procedures 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

TABLE 1 Antibodies used for western blot (WB) and immunofluorescence (IF)

Antibodies Species Product Dilution

Primary CPT1A Mouse monoclonal Abcam (Cat#ab83862; RRID:AB_1924900) WB 1:1000
SLN Rabbit polyclonal Millipore (Cat#ABT13; RRID:AB_11203316) WB 1:1000
GAPDH Mouse monoclonal Santa Cruz Biotechnology (Cat#sc-20356; RRID:AB_641103) WB 1:5000
AGRIN Mouse monoclonal Millipore (Cat#MAB5204; RRID:AB_2225272) WB 1:1000
PKCo Rabbit polyclonal Cell Signaling Technology (Cat#13643; RRID:AB_2798282) WB 1:1000
pPKCo (Thr538) Rabbit polyclonal Cell Signaling Technology (Cat# 9377; RRID:AB_2172071) WB 1:1000
LRP4 Mouse monoclonal BioLegend (Cat#832201; RRID:AB_2564954) WB 1:1000
CDé68 Rat monoclonal Bio-Rad/AbD Serotec (Cat#MCA1957GA; RRID:AB_324217) IF 1:200
GFAP Mouse monoclonal Novus Biological (Cat#NBP1-05197; RRID:AB_1555288) IF 1:500
NFH Mouse monoclonal BioLegend (Cat#836001; RRID:AB_2565356) IF 1:1000
P2Y12 Rabbit polyclonal AnaSpec (Cat#55043A; RRID:AB_2298886) IF 1:200
MBP Rabbit monoclonal Cell Signaling Technology (Cat#78896; RRID:AB_2799920) IF 1:200
SMI 312 Mouse monoclonal Biolegend (Cat#837904; RRID:AB_2566782) IF 1:200
Synaptophysin Rabbit monoclonal Thermo Fisher Scientific (Cat#MA1-34660; RRID:AB_ IF 1:200

1960867)
Secondary HRP Conjugate Goat anti-rabbit Bio-Rad Laboratories (Cat#1706515; RRID:AB_2617112) WB 1:2500
HRP Conjugate Goat anti-mouse Bio-Rad Laboratories (Cat#170-6516, RRID:AB_11125547) WB 1:2500
Alexa Fluor 488 Donkey anti-rat ThermoFisher Scientific (Cat#A-21208; RRID:AB_2535794) IF 1:200
Alexa Fluor 488 Donkey anti-mouse ThermoFisher Scientific (Cat#A-21202; RRID:AB_141607) IF 1:200
Cy™3 Donkey anti-mouse Jackson ImmunoResearch Laboratories (Cat#715-166-150; IF 1:100
RRID:AB_2340816)

Cy™3 Donkey anti-rabbit Jackson ImmunoResearch Laboratories (Cat#711-165-152; IF 1:100
RRID:AB_2307443)

Cy™5 Donkey anti-rabbit Jackson ImmunoResearch Laboratories (Cat#711-175-152; IF 1:200
RRID:AB_2340607)

TRITC Donkey anti-mouse Jackson ImmunoResearch Laboratories (Cat#715-025-151; IF 1:400

RRID:AB_2340767)

Abbreviations: CD68, Cluster of Differentiation 68; CPT1A, Carnitine palmitoyltransferase | A; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase;
GFAP, Glial fibrillary acidic protein; HRP, horseradish peroxidase; LRP4, Low-density lipoprotein receptor-related protein 4; MBP, Myelin Basic Protein;
NFH, Neurifilament Heavy; PKCO, Protein Kinasi C Theta; SLN, Sarcolipin; TRITC, tetramethylrhodamine
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Practice for the Care and Use of Animals for Scientific Purposes
(2004). Animal studies were conducted in accordance with guidelines
reported by ARRIVE (Pierce du Sert et al., 2020) and following the
suggestions of the British Journal of Pharmacology (Lilley et al., 2020).

SOD1%7*A mice (B6.Cg-Tg [SOD1 G93A]1Gur/J) were obtained
from The Jackson Laboratory (Bar Harbor, ME, USA; RRID:
MGI:4835776) and bred and housed in a virus/antigen-free facility
with a light/dark cycle of 12 h at constant temperature and humidity.
Food and water were provided ad libitum. Transgenic hemizygous
SOD1%%** males were crossbred with C57BL/6 (RRID:MGI:5657312)
females and transgenic progeny were genotyped by PCR through
hSOD1 oligos and IL2 as housekeeping (sequences in Table 3).
Disease onset was defined at 70 days of age by dynamometric
evaluation of grip strength, which provides an index of neuromuscular
function expressed as maximal muscle strength (Ge et al., 2016). The

193A mice and wild-type (WT) control

peak paw grip strength of SOD
littermates was assessed starting from 49 days of age. The test
consisted of three attempts for each mouse, with intervals of 1 min for
rest; the mean of the three examinations was normalized to the weight
of each respective mouse. The onset of the disease was defined as the

1732 mice was 20% less

age when the peak paw grip strength of SOD
than that of their wild-type littermates. To monitor disease
progression, behavioural scores and body weight were recorded from
49 days of age (Apolloni et al, 2019; Migliarini et al, 2021). For
SOD1%7*A mice, disease end stage was defined by full paralysis of hind
limbs and loss of the ability to turn within 30 seconds of being
positioned on their back. At this stage, corresponding to the humane
endpoint, mice were sacrified with CO2 and dislocation of the neck, in
order to prevent further distress, according to guidelines for preclinical
testing in ALS (Poppe et al., 2014). We assigned disease onset, early
symptomatic, symptomatic and late symptomatic at 70, 90, 120 and
150 days of age, respectively.
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Mice were anaesthetized with Rompum (xylazine, 20 mg ml—?,
0.5 ml kgt
zolazepam,100 mg ml~%, 0.5 ml kgfl; Virbac, Milan, Italy), and follow-

Bayer, Milan, Italy) plus Zoletil (tiletamine and
ing loss of the pedal-withdrawal reflex, they were killed for tissue

dissection.

2.3 | Liquid chromatography-mass spectrometry
(LC-MS) evaluation of trimetazidine concentration in
plasma

Different doses of trimetazidine dihydrochloride (Selleckchem), O, 5,
10, 20 and 40 mg kg1, were dissolved in drinking water and admin-
istered to WT mice (at least n = 3 for each dose). After 1 week of
treatment, mouse blood was collected in EDTA-treated tubes and
the plasma was obtained by a 10 min centrifugation at 1000-2000
x g. 100 pl of sample and calibrators were mixed in 300 pl of inter-
nal standard working solution containing 25 ng ml~? trimetazidine-
d8 dihydrochloride (Santa Cruz Biotechnology, Inc. USA) and
methanol (LC-MS grade, Biosolve Chimie, France). After centrifuga-
tion at 2000 x g for 5 min, 2 ul of sample was injected into a
UPLC-MS/MS, and analysed. Chromatographic separation was
performed by ACQUITY H-Class using a BEH C18 1.7 pm,
2.1 x 50 mm column (Waters Corporation, Milford, MA, USA) eluted
at a flow rate of 200 pl min~! with a linear gradient from 95 to
5 water (LC-MS grade, Merck KGaA, Darmstadt, German) 0.05%
formic acid in methanol 0.05% formic acid (98%, LC-MS grade,
Mallinckrodt Italia). The detection of

trimetazidine and trimetazidine-d8 was conducted over multiple

Baker Italia, Milano,
reaction monitoring experiments (MRM conditions in Table 2) upon
direct infusion of a standard solution (1 pg ml~Y) using a triple quad-

rupole Xevo TQ-S micro Mass Spectrometer (Waters Corporation)

TABLE 2 Conditions for the detection of Trimetazidine and Trimetazidine-d8

Analyte Precursor ion mass (m/z)
Trimetazidine 267.16
Trimetazidine-d8 275.10

TABLE 3 Target genes and primer sequences

Target Forward sequence

MyHClla 5'-AGTCCCAGGTCAACAAGCTG-3
MyHCllb 5'-AGTCCCAGGTCAACAAGCTG-3
Myoglobin 5'-CTGTTTAAGACTCACCCTGAGAC-3
Atroginl 5'-TGAGCGACCTCAGCAGTTAC-3
Col3a1 5'-CCCAACCCAGAGATCCCATT-3'
SOD1 5'-CATCAGCCCTAATCCATCTGA-3

1I-2 5'-TAGGCCACAGAATTGAAAGATCT-3
5'-CCAATGACTCCTATGACCCCTA-3

TATA box binding protein

Product ion mass (m/z) Collision (V) Cone (V)
181.00 11.0 18.0
181.00 11.0 18.0

Reverse sequence
3'-GCATGACCAAAGGTTTCACA-5
3'-TTTCTCCTGTCACCTCTCAACA-5
5'-GGTGCAACCATGCTTCTTCA-3
5'-GCGCTCCTTCGTACTTCCTT-3
5'-GGTCACCATTTCTCCCAGGA-3
5'-CGCGACTAACAATCAAAGTGA-3
5'-GTAGGTGGAAATTCTAGCATCATC C-3'
3'-CAGCCAAGATTCACGGTAGAT-5

Abbreviations: COL3A1, Collagen Type lll Alpha 1 Chain; IL-2, Interleukin 2;MyHClla, Myosin heavy chain lla; MyHCIlIb, Myosin heavy chain lib; SOD1,

Superoxide dismutase 1
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equipped with an ESI source operating in positive mode, with a cap-
illary voltage of 3.15kV and a desolvation temperature of 600°C.
The source of the gas was set as follows: Desolvation at 500 L h~!
and cone at 1 Lh™1. The UPLC-MS/MS system was controlled by
MassLynx Mass Spectrometry Software (Waters Corporation; RRID:
SCR_014271). Data analysis was performed by software TargetLynx

(Waters Corporation).

24 | Trimetazidine treatment

Trimetazidine 20 mg kg™ was dissolved in drinking water and

157%A and WT littermate mice

administered to male and female SOD
starting from disease onset. Treated and untreated mice from each
experimental group/sex (n = 12) were weighed and assessed for grip
strength once a week starting from 70 days of age. Assigning 100%
performance to each mouse at 70 days of age, we monitored
disease progression and considered the midpoint and endpoint as
a decrease in grip strength (performed as decribed in the
“2.2. Animals” section) of 25% and 50%, respectively. Groups of
120 (n=8) and 150 (n=8) day-old mice were killed for the
evaluation of the effects at mid- and long-term trimetazidine
treatment respectively. Disease duration was defined as the number
of days elapsed between disease onset, and thus the beginning of
the treatment, and disease end stage.

25 |
system

Energy metabolism by indirect calorimetry

Total energy expenditure of treated and untreated 120 day-old
SOD1%7%A and WT littermate mice (n = 6 for each experimental
group) was measured through an indirect calorimetry system (TSE
PhenoMaster/LabMaster System, Germany) at constant air flow of
0.35 L min~. Measures were carried out at intervals of 20 min for
each mouse, starting at 7:00 PM and ending automatically after 48 h
or 72h (12 h dark-light phase comparison). Mice were assessed
under standard nutritional conditions (i.e. standard diet-fed) and food/
water intake and locomotor activity were continuously
monitored (Giacovazzo et al., 2018; Scaricamazza et al., 2020; Steyn

et al., 2020).

2.6 | Glucose tolerance test (GTT)

GTTs was performed on treated and untreated 120 day-old
SOD1%%%A and WT littermate mice (n = 6 for each experimental
group). Glucose was measured in tail tip blood samples using a Multi-
care Test Strip apparatus (Biochemical Systems International, Italy).
Plasma glucose was assessed at 0, 20, 40 and 60 min after i.p. glucose
administration (2 g kg™2), which was delivered after a 16 h overnight
fast. The area under the curve was calculated using the

trapezoidal rule.

2.7 | Electrophoresis and western blotting

Protein obtained from the transverse abdominal (TA) muscle of
treated and untreated 120 day-old SOD1%7*A and WT littermate
mice (n = 6 for each experimental group) were separated by SDS-
polyacrylamide gel electrophoresis and transferred onto nitrocellu-
lose membranes (Perkin Elmer, Cat# NBAO85B). After blocking with
Tris-buffered saline solution with 0.1% Tween-20 (TBS-T) con-
taining 5% BSA, the membranes were incubated overnight at 4°C
with primary antibodies diluted in TBS-T containing 2% BSA.
Primary antibodies were detected using the appropriate
peroxidase-conjugated secondary antibody, incubated at room tem-
perature for 1 h, diluted in TBS-T containing 1% BSA. Immunoblots
were visualized using enhanced chemiluminescence (BIO-RAD
ClarityTM Western ECL substrate Cat# 170-5061). The apparent
molecular weight of proteins was determined by calibrating the
immunoblots with pre-stained molecular weight markers (Bio-Rad
Cat# 161-0394).
performed using Image) (U. S. National Institutes of Health,
Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2016;
RRID:SCR_003070). The relative expression of proteins of interest

was normalized to glyceraldehyde 3-phosphate dehydrogenase

Laboratories, Densitometric analyses were

(GAPDH) expression levels.

2.8 | RNA solation and real-time qPCR

Total RNA was extracted from tibialis anterior muscles of treated and
untreated 90, 120 and 150 day-old SOD1%7** and WT littermate
mice (n25 for each experimental group) with TRIzol® Reagent
(Ambion, Life Technologies) and reverse-transcribed with the
ImProm-II™ Reverse Transcription System (Promega Cat.# A3800).
Levels of mMRNA expression were measured by Real-Time qPCR using
a Light Cycler 480 SYBR Green System (Roche ETC). Cp values were
calculated using the “second derivative max” algorithm of the Lig-
htcycler software (RRID:SCR_012155). TATA box binding protein was
used as the housekeeping gene for normalization. Primers sequences

are presented in Table 3.

2.9 | Skeletal muscle immunofluorescence and
histochemistry

Tibialis anterior muscles were embedded in Tissue-Tek OCT com-
pound and sectioned at 8 um using a Leica Cryostat. Muscle
cryosections were then used for NADH-tetrazolium reductase activity
staining (NADH-TR). Briefly, muscle cryosections were hydrated in
0.1 M TRIS-HCI, pH 7.5 for 10 min and then incubated in NADH-TR
solution (0.4 mg mI~? NADH, 0.8 mg mI~! NTB and 1 M TRIS-HCI,
pH 7.5) for 40 min at 37°C in a humidified chamber. Afterwards,
excess reagent was removed and the slides were dehydrated in
increasing concentrations of ethanol. Slides were then cleared in

Xylene and mounted in Eukitt mounting medium. Whole muscle
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section images were acquired using an Olympus BX-41, using a SPOT
RT 220-3 camera (Diagnostic Instrument, Inc.) and SPOT advanced
software. The percentage of NADH-positive area was quantified using
Image) software (RRID:SCR_003070).

For NMJ analysis, the extensor digitorum longus (EDL) muscle
was processed as previously described (De Paola et al., 2020). Briefly
muscles were dissected and fixed in 4% PFA at 4°C for 3 h. Small bun-
dles of muscle fibres were isolated under a dissecting microscope and
immuno-stained with anti-neurofilament and anti-synaptophysin anti-
bodies. TRITC and Cy5 were used as secondary antibodies to visualize
neurofilament and synaptophysin primary antibodies respectively. The
o subunits of Nicotinic Acetylcholine receptors (nAChRs) were
labelled with Alexa Fluor 488-conjugated a-bungarotoxin (10 nM;
Molecular Probes). Z-stack images were obtained at sequential focal
planes (2 um apart) using a confocal microscope (Laser Scanning TCS
SP2; Leica). NMJs was analysed in terms of postsynaptic primary and
secondary gutters, number of fragments, and area of nACh
receptor clusters. The z-stacked fluorescence (n = 15-30 NMJs/
genotype and treatment) were analysed using ImageJ software (RRID:
SCR_003070). The colocalization of synaptophysin and nACh
receptors was evaluated using the Fiji ImageJ1 plug-in (RRID:SCR_
002285). Representative images are flattened projections of Z-stack

images.

210 | Spinal cord and sciatic nerve
immunofluorescence and histochemistry

For immunofluorescence and histochemistry analysis, spinal cords
and sciatic nerves of treated and untreated 120 and 150 day-old
SOD1%%%** and WT mice (n 2 4 for each experimental group: n = 4
for WT, n = 6 for WT TMZ, G93A, G93A TMZ), post-fixed in 4%
paraformaldehyde and cryoprotected in 30% sucrose in PB. Spinal
cord (L3-L5) sections were cut at 30 pm-thickness using a cryostat.
For motor neurons count, Nissl with cresyl violet staining was per-
formed as previously described (Mirra et al., 2017). Briefly the sec-
tions were stained with 1% Cresyl Violet and dehydrated in 50%-
100% alcohol, cleared in xylene and cover-slipped with Eukitt
mounting medium (Sigma-Aldrich). The ventral horns were photo-
graphed at 10 x magnification with a Zeiss Axioskop 2 microscope
and large neurons, with a cell body area 2200 pm2 and a definable
cytoplasm with a nucleus and nucleolus, were counted using Neu-
rolucida software (MBF Bioscience, USA; RRID:SCR_001775). For
immunofluorescence, the sections were blocked in PBS, 0.3%
TitonX-100 and 10% normal donkey serum (NDS) for 1 h at room
temperature. They were then incubated for 48 h at 4°C with the
primary antibody in PBS, 0.3% TitonX-100 and 2% NDS, followed
by the
temperature in the same solution, as previously described (Amadio

appropriate secondary antibody for 3h at room
et al, 2014). To analyse sciatic nerves, transverse 15-um-thick
sections were cut using cryostat, and blocked with PBS, 0.2%
TitonX-100 and 10% NDS for 1 h at room temperature. Sections

were incubated for 24 h at 4°C with the primary antibody in PBS,

0.2% TitonX-100 and 2% NDS, followed by the appropriate

secondary  antibody for 3h at  room  temperature.
Immunofluorescence on spinal cord and sciatic nerve sections were
visualized at 20 x or 40 x magnification with a Zeiss LSM
800 Confocal Laser Scanning Microscope and processed by ZEN
2.6 (Blue Edition) (Carl Zeiss, Milan, Italy) and Adobe Photoshop
(Adobe, San Jose, CA, USA; RRID:SCR_014199).
Densitometric ~ analyses  were  performed using  Imagel
(U. S. National Institutes of Health, Bethesda, Maryland, USA,

https://imagej.nih.gov/ij/, 1997-2016); (RRID:SCR_003070).

software

211 | Bioenergetic analysis of isolated
mitochondria

Mitochondria were isolated from the tibialis anterior muscles and
spinal cords of treated and untreated 120 day-old SOD1%%%** and
WT littermate mice (n = 6 per group). Tissues were homogenized in
210 mM  mannitol, 70 mM sucrose, 1 mM EDTA and 10 mM
HEPES KOH (pH 7.5) with a Glass/Teflon Potter Elvehjem homoge-
nizer (Salvatori et al., 2017, 2018). The total concentration of mito-
chondria was determined using the Bradford assay (Bio-Rad, Cat#
5000006).

Isolated mitochondria, resuspended in a minimum volume of
Respiration Buffer (250 mM Sucrose, 15 mM KCIl, 1 mM EGTA,
5mM MgCl,, 30 mM K,;HPQ,) were used to study mitochondrial
function/dysfunction through the Coupling assay, and the study of
the sequential flow of electrons through the complexes of the elec-
tron transport chain. Briefly, in the Coupling assay, 4 ug of mito-
chondria were loaded into a seahorse XFe%96 microplate and
centrifuged for 20 min at 2000 x g. After centrifugation, 180 pl of
Respiration Buffer [containing substrates: pyruvate (5 mM), malate
(2.5 mM), glutamate (5 mM)] was added to each well and the micro-
plate was incubated at 37°C for 8 min. During plate incubation, the
XFe96 cartridge was loaded with drugs at a final concentration of:
ADP 1 mM, oligomycin 3 pM, FCCP (2-[2-[4-(trifluoromethoxy)phe-
nyllhydrazinylidene]-propanedinitrile) 12 pM, and antimycin A 2 pM.
For the Electron Flow Assay, 6 ug of mitochondria were loaded into
a seahorse XFe96 microplate and centrifuged for 20 min at 2000 x
g. After centrifugation, 180 pl of Respiration Buffer [containing sub-
strates: pyruvate (10 mM), malate (2 mM), FCCP (4 uM)] was added
to each well and the microplate was incubated at 37°C for 8 min.
During plate incubation, the XFe96 cartridge was loaded with drugs
at a final concentration of: - rotenone 2 um, succinate 10 mM,
A  4pum, N,N,N,N-tetramethyl-p-
phenylenediamine (TMPD) 10 mM and 100 pm, respectively. The

antimycin ascorbate and
microplates containing mitochondria were then loaded into the Sea-
horse XFe96 Extracellular Flow Analyser (Seahorse Bioscience-
Agilent) and the test was completed according to the protocol
developed by Seahorse Agilent. All data were analysed with XFe
Wave software and displayed as either point-to-point oxygen con-
sumption rates (pmol/minute/well), or absolute oxygen tension in

mm Hg O2 versus time.
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212 | Materials

NADH,NTB, TRIZMA, xylene, eukitt, TitonX-100,PBS, sucrose, EGTA,
MgCl2, K2HPO4, rotenone, succinate, ascorbate, N,N,N,N-tetra-
methyl-p-phenylenediamine(TMPD), pyruvate, malate, glutamate,
FCCP
hydrazinylidene]-propanedinitrile)antimycin A were obtained from
Sigma-Aldrich.

ADP, oligomycin, (2-[2-[4-(trifluoromethoxy)phenyl]

2.13 | Data analysis

Data and statistical analysis complied with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2018).

Data are presented as mean = SEM. Data were analysed using
Kaplan-Meier, Student's t-test (two group comparison), one-way or
two-way ANOVA as appropriate. Post-hoc analysis was carried out
using Bonferroni or Tukey tests. Differences between groups were
considered significant when the P value was less than 0.05. A group
of n > 5 was used for each experimental group. Considering the low
SEM and the strong significance, the experimental group of histologi-
cal analysis was composed as follow:- n = 4 for WT, n = 6 for WT
TMZ, G93A, G93A TMZ. Statistical analysis was carried out using Gra-
phpad Prism 5 software (RRID:SCR_002798).

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in https://www.guidetopharmacology.org/ and
are permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander et al., 2021).

3 | RESULTS
3.1 | Trimetazidine improves physical performance
and extends lifespan of SOD1%73A mice

Treatment with trimetazidine in SOD1%%** mice was initiated at
symptom onset, which corresponded to 70 days of age and 20%
decrease in grip strength (Figure S1). Trimetazidine was administered
orally in drinking water at 20 mg kg™ based on plasma bioavailability
(Figure S2). This dose achieves a trimetazidine plasma concentration
of 70 ng ml~t in SOD1%7%A mice, which is similar to that obtained in
humans (Jiao et al., 2007).

Trimetazidine-treated SOD1G93A mice have a net improvement
in grip strength when compared to untreated SOD1G93A mice
(Figure 1a,b). The beneficial effect of trimetazidine treatment on grip
strength appears to last longer in males than females. However, after
154 days (for females) and 161 days (for males) the data was not sta-
tistically significant due to the low number of remaining animals still

able to perform the test. Most importantly, the administration of
trimetazidine delays the time to reach disease midpoint and endpoint
(Figure 1c,d). This is mirrored by a consistent increase in disease dura-
tion (Figure 1e,f) and an overall marked extension in the lifespan of
SOD1%7* mice (Figure 1g,h).

Trimetazidine prevents hypermetabolism in
15%3A mice

32 |
symptomatic SOD

We evaluated the impact of trimetazidine treatment on whole-body
metabolism in 120-day old animals by indirect calorimetry. The
increase in energy expenditure (i.e. hypermetabolism), typical of
SOD1%%%*A mice (Scaricamazza et al., 2020; Steyn et al., 2020), is
not observed in trimetazidine-treated male and female mice
(Figure 2a-d). Notably, data on locomotor activity were similar
among each group (Figure S3), indicating that the observed differ-
ences in energy expenditure are not related to alterations of motor
behaviour.

In agreement with previous findings, trimetazidine appears to
improve glucose metabolism (Marzilli et al., 2019), as glucose intol-
120-day old SOD1%73A inhibited by

trimetazidine (Figure 2e). Despite the beneficial effects induced by
1693A

erance in mice was

trimetazidine on hypermetabolic SOD mice, trimetazidine does
not impact body weight as weight loss in SOD1%7%* mice treated
with trimetazidine is comparable to non-treated SOD1°7** mice
(Figure 2f).

3.3 | Trimetazidine partially reverses the
glycolytic-to-oxidative switch in muscle from
SOD1%73A mice

A progressive switch in skeletal muscle metabolism from a glycolytic
phenotype towards an oxidative phenotype has been described in
ALS (Ferri & Coccurello, 2017; Scaricamazza et al., 2020; Steyn
et al, 2020). One key mechanism by which muscle increases its
energy expenditure and promotes lipid oxidation depends on the
muscle-restricted activity of sarcolipin and carnitine palmitoyl-
transferase 1 (Scaricamazza et al., 2020). Sarcolipin, upon binding to
the sarcoplasmic reticulum Ca?*-ATPase (SERCA), inhibits calcium
transport to favour ATP hydrolysis (Bal et al., 2012), whereas carnitine
palmitoyl-transferase | allows fatty acids to enter mitochondria. In
agreement with this, at 120 days of age, sarcolipin and carnitine
palmitoyl-transferase 1 are significantly upregulated in the tibialis
anterior (TA) muscle of SOD1%%%* mice when compared to WT mice,
while trimetazidine treatment partially attenuates this increase in pro-
tein expression (Figure 3a).

Next, we evaluated whether trimetazidine treatment affects the
mRNA expression levels of myosin heavy chain lla (MyHClla) and llb
(MyCHIlb) isoforms, which are typically expressed by fast-twitch oxi-
dative and glycolytic myofibers, respectively. We observe a significant

reduction in the expression of MyHClla (Figure 3b upper panels) and
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FIGURE 1 Trimetazidine (TMZ) improves muscle strength and extends lifespan of SOD1%7%** mice. (a and b) Maximal grip strength of
SOD1%7%A mice (males in (a) and females in (b)) treated with (G93A TMZ) or without (G93A) TMZ (20 mg kg~ in drinking water) from the onset
of the disease (70 days of age) through to disease end point (when mice were no longer able to perform the test). Data presented as means +
SEM, #P < 0.05 when compared with untreated littermates SOD1%7** mice, n 2 12 per group. Numbers under data points indicate the number of
animals remaining in the study from 154 days for males and 147 days for females. (c-e) The midpoint (left panels) and the humane endpoint
(middle panels) of disease in TMZ treated (G93A TMZ) and littermates untreated SOD1%%%* mice (G93A) are defined by a 25% and 50% decrease
in grip strength respectively, starting from the onset of disease; males in (c) and females in (e). Data are presented as means + SEM, #P < 0.05
when compared with untreated age-matched SOD1%%%A mice, n = 12 per group. (d-f) Disease duration in TMZ treated (G93A TMZ) and
untreated (G93A) littermates SOD1%7** mice; males in (d) and females in (f). Data are presented as means = SEM. #P < 0.05, n = 12 per group.

(g and h) Kaplan-Meier survival curves of treated (G93A TMZ) and untreated (G93A) littermates SOD1°7* mice; males in (g) and females in (g),

n = 12 per group. P values were obtained using parametric two-way ANOVA with Bonferroni post hoc test (a, b) or t-test (e-h)

a concomitant upregulation of MyCHlIlb (Figure 3b lower panels) in
trimetazidine-treated SOD1%73* mice at 90, 120 and 150 days of age
when compared to non-treated SOD1%%*A mice. Accordingly, the oxy-

gen storage protein myoglobin, normally abundant in oxidative

myofibers and highly expressed in SOD1%7** mice, is downregulated
by trimetazidine treatment (Figure 3c). Assessment of oxidative fibre
composition in tibialis anterior muscle via the in situ nicotinamide ade-

nine dinucleotide dehydrogenase-tetrazolium reductase activity assay
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FIGURE 2 Trimetazidine (TMZ) prevents metabolic alterations in SOD1°7*2 mice. (a) Data traces representing mean oxygen consumption
(a proxy for energy expenditure) over 24 h in 120-day old male (a) and female (b) wild-type and SOD1%7*A mice untreated (WT and G93A) and
treated with TMZ (WT TMZ and G93A TMZ) from 70 days of age (disease onset). Dotted lines represent SEM. (c and d) Cumulative oxygen

consumption in mice over a 24-h period and during the light and dark cycle. (e) Glucose tolerance test in 120-day old wild-type and SOD

1G93A

mice untreated (WT and G93A) and treated with TMZ (WT TMZ and G93A TMZ) from 70 days of age (disease onset). Blood glucose was
assessed before glucose injection (O min), and 20, 40 and 60 min following glucose injection. (f) Body mass evolution of SOD1°7*A and wild-type
littermate mice (males left panel, females right panel) with (G93A TMZ and WT TMZ) or without (G93A and WT) TMZ. Starting body weight at
70 days was assigned as 100%, and the decline in body weight over time was calculated as percentage loss relative to the starting body weight.
Data are presented as means = SEM #P < .05, compared with untreated G93A, n > 6 per group. P values were obtained using one-way ANOVA

with Bonferroni post hoc test
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FIGURE 3 Trimetazidine (TMZ) restores the glycolytic phenotype and reduces atrophic/fibrotic markers in the tibialis anterior (TA) muscle of
SOD1%%%A mice. (a) Representative western blots (left) and quantification (right) of sarcolipin (SLN) and CPT1 protein expression in the TA of
120-day old wild-type (WT) and SOD1%73A (G93A) mice untreated (—) and treated (+) with TMZ. Data are presented as means + SEM, *P < 0.05
compared with WT, #P < 0.05 compared with G93A, n = 5 per group. (b) Expression level of mRNAs encoding Myosin Heavy Chain isoforms
MyHClla (top row) and MyHClIb (bottom row) in TA obtained from 90-, 120- and 150-day old wild-type and SOD1%73# and WT mice untreated
(WT and G93A) and treated with TMZ (WT TMZ and G93A TMZ). Data are presented as means + SEM, * P < 0.05, compared with WT (arbitrarily
set at 1), #P < 0.05, compared with G93A, n 2 5 per group. (c) Expression level of mRNAs encoding myoglobin in TA obtained from 120-day old
wild-type and SOD1%%%A mice untreated (WT and G93A) and treated with TMZ (WT TMZ and G93A TMZ). Data are presented as means + SEM,
*P < 0.05 compared with WT (arbitrarily set at 1), #P < 0.05 compared with G93A, n > 4 per group. (d) Representative images (left) of in situ
NADH-tetrazolium reductase activity staining in cross sections of TA muscle obtained from 120-day old wild-type and SOD1%%3A littermates
untreated (WT and G93A) and treated with TMZ (WT TMZ and G93A TMZ). Scale bar, 200 um. Graphical representation (right) of the percentage
NADH-positive area of whole transverse sections of TA muscle. Data are presented as means + SEM, *P < 0.05, compared with WT, #P < 0.05
compared with G93A, n = 5 per group. (e) Expression level of mMRNAs encoding atrogin and Col3a1l in TA obtained from 120-day old wild-type
and SOD1%7%*A mice untreated (WT and G93A) and treated with TMZ (WT TMZ and G93A TMZ). Data are presented as means + SEM, *P < 0.05
compared with WT, *P < 0.05 compared with G93A, n = 5 per group. P values were obtained using parametric one-way ANOVA with Bonferroni
post hoc test
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(NADH-TR) reveals a larger oxidative region in SOD1%734

mice vs WT
mice (Figure 3d). Treatment with trimetazidine significantly reduces
the proportion of oxidative fibres in 90- (Figure S4) and 120-day old
(Figure 3d) SOD1%%%A mice, without having any effects in WT animals.
Finally, trimetazidine reduces the expression of the atrophy marker
Atrogin as well as the fibrosis marker Collagen type Ill alpha 1 chain
(Col3a1l) in skeletal muscle (Figure 3e).

3.4 | Trimetazidine preserves the integrity of
neuromuscular junctions in SOD1%73A mice

Since trimetazidine improves grip strength and skeletal muscle met-

157%A mice, we next considered if these

abolic phenotypes in SOD
changes were due to a protective action of trimetazidine on NMJ
integrity. Comprehensive morphological analysis of NMJs in the
glycolytic extensor digitorum longus (EDL) muscle highlights marked
alterations in NMJ integrity and innervation in 120 and 150 day-
old SOD1°?*A mice when compared to WT littermates (Figure 4a).
In particular, we observe a decrease in the NMJ complexity, as
evidenced by the limited level of branching areas (Figure 4b,c), and
the tendency, albeit not statistically significant, for greater neuro-
muscular endplate fragmentation in SOD1°7%A
addition, in 150 day-old SOD1%%** mice, we detect a significant

decrease in NMJ area (Figure 4e). Moreover, quantitative analysis

mice (Figure 4d). In

of colocalization between nACh receptor clusters and syn-
aptophysin reveals a significant decrease in the spatial overlap

15734 mice at both

between the two fluorescent signals in SOD
120 and 150 days of age (Figure 4f). Crucially, trimetazidine
improves NMJ complexity (Figure 4b,c), attenuates NMJ fragmenta-
tion (Figure 4d), increases NMJ area (Figure 4e) and enhances the
percentage of nACh receptor-synaptophysin
(Figure 4f) in the EDL muscles of SOD1%7%* mice.

Finally, we analysed selected markers of NMJ stability. Dystro-

colocalization

phin, low-density lipoprotein receptor-related protein 4 (LRP4) and
agrin are critical for maintaining NMJ stability, whereas the phosphor-
ylated form of Protein Kinase C theta (pPKC®) is typically associated
with the destabilization of NMJs (Dobrowolny, Martini, et al., 2018).
In line with the reduction in NMJ dismantlement in SOD1%%%** mice
treated with trimetazidine, we show that pPKCO levels are reduced in
trimetazidine-treated SOD1%7*A mice (Figure 4gh). While levels of
dystrophin, LRP4 and agrin are higher in SOD1%?** mice when com-
pared to WT littermates, trimetazidine treatment normalizes the
1G93A

expression of these proteins in 120- and 150-day old SOD mice

towards WT levels (Figure 4g,h).

3.5 | Trimetazidine reduces demyelination and
immune cell infiltration in sciatic nerves from
SOD1%73*A mice

Next, we explored whether trimetazidine treatment might exert a

beneficial effect on demyelination, inflammation and axonal loss in

1%7%A mice. Cross sections of

the peripheral nervous system of SOD
sciatic nerve from WT and treated and untreated SOD1°73A were
assessed for myelin, neurofilament heavy chain and macrophages. As
shown in Figure 5, SOD1%7*A mice display a Wallerian-like degenera-
tion characterized by myelin degradation (MBP), axonal cytoskeleton
loss (NFH), and immune cell infiltration (CD68). Trimetazidine treat-
ment reduces axonal demyelination, preserves the ordered distribu-
tion of axonal fibres, and reduces the infiltration of inflammatory
CD68 + cells in 120-day old SOD1%%%*A mice (Figure 5a). Comparable
trimetazidine effects are also observed in 150-day old SOD1°73A
mice, with the exception of the demyelination process (Figure 5b).
Consistent with the removal of myelin debris by an increase in phago-
cytic GFAP+ Schwan cells (Yang & Wang, 2015) during Wallerian
degeneration, we observe a strong decrease in GFAP expression in
trimetazidine-treated SOD1%7*A mice when compared with their
untreated transgenic littermates at both in 120- and 150-days of age
(Figure 5¢,d).

3.6 | Trimetazidine protects the spinal cord of
SOD1%73A mice from motor neurons loss and
neuroinflammation

Upstream of NMJ damage, the loss of ventral horn motor neurons is a
major pathological feature of ALS and, in particular, of the SOD1%7%4
mouse. Here we show that the reduction in the number of lower
motor neurons in SOD1%%%* mice is particularly evident at 120 days
of age and that this becomes significantly worse by 150 days of age
(43% and 67% of spinal motor neurons loss respectively; Figure 6a,b).
Notably, trimetazidine treatment significantly improves motor neuron
survival by completely or partially preserving motor neurons from
death at 120 days of age (Figure 6a) and 150 days of age (Figure 6b),
respectively.

Motor neuron degeneration is generally accompanied by a
strong neuroinflammatory response, which involves, among other
factors, the activation of reactive astrocytes and microglia (Volonté
et al, 2019). To evaluate the potential effect of the trimetazidine
on neuroinflammation, spinal cord sections from untreated and
treated mice were probed with antibodies recognizing typical pro-
GFAP-positive
which are not detectable in WT spinal cords, are evident in

inflammatory  proteins.  Reactive astrocytes,
SOD1%7*A mice at 120 days of age and this becomes more pro-
nounced at 150 days (Figure 6c). Trimetazidine treatment appears
to inhibit the activation of reactive astrocytes at both ages, as
evidenced by a decrease in GFAP immunoreactivity (Figure 6éc).
Spinal cord sections from 120- and 150-day old SOD1%%** mice
also show increased immunoreactivity for CD68 (a marker of acti-
vated microglia) in parallel with a decrease in immunoreactivity for
P2Y,, receptor (a marker of resting microglia) when compared to
WT mice. Treatment with trimetazidine reduces CD68 immunore-
activity in 120- and 150-day old SOD1%%** mice, and
increases P2Y12 immunoreactivity in 120-day old SOD1%%%A

(Figure 6d,e).

mice
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FIGURE 4 Trimetazidine (TMZ) preserves the integrity of neuromuscular junctions (NMJs). (a) Representative maximum projection images of
EDL NMJs from 120- and 150-day old wild-type and SOD1%73A mice untreated (WT and G93A) and treated with TMZ (WT TMZ and G93A
TMZ), stained with synaptophysin (Syn), a-bungarotoxin (hnACh receptor), and Neurofilament (NF). (b-f) Quantitation of NMJ morphometry in
EDL muscles of WT, WT TMZ, G93A and G93A TMZ mice at 120 and 150 days of age, highlighting the number of primary (b) and secondary

(c) ramifications, the number of fragments per NMJ (d), the area of the nACh receptor clusters (e) and the percentage of colocalized voxels (f).
Data are presented as means = SEM. *P < 0.05, compared with WT mice and #P < 0.05 compared to SOD1%%*A mice, n 2 4 per group (n = 4 for
WT, n = 6 for WT TMZ, G93A, G93A TMZ). The trend towards a reduced neuromuscular endplate fragmentation in TMZ treated SOD1G93A
mice (d) is shown as percentage. (g and h) Representative western blots (left) and quantification (right) of Dystrophin (Dys), lipoprotein receptor-
related protein 4 (LRP4), agrin, and phosphorylated Protein Kinase C theta/Protein Kinase C theta (pPKC0/PKC0) protein expression in the tibialis
anterior of 120-day old (g) and 150-day old (h) wild-type (WT) and SOD1%73* (G93A) mice untreated (—) and treated (+) with TMZ from disease
onset (70 days of age). Data are presented as means + SEM, *P < 0.05, compared with WT mice and *P < 0.05, compared with G93A mice, n > 4
per group (n = 4 for WT, n = 6 for WT TMZ, G93A, G93A TMZ). P value was obtained using parametric one-way ANOVA with Bonferroni post

hoc test
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FIGURE 5 Trimetazidine (TMZ) preserves sciatic nerve integrity. (a and b) Representative images of sciatic nerve sections and quantifications

of fluorescence intensity (histograms) from 120- and 150-day old wild-type mice and SOD1%73 treated without (WT and G93A) or with TMZ
(WT TMZ and G93A TMZ) from disease onset (70 days of age). Anti-MBP stains myelin, anti-NFH stains the axonal cytoskeleton (neurofilament
heavy), anti-CDé8 stains activated macrophages. (c and d) Representative images of sciatic nerve sections and quantifications of fluorescence
intensity (histograms) from 120- and 150-day old wild-type mice and SOD1%%3A treated without (WT and G93A) or with TMZ (WT TMZ and
G93A TMZ) from disease onset (70 days of age). Anti-GFAP stains astrocytes. Scale bar 50 pm. Data are presented as means + SEM, *P < 0.05,
compared with WT mice and #P < 0.05, compared with G93A mice, n = 4 per group (n = 4 for WT, n = 6 for WT TMZ, G93A, G93A TMZ).

P value was obtained using parametric one-way ANOVA with Bonferroni post hoc test

3.7 | Trimetazidine improves mitochondrial

oligomycin (State 40) and maximal ATP synthesis-uncoupled respira-

function in skeletal muscle and spinal cord of
SOD1%7** mice

To uncover the potential mechanism(s) through which trimetazidine
exerts beneficial effects in SOD1%7%A mice, we performed in-depth
analysis of the bioenergetic profiles of mitochondria isolated from the
skeletal muscle and spinal cord of trimetazidine-treated and
trimetazidine-untreated SOD1%7%* and WT littermate mice at
120 days of age.

Analysis of Oxygen Consumption Rate (OCR) coupled to ATP pro-
shows that

duction performed through the “coupling assay”

trimetazidine improves the functional state of mitochondria
(Figure 7a,b). Indeed, basal respiration (Basal), maximal ATP-coupled
respiration obtained by the addition of ADP (State 3), basal ATP

synthesis-uncoupled respiration obtained through the addition of

tion obtained by the addition of FCCP (State 3u) are all significantly
increased in mitochondria purified from skeletal muscle (Figure 7c)
and spinal cord (Figure 7d) of trimetazidine treated SOD1%7%*A mice
when compared to untreated mice. Notably, rescue of State 3 OCR by
trimetazidine indirectly highlights an improved ability of mitochondria
to produce ATP. Consistent with this, analysis of the electron trans-
port chain (ETC) through the “electron flow assay” reveals improved
ETC complex activities in response to trimetazidine treatment
(Figure 8a,b). The OCR values obtained by the sequential addition of
rotenone, succinate, antimycin A and ascorbate/ N,N,N,N-tetra-
(TMDP) that

improves Complex |-, Complex II/1ll- and Complex IV-dependent res-

methyl-p-phenylenediamine show trimetazidine
piration in mitochondria isolated from the tibialis anterior muscle
(Figure 8c). In isolated spinal cord mitochondria, trimetazidine restores

the activity of Complex | and Complex /111 (Figure 8d).



SCARICAMAZZA €T AL. m @ EE@E%COLOGM 1745

120 days 150 days
@) —— — (b)

Number (%)
Number (%)

G GIATMZ Gé3ATMZ . =

(c) WT G93A G93A TMZ

120 days

G93A GI3A TMZ

GFAP

150 days

G93A G93A TMZ

(d) 120 days (e) 150 days

P2Y12 CD68 p2y12
> :

G93A
G93A

P2Y12 CD68 P2Y12
N N
2 p
= =
5 <
b a
© o
cDé8 cD68 P2Y12
" 1 1
® ® 2 R ®
; 3 5. 3!
% < % 4 <
® ¢ 2 s ™ o
by
8 g 8 g
WT  G93A G93A TMZ WT G93A G93A TMZ ’ WT  G93A G93A TMZ * WT  G93A G93A TMZ

FIGURE 6 Trimetazidine (TMZ) protects from motor neuron loss and neuroinflammation. (a and b) Representative lumbar spinal cord sections
(L3-L5) stained with cresyl violet (scale bar 100 um) and quantification of motor neuron number (histograms) in 120- (a) and 150-day old (b) wild-
type mice treated without TMZ (WT) and SOD1%%3* mice treated without (G93A) or with TMZ (G93A TMZ) from disease onset (70 days of age).
Data are presented as means and + SEM, *P < 0.05, compared with wild-type; #*P < 0.05, compared with untreated G93A, n 2 4 per group (n = 4
for WT, n = 6 for G93A, G93A TMZ). (c) Representative immunofluorescence images and analysis of astrocytes (GFAP) in lumbar spinal cord
sections (L3-L5) of 120- and 150-day old wild-type mice treated without TMZ (WT) and SOD1%7** mice treated without (G93A) or with TMZ
(G93A TMZ) from disease onset (70 days of age). (d and e) Representative immunofluorescence images and analysis of activated microglia (CD68)
and resting microglia (P2T12) in lumbar spinal cord sections (L3-L5) of 120- and 150-day old wild-type mice treated without TMZ (WT) and
SOD1%7*A mice treated without (G93A) or with TMZ (G93A TMZ) from disease onset (70 days of age). Scale bar 100 um. Data are presented as
means and = SEM, *P < 0.05 compared with wild-type; *P < 0.05, compared with untreated G93A, n > 4 per group (n = 4 for WT, n = 6 for
G93A, G93A TMZ). P values were obtained using parametric one-way ANOVA with Bonferroni post hoc test (a-e)
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FIGURE 7 Trimetazidine (TMZ) improves mitochondrial coupling state. (a and b) Representative data traces of oxygen consumption rate
(OCR) during a coupling assay on isolated mitochondria purified from the tibialis anterior and spinal cord. (c and d) Mitochondrial respiration states
(as OCR) are reported as basal respiration (state 2), maximal coupled respiration (state 3), respiration due to proton leak (state 40) and maximal
uncoupled respiration (state 3u). Data are presented as means = SEM, *P < 0.05 compared with wild-type; P < 0.05 compared with untreated
G93A, n = 6 per group. P values were obtained using parametric one-way ANOVA with Bonferroni post hoc test

4 | DISCUSSION

To date, a lack of understanding of the biological processes that trig-
ger the onset and progression of amyotrophic lateral sclerosis (ALS)
has impeded efforts to develop effective therapies for the disease. Of
the 52 compounds that significantly attenuate disease pathology and
improve disease phenotype and survival in mouse models of ALS,
none have proven to be effective in clinical trials (Petrov et al., 2017).
Due to the multifactorial nature of ALS, previous therapeutic strate-
gies that target a single disease mechanism are likely to be inappropri-
ate for slowing disease progression (Keon et al., 2021). By contrast, a
more effective approach could be the use of a compound that acts
simultaneously on various disease-relevant pathways (Gontijo
et al., 2019). Trimetazidine is a metabolic modulator that is used to
treat cardiomyopathies. It improves metabolic performance of cardiac
fibres by targeting a range of molecular pathways (Shu et al., 2021).
By inhibiting fatty acid oxidation, trimetazidine is able to enhance

glucose metabolism (Marzilli et al., 2019). Moreover, trimetazidine is
known to improve mitochondrial function and calcium handling
(Argaud et al., 2005; Dedkova et al., 2013; Meng et al., 2006), increase
cellular antioxidant capacity (Dhote & Balaraman, 2008) and suppress
inflammatory responses (Kuralay et al., 2006; Martins et al., 2012).
Given that all of these pathways are affected in ALS, we aimed to
assess the therapeutic potential of trimetazidine in the SOD1%7%4
mouse model of ALS.

Oral administration of trimetazidine from disease onset signifi-

15734 mice.

cantly improved grip strength and the life span of SOD
The beneficial effects of trimetazidine on grip strength, and hence
skeletal muscle performance, appear to be due to a partial reversal in
the glycolytic-to-oxidative switch that has been shown to occur in the
skeletal muscle of SOD1%7%A mice (Dobrowolny, Lepore, et al., 2018;
Scaricamazza et al, 2020; Steyn et al, 2020). In line with this,
trimetazidine is known to inhibit fatty acid oxidation by targeting

3-ketoacyl-CoA thiolase activity (Amoedo et al., 2021), which would
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FIGURE 8 Trimetazidine (TMZ) improves electron transport chain complex activity. (a and b) Representative data traces of oxygen
consumption rate (OCR) during an electron flow assay on isolated mitochondria purified from tibialis anterior and spinal cord. (c and d)
Quantification of respiration (OCR) activity of complex I, complex II/1ll and complex IV in the presence of rotenone, succinate, antimycin A and
ascorbate/N,N,N,N-tetramethyl-p-phenylenediamine (ASC/TMPD), respectively. Data are presented as means + SEM, *P < 0.05, compared with
wild-type; #P < 0.05, compared with untreated G93A, n = 26 per group. P values were obtained using parametric one-way ANOVA with

Bonferroni post hoc test

have a net effect of driving muscle towards glucose use and thus
more efficient utilization of the available oxygen (Lopaschuk
et al., 2003). This notion is further supported by our data demonstrat-
ing that trimetazidine was able to downregulate the expression of car-
nitine palmitoyl-transferase 1 in skeletal muscle and inhibited glucose

1G93A

intolerance in SOD mice. Of note, genetic knockout or pharma-

cological inhibition of carnitine palmitoyl-transferase 1 has previously

1593A mice (Trabjerg

been shown to improve disease outcome in SOD
et al, 2021). Thus, the improvement in life span in trimetazidine
treated SOD1%7*A mice could be due, in part, to the effect of
trimetazidine on modulating carnitine palmitoyl-transferase 1 expres-
sion and glucose-fatty acid-flux in ALS skeletal muscle.

Since skeletal muscle is the major determinant of whole-body
energy expenditure (Zurlo et al, 1990), it is conceivable that
in skeletal muscle energy

trimetazidine-induced improvements

metabolism might also decrease the characteristic hypermetabolism
(i.e. increased metabolic rate) SOD1673A
(Scaricamazza et al,, 2020; Steyn et al., 2020). This is of clinical
importance as hypermetabolism is associated with poor outcomes
in mouse models of ALS and in human ALS (Doshi et al., 2017;
Dupuis et al., 2004; Fayemendy et al, 2021; Jésus et al., 2018;
Scaricamazza et al., 2020; Steyn et al., 2018). In 2020, we demon-
strated that treatment of SOD1°7%A mice with the metabolic mod-

seen in mice

ulator ranolazine was able to improve locomotor function, decrease
metabolic rate and partially rescue the dysfunction of muscle
metabolism in SOD1%7%* mice (Scaricamazza et al., 2020). A caveat
of our 2020 study was that we did not assess the impact of
ranolazine on survival. Building on this work, we now show that
trimetazidine is able to prevent the emergence of hypermetabolism
while also improving survival in SOD1°7*A mice. These data
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highlight that the beneficial effects of trimetazidine are likely to be
due to a combination of its metabolic actions of skeletal muscle
and whole-body energy metabolism.

The effect that trimetazidine exerts on skeletal muscle metabo-
lism occurs because of the “metabolic flexibility” of this organ. How-
ever, neurons are thought to exhibit a characteristic “metabolic
inflexibility” since they use glucose and its metabolite, lactate, as pri-
mary energy sources. Therefore, it could be argued that the action of
trimetazidine as a metabolic modulator cannot solely explain the ben-
eficial effects on grip strength and survival that we observed in
response to the trimetazidine treatment in SOD1%%*A mice. Yet, we
describe for the first time, a strong positive impact of trimetazidine on
the bioenergetics of purified mitochondria from the spinal cords of
trimetazidine treated SOD1%%** mice. When considered alongside
observations of decreased glucose use (Browne et al., 2006), and
increased markers of oxidative stress and lipid peroxidation in brain
and spinal cord tissue (Miana-Mena et al., 2011; Simpson et al., 2004)
in ALS, we cannot discount the modulation of lipid metabolism
(Tracey et al., 2018) or modulation of cellular metabolism as a whole
as a potential therapeutic mechanism of trimetazidine.

In addition to the metabolic effects of trimetazidine, we provide
evidence to show that trimetazidine can exert neuroprotection
through other mechanisms. We note that trimetazidine protects
against the dismantlement of NMJs, an event that typically occurs in
the early phase of disease in SOD1%7** mice (Dobrowolny, Martini,
et al., 2018; Fischer et al., 2004; Moloney et al., 2014). It has been
proposed that NMJ abnormalities predict the degeneration of both
distal axons and spinal motor neurons in SOD1%%** mice (Clark
et al., 2016; Fischer et al., 2004; Gurney et al., 1994). The beneficial
effects of trimetazidine might therefore originate from a delay in NMJ
dismantlement, which is considered as the first event of the dying
back phenomenon underlying motor neuron degeneration in ALS
(Bruneteau et al., 2015; Dupuis et al., 2009; Fischer et al., 2004). Con-
sistent with this, trimetazidine exerted a protective effect on periph-
eral nerves of SOD1°7*A mice, leading to the inhibition of the
Wallerian-like neuronal degeneration, and an attenuation in spinal
motor neuron loss. In our experimental paradigm, the neuroprotective
effect of trimetazidine on spinal cord motor neurons and peripheral
nerves was mirrored by a parallel decrease in neuroinflammation. The
state of activation of astrocytes and microglia in the spinal cord and
the infiltration of CD68 + macrophages in the sciatic nerve, which
increases during the course of disease in SOD1%%3* mice (Chiot
et al.,, 2020; Serrano et al., 2019), were mitigated by trimetazidine
treatment. Overall, our results are in accordance with reports showing
that trimetazidine induces axonal regeneration and myelination in a
rodent model of sciatic nerve crush injury (Serarslan et al., 2009) and
that it provides anti-inflammatory effects in various tissues (Wan
etal, 2017).

In conclusion, our results describe the efficacy of trimetazidine
in counteracting key cellular ALS pathologies and systemic changes

1G93A

in metabolism in SOD mice. Critically, these changes were

observed alongside trimetazidine-induced improvements in grip
strength and

survival, providing evidence to progress the

repurposing of trimetazidine for ALS. Notably, trimetazidine is cur-
rently used for the management of angina pectoris, although its
usage has been limited due to the non-common insurgence of
reversible parkinsonian symptoms (Dy et al, 2020; Pintér
et al., 2021). In our experimental model, however, no differences
were observed in mice locomotor activity upon trimetazidine treat-
ment. Nevertheless, we should stress that the preclinical mouse
model employed in our study does not fully recapitulate the
pathology. Thus, in-depth analyses are required to assess the
effectiveness and safety of trimetazidine, especially in light of
the possible onset of motor deficits, although we envision that the
benefits of trimetazidine should outweigh the risks in ALS treat-
ment. However, the ability for trimetazidine to improve grip
strength in ALS mice could be rapidly translated to patients to
improve skeletal muscle function and quality of life in primis
(Scaricamazza et al., 2021). The beneficial effect of trimetazidine
on energy metabolism in spinal cord mitochondria also highlights
the ability of trimetazidine to target mitochondrial dysfunction as a
therapeutic intervention (Mehta et al., 2019) to enhance the
chance of success in ALS. Finally, given that trimetazidine prevents

1%93A mice, our data further substantiate

hypermetabolism in SOD
the precedent to target hypermetabolism as a therapeutic approach

in ALS.
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