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patterns in Duchenne
muscular dystrophy revealed
by ultra-high-resolution mass
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Duchenne muscular dystrophy (DMD) is a common and severe X-linked myopathy, characterized

by muscle degeneration due to altered or absent dystrophin. DMD has no effective cure, and the
underlying molecular mechanisms remain incompletely understood. The aim of this study is to
investigate the metabolic changes in DMD using mass spectrometry-based imaging. Nine human
muscle biopsies from DMD patients and nine muscle biopsies from control individuals were subjected
to untargeted MSI using matrix-assisted laser desorption/ionization Fourier-transform ion cyclotron
resonance mass spectrometry. Both univariate and pattern recognition techniques have been used for
data analysis. This study revealed significant changes in 34 keys metabolites. Seven metabolites were
decreased in the Duchenne biopsies compared to control biopsies including adenosine triphosphate,
and glycerophosphocholine. The other 27 metabolites were increased in the Duchenne biopsies,
including sphingomyelin, phosphatidylcholines, phosphatidic acids and phosphatidylserines. Most of
these dysregulated metabolites are tightly related to energy and phospholipid metabolism. This study
revealed a deep metabolic remodelling in phospholipids and energy metabolism in DMD. This systems-
based approach enabled exploring the metabolism in DMD in an unprecedented holistic and unbiased
manner with hypothesis-free strategies.

Duchenne muscular dystrophy (DMD) is the most common muscular dystrophy in children, with an incidence of
1 in 5000 live-born boys annually and an estimated prevalence of 15.9 per 100,000 boys in the USA and 19.5 per
100,000 boys in the UK!~*. This lethal X-linked recessive neuromuscular disorder is caused by mutations in the
DMD gene resulting in absent or reduced functional dystrophin (DYS). As in many genetic diseases, DMD exhib-
its a continuum of disease severity, which may be correlated to the presence or absence of a functional protein.
Becker muscular dystrophy is a milder form of dystrophinopathy in which DYS levels are reduced, but a residual
partially functional protein remains’. The dystrophin-associated protein complex underlies the link between
the extracellular matrix and the cytoskeleton, thus ensuring the skeletal muscle strength. Dystrophin dysfunc-
tion results in severe architectural muscle changes with subsequent degeneration and impaired regeneration*”.
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Dystrophin has been shown to be temporo-spatially expressed by discrete neuronal populations, mainly in the
pyramidal cells of the hippocampus, in the amygdala, in Purkinje cells and granular neurons of the cerebellum.
Thus, DYS is involved in several cognitive functions and human brain development, although the precise mecha-
nisms remain unclear®. Muscle weakness and motor delay are usually early symptoms. In the absence of steroid
treatment, the ambulation loss occurs at about 10 years of age and near paralysis by age 20, with scoliosis, loss
of upper limb function, cardiac involvement, and respiratory insufficiency. Brain dysfunction also occurs at the
start of various neurobehavioral developmental disorders, such as intellectual disability, or more specific cogni-
tive disorders, delayed speech and coordination acquisition, executive dysfunction, attention deficit disorder and
autism spectrum disorders!~>’. To date, there is no cure for DMD, but the life expectancy of DMD patients has
improved owing to steroid treatments and better care. DMD patients lose the ability to walk around 13-14 years
of age and eventually die in their 30 s due to cardiopulmonary complications"’. However, numerous clinical trials
and experimental approaches are ongoing, such as exon skipping, gene therapy, myostatin inhibitors, utrophin
modulation, CRISPR/Cas9 suppression of stop codons and stem cell therapy®. Validated outcome measures are
required to assess the potential benefits of these treatments. Currently, several functional tests are used such as
the 6 min walk test, the North Star ambulatory assessment, and the performance of upper limb test or time items
in addition to muscular imaging. However, these tests are often ineffective, and their results do not necessarily
correlate with the patient’s condition®. Owing to wide phenotypic variability, reliable outcome measurements
that would enable assessing treatment efficacy remain tentative, and new biomarkers must be identified to better
understand the DMD pathophysiology and more accurately evaluate patient prognosis and follow-up'. Metabolic
impairments have been associated with DMD since the 1970s'°""*. However, the advent of new omics technologies
allows exploring the metabolism and its components in an unprecedented holistic and unbiased manner with
hypothesis-free strategies'*. Metabolites are small organic molecules involved in enzymatic reactions to form the
metabolism. The “metabolome” refers to all metabolites present in a given biological system, fluid, cell, or tissue.
Metabolomics is the omics technology that enables exploring the metabolome by comprehensively measuring
metabolite levels in a given biological sample'. Its main goal is to parse the biochemical changes in a biological
system by probing the metabolite variations related to genetic, environmental, drug, dietary and other factors
or interventions. Mass spectrometry is a widely used metabolomics technology because of its high detection
sensitivity, metabolome coverage and rapid data acquisition turnover'®. The spatial distribution of metabolites
can be tracked holistically and systematically, which is highly valuable for gaining a mechanistic understanding of
biological processes. Mass spectrometry imaging (MSI) achieves this by simultaneously revealing the spatial dis-
tribution of multiple molecules in a single experiment from various biological samples, particularly tissue Sects."”.
Thus, this technology shows promising translational potential in the biomedical field'®!°. MSI has been applied
to study DMD muscle biopsies using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
imaging and TOF secondary ion mass spectrometry. Previous investigations highlighted lipid compositional
changes®®*! or Krebs cycle intermediates®® in muscles from DMD mouse models and DMD patients®. However,
the relatively low mass resolution of the TOF-MS instruments makes peak annotation very challenging. Thus,
powerful new mass spectrometry instruments based on Fourier-transform ion cyclotron resonance (FTICR)
offer better analytical performance in terms of resolution, sensitivity and specificity**~?¢. Thus, this technology
offers unprecedented exhaustive metabolome coverage and non-ambiguous molecular formula assignments®.
This work presents the first study ever published using MSI based on MALDI coupled with FTICR to explore
muscle metabolic remodelling in DMD patients. Given the scope of the study and the high analytical superiority
of the platform, this investigation allowed holistically parsing the complex metabolic remodelling in DMD tis-
sues, revealing the DMD-associated molecular metabolic impairments and deregulations, aiming to open new
avenues for deeper biological investigations to uncover new therapeutic targets, biomarkers and diagnostic tools.

Results

Histological findings. Morphological lesions meeting DMD diagnostic criteria were observed in muscle
biopsies including fiber necrosis with inflammatory response, diffuse variation in fiber size with rounded and
hypercontracted fibers, basophilic regenerative fibers, and endomysial and perimysial fibrosis. Immunohisto-
chemical studies revealed that six patients lacked DYS1, and three had severely decreased and irregular DYS1
immunoreactivity, all patients but one having no DYS2 and DYS3 (Fig. 1, Supplementary Tables 1 and 2). These
expression patterns were confirmed by western blot analyses. Immunohistochemical or western blot techniques
showed that absent or decreased DYS was associated with absent or decreased proportions of a-, -, y- and &
sarcoglycans (Fig. 1, Supplementary Tables 1 and 2). Molecular analyses allowed for identifying different vari-
ants consisting of large deletions in the DMD gene sequence in 8 patients and a small frameshift deletion in one
patient (Supplementary Tables 1 and 2).

Mass spectrometry-based metabolomics imaging. This work explored the differential metabolic
patterns between Duchenne and control biopsies by analyzing the spectral fingerprints extracted in MSI experi-
ments from the analyzed muscle biopsies. These fingerprints were formed from ions generated by the mass spec-
trometry analysis used for data analysis and metabolite identification. Average spectra are presented in Supple-
mentary Fig. 1 The first statistical analysis yielded 52 discriminant ions with significant differences between the
Duchenne and control biopsies. Further annotation steps allowed filtering and cleaning this list to include only
unambiguously identified metabolites. In positive-ion mode, the combination of high mass accuracy and MS/
MS experiments highlighted phosphatidylcholine (PC) and sphingomyelin (SM) lipids due to their fragmenta-
tion patterns. PC and SM lipids can be detected in positive-ion mode owing to their quaternary amine groups.
The fragmentation ions observed upon collisional activation of both [M+Na]* and [M+K]" of PC and SM
lipids included the loss of trimethylamine (59.073499 Da) and phosphocholine (183.066045 Da). Supplementary

Scientific Reports |

(2021) 11:1906 | https://doi.org/10.1038/s41598-021-81090-1 nature research



www.nature.com/scientificreports/

HE/HES Dys1 Control Dys3

IS IO
f:-"."o'\'i’ﬂi',‘\\w

§ 22
O

SV ur
GLAEQS

S BNY
WA
O

Figure 1. Morphological and immunohistochemical characteristics of DMD patients’ muscles. Left column:
Haematoxylin-Eosin (HE) (P1, P3, P4, P5, P6, P7, P8, P9) or Hemalun-Eosin-Safran (HES) (P2) displaying
endo-and perimysial fibrosis, necrotic and atrophic fibres along with inflammatory infiltrates suggestive of
progressive musclar dystrophy. Second to seventh columns : dystrophin immunolabeling (dys 1, dys 2 and
dys 3 labeling the core, NH2-terminal and COOH-terminal domains of the protein respectively) showing
severely decreased or absent immunoreactivity in patients compared to control muscle apposed on the same
slide. Eighth to eleventh columns : a- and y-sarcoglycan immunolabelings showing either a decrease or
normal immunoreactivity in patients compared to muscle control opposed on the same slide. Horizontal lines
correspond to patients 1-9; scale bars: 20 .

Fig. 2A shows the fragmentation pattern of C,gH;NO,P at m/z 566.32166 [M+Na]*. Given the FTICR high
mass accuracy, a loss of m/z 59.07351 and m/z 183.06608 corresponded to trimethylamine and phosphocholine
with mass errors of 186 ppb and 191 ppb, respectively. Therefore, the ion at m/z 566.32166 with the molecu-
lar formula, C,sH;,NO,P, was attributed to lysoPC(20:4) [M +Na]*. Other PC and SM lipids were similarly
unambiguously assigned. In negative-ion mode, other lipids included phosphatidic acid and phosphatidylserine.
Adenosine triphosphate (ATP) at m/z 505.98833 was annotated using MS/MS analysis by the loss of an adenine
group at m/z 272.95698 (CsHgO4P,, [M-H] with an error of 362 ppb; Supplementary Fig. 2B). Other metabolites
and lipids were similarly assigned with the mass accuracy. The final list included 34 unambiguously identified
features with 21 and 13 in positive- and negative-ionization modes, respectively. Supplementary Table 3 presents
the data matrix; Supplementary Table 4 presents the related statistics of the identified metabolites along with
their annotation metrics. Supplementary Fig. 3 presents the boxplots of the different metabolites. More mass
spectra are presented in Supplementary Figs. 4-10. Seven metabolites were decreased in the Duchenne biop-
sies: adenosine tetraphosphate, adenosine triphosphate, cytidine monophosphate, glycerophosphocholine, ino-
sitol pentakisphosphate, inositol tetraphosphate, and phosphoribosyl pyrophosphate. The other 27 metabolites
were increased in the Duchenne biopsies, including SM, phosphatidylcholines, phosphatidic acids and phos-
phatidylserines. To explore the distribution of this signature and its expression across samples, we performed
a clustering analysis using Euclidean distance, a similarity metric, between samples. Figure 2A shows two dis-
tinct clusters between the DMD and control biopsies due to the differential expression of the above-mentioned
metabolites across samples. We also explored the covariation of these metabolites using Spearman correlation
analysis. Figure 2B shows two main co-expression clusters that include upregulated and downregulated metab-
olites. Intraclass subclusters are observed such as a module that includes phosphatidylcholines, phosphatidic
acids and phosphatidylserines. Another module includes SMs and lysophosphatidylcholines. Figure 2C presents
the directional changes of these metabolites in the DMD samples along with their statistical significance. This
figure reports adjusted p-values and estimate which indicates metabolite change direction. Figure 3 presents
boxplots of the glycerophosphocholine, lysophosphatidylcholine, phosphatidylcholine, phosphatidic acid, SM,
phosphatidylserine, along with their tissue distributions in the DMD and control biopsies with their related
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Figure 2. Metabolome variations between DMD and control tissues. (A) Unsupervised hierarchical clustering
based on metabolic profiles (34 metabolites) detected in 9 DMD and 9 control tissues. C: Control, P: Patient; (B)
Spearman correlation heatmap of the 34 differentially expressed metabolites between control and DMD tissues;
(C) Barplots of the differentially expressed metabolites and their directional changes in the DMD tissues. Bar
color is proportional to —log (adjusted p-value). Red denotes high significance.
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Figure 3. Tissue distribution of selected discriminant metabolites. Left) Tissue metabolite distribution in
the control tissue. Right) Tissue metabolite distribution in the DMD tissue. Middle) Boxplot of the selected
metabolites between DMD and control tissues with related adjusted p-values. The y-axis shows the log-scaled
average intensity. Ion images were generated using SCiLs Lab software.
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Figure 4. Phospholipid and triacylglycerol metabolism. Purple: increased metabolites in DMD. Blue: decreased
metabolites in DMD. EC: Enzyme Commission number. FA: fatty acids.

adjusted p-values. Even though the figures don’t show a cellular, sub-cellular or fiber level resolution, they high-
light the heterogenous distribution of intensities across the tissue section that mirrors the distribution of the
related metabolites.

Discussion

Defective dystrophin is known to be the main alteration in the DMD etiology, however, metabolic impairment
has been reported in several tissues such as the skeletal and cardiac muscles, liver and brain?’. Here, we explored
the differential metabolic patterns of muscle biopsies from DMD patients and control samples using a hypothesis-
free strategy based on MSI. Our results showed profound metabolic pathway remodelling in the muscles of
DMD patients compared with the controls grouped in two distinct clusters corresponding to the upregulated
and downregulated metabolites. The most discriminative metabolites were primarily phospholipids and energy
metabolites, suggesting that both these metabolic pathways are important players in muscle pathology and pos-
sibly by extension cognitive/behavioral disabilities.

Phospholipids (PLs) are major components of all cell membranes, and glycerophospholipids (GLs) are the
most abundant membrane PLs. GLs are composed of a glycerol backbone linked to a phosphate group in posi-
tion 3. Acyl groups may be attached at positions 1 and 2 of the glycerol. Different moieties, such as choline,
inositol, ethanolamine and serine, are linked to the phosphate group, contributing to GL diversity (e.g., PC,
phosphatidylinositol [PI], phosphatidylethanolamine (PE), PS, and phosphatidylglycerol). PCs are the most
abundant GL in mammalian cells. Other lipid classes, such as cholesterol and glycosphingolipids, play structural
roles in cell membranes?®*. Disruption of PL metabolism has been previously reported in DMD!*11:13:20.21,23,30.31,
We showed that several compounds belonging to PC, lysophosphatidylcholine (LPC), phosphatidic acid (PA),
PS and SM classes, as well as triacylglycerols, are increased, while glycerophosphocholine (GPC) is decreased
in DMD muscles compared with control muscles (Fig. 3). This metabolic remodelling could be attributed to a
putative decrease in lysophospholipase activity (Fig. 4). Lysophospholipase catalyzes lysophosphatidylcholine
deacylation and mediates GPC production®. Sharma et al. considered DMD to be mainly a GPC deficiency™.
Consequently, this impairment could lead to an accumulation in phosphatidylcholine, which is redirected toward
other metabolic pathways with an increase in PA, SM, phosphatidylserine and triacylglycerol (Fig. 4). It has
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been shown that lysophospholipase activity in erythrocyte membranes of DMD patients was lower than that of
healthy age-matched subjects®. Chalovich et al. compared the*!P-NMR spectra of muscles from DMD patients,
Werdnig-Hoftman (Spinal Muscular Atrophy Type 1) patients and controls. These authors observed that GPC
levels were lower or near absent in DMD muscles compared with control muscles and dramatically increased
(15-fold) in one Werdnig-Hoffman patient®. Increased triacylglycerol and SM in DMD mouse muscles have
been interpreted as resulting from increased phospholipase C activity'®. High phospholipid levels and high
phospholipid-to-cholesterol ratios have been documented using' H-NMR spectroscopy, which helps distinguish
DMD patients from healthy subjects®*. Phospholipase D activity is reported to be increased in DMD muscles.
Calcium homeostasis has been shown to be altered in DMD patients, with calcium concentration being increased
in dystrophin-deficient muscle. Phospholipase D activity is enhanced under high concentrations of free calcium,
resulting in increased PA levels®>?. In summary, profound phospholipid metabolism remodelling is associated
with DYS deficiency; thus, DMD has been considered a glycerophosphocholine deficiency***. Morphological
alterations of the mitochondria have been reported in DMD muscles with higher rates of swollen mitochondria
compared with that of normal muscle®. PL alterations in DMD and a dysregulation of Ca** homeostasis may
induce mitochondrial membrane fragility and associated morphological changes with subsequent energy and
oxidative metabolism disruptions®-*2.

Energy metabolism impairments in DMD are major contributors to DYS-deficient muscle degeneration*® as
illustrated by mitochondrial function improvement upon the partial restoration of DYS expression**. Accord-
ingly, we showed a significant increase in ADP and decreased ATP levels in DMD muscles compared with those
of the control muscles (Supplementary Fig. 3). Several preclinical and clinical studies aimed at promoting energy
metabolism are ongoing to treat DMD*. The need for studies with higher cellular or fiber level resolution would
unveil deeper metabolic insights and further explore these results. Van Pelt et al. performed a multi-omics study
in a Duchenne mouse model. They reported the impairment of glycolytic metabolism and phospholipids*. Two
metabolites overlap with our results adenosine diphosphate and PC(36:3) (Supplementary Table 5). Exploring the
potential release of the metabolites in less invasive biological fluids is relevant. Spitali et al. reported serum-based
metabolomics results in patients affected by several multiple forms of muscular dystrophy. Fifteen metabolites
have been reported belonging to energy, amino acid and testosterone metabolisms*’. Lindsay et al. performed a
urine-based metabolomics study in a Duchenne mouse model. They reported that five of seven detected Krebs
cycle metabolites were depleted in these mice consistent with an impaired energy metabolism?. No overlap has
been observed between our results and those reported in these studies (Supplementary Table 5).

In conclusion, although metabolic impairments have been reported in DMD, this work describes for the
first time the use of ultra-high-resolution MSI in DMD, which enabled more systematically and integratively
exploring on-tissue metabolic disturbances. This powerful technique allowed investigating the different metabolic
components in a single experiment. The present results highlight the potential use of MSI technology coupled
with systems biology approaches to holistically explore metabolic impairments in DMD. This work lays the
foundation for more mechanistic investigations of DMD and other metabolic diseases.

Methods

The overall workflow is presented in Supplementary Fig. 11.

Patients. Nine patients with molecularly proven DMD over the last 10 years were selected for the study. All
patients were referred to our neurology department, and biopsies were performed as a part of the diagnostic
workup when the disease was suspected. Samples were collected before initiating treatment. Medical charts were
reviewed for age at disease onset, age at diagnosis, age at walking unaided, age at walking loss, and age at last
visit. Symptoms at disease onset were recorded as calf hypertrophy, muscle weakness, contractures, behavioral
problems, speech delay, respiratory distress and cardiac arrhythmia. Disease activity parameters consisted of
maximal motor function, maximal CPK, age of initial joint contractures and current joint contractures, surgical
therapy and long-term physical therapy. Other parameters consisted of scoliosis occurrence or any other spinal
deformities, along with their surgical and nonsurgical therapies, occurrence of bone fractures and other ortho-
pedic surgeries, and mobility at last visit. Evaluated complications were respiratory insufficiency (e.g., IPPB,
ventilation, tracheotomy), existing cardiac complications (e.g., thythm abnormalities or heart abnormalities
on ultrasound), digestive complications (e.g., nutritional problems, gastrostomy) and iatrogenic complications.
Inclusion in therapeutic protocols, hospitalization frequency, cognitive delays and behavioral problems, includ-
ing autism and school attendance, were also recorded.

The mean patient age at disease onset was 4 + 1.5 years, at last visit was 10.5+ 2.2 years, and at time of biopsy
was 5.5+ 1.9 years. All patients are presently alive, and six (P1, P5, P6, P7, P8, and P9) were ambulant at the last
visit. One non-ambulant patient (P2) lost the ability to walk at age 7; he was not given steroids, nor included in
any therapeutic protocol. The other two patients (P3, P4) lost the ability to walk at 11 and 13 years of age. CK
levels ranged from 5418-52,000. Symptoms at disease onset were muscle weakness with difficulty walking and
climbing stairs and frequent falls. Eight patients had calf hypertrophy. Six patients presented no motor features
at onset but had speech delays (P2, P5, P8) and/or behavioral/autistic disturbances (P5, P8, P9) that had likely
led to delayed diagnosis. Four patients had cognitive delays (P2, P5, P8, P9). Two patients (P2, P5) developed
behavioral abnormalities. Six patients had learning difficulties affecting speech, writing, attention and memory
(P1, P2, P5, P7, P8, P9). Three patients (P4, P5, P9) had nutritional and feeding problems, with anorexia in two
and obesity in one (P9). All but two patients were given steroids (P1, P2); one of these two patients were lost
to follow up one year after diagnosis, and the other received no treatment owing to poor family compliance.
Four patients (P1, P5, P7, P9) could run, the others could walk without help. Two patients had mild respiratory
insufficiency that did not require ventilation. Eight patients had no significant cardiac arrhythmia or functional
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Figure 5. Clinical characteristics of DMD patients. ASD: autistic spectrum disorders, DYS: dystrophin, THC:
immunohistochemistry, US: ultrasound, SG: sarcoglycan.

abnormalities. Patient P4 had rhythm abnormalities consisting of supraventricular extrasystoles 3.9% of the
time, which did not require specific treatment. All but one patient received a prophylactic antiarrhythmic drug
(perindopril), and one (P1) was included in a perindopril protocol (2-year double-blind treatment protocol).
Three patients (P4, P5, P7) were included in exon-skipping protocols, and one (P6) was included in a givinostat
(histone deacetylase inhibitor) protocol. Clinical data overview is presented in Fig. 5 and detailed clinical data
are listed in Supplementary Tables 1 and 2.

Muscle biopsies. Each patient underwent a muscle biopsy at a mean age of 5.5+ 1.9 years, which was
assessed according to standardized histochemical and histoenzymological methods*. For immunohistochemi-
cal studies, 6-um frozen sections were immunolabeled with antibodies against p-spectrin (diluted 1:50; Novo-
castra Leica Biosystems, Nanterre, France), dystrophin (DYS1, DYS2 and DYS3 correspond to amino acids
1181-1388, 3669-3685 and 321-494, of the dystrophin molecule and are diluted respectively at 1:10, 1:8 and
1:6—Novocastra Leica Biosystems), and a-, p-, y- and § sarcoglycans (diluted 1:100, 1:100, 1:100 and 1:50,
respectively; Novocastra Leica Biosystems). Dystrophinopathy was morphologically diagnosed per the criteria
of Dubowitz et al.*8.

As age-matched control muscles were not available, nine male adults aged 28-58 years were selected as con-
trols for comparative analyses. These patients presented myalgias, muscle weakness, and/or muscle fatigability.
In one case, a polymyositis was suspected; Buschke scleroderma was suspected in another. In all control patients,
routine biological tests, CK levels, EMGs, cardiac ultrasonography, pulmonary testing and muscle MRI were
considered normal. Their muscle biopsies were also normal, and they were concluded to have probable fibromy-
algia. One obvious potential limit of this work that needs to be highlighted consists in absence of age-matched
control muscles could hamper interpretation of the results, as biochemical properties of muscles change over
the lifetime. Even though paediatric muscle samples could be obtained during orthopaedic surgery, the location
of the biopsy may change and may not entirely match with that of Duchenne patients.

Reagents and chemicals. Methanol, acetonitrile, ethanol and water of LC-MS grade were purchased
from Fisher Scientific (Loughborough, UK); 2.5-dihydroxybenzoic acid (DHB) and 9-aminoacridine hydro-
chloride monohydrate (9-AA) MALDI matrices were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Sodium trifluoroacetate (NaTFA, Sigma-Aldrich) at 0.1 mg mL" (ACN/H,0O 50:50 [v/v]) was used as a calibrant
before each analysis.
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Sample preparation. Fresh frozen 10-um sections of human muscle were mounted on conductive ITO-
coated glass slides 75 x 25 mm (Bruker, Bremen, Germany) and stored at -80 °C until analysis. Matrix solutions
were applied with an automatic microsprayer HTX TM-Sprayer (HTX Imaging, Chapel Hill, NC, USA) as previ-
ously described®. In the positive-ion mode, DHB matrix (30 mg mL™! in MeOH/H,0 50:50 [v/v]) was deposited
with the following parameters: nozzle temperature 80 °C, nozzle velocity 1200 mm min™, N, pressure 10 psi,
N, flow rate 2 L min’!, number of passes 12, flow rate 100 pL min™! and track spacing 3 mm. In negative-ion
mode, 9-AA matrix (10 mg mL"!, EtOH/H,0 70:30 [v/v]) was sprayed using the following parameters: nozzle
temperature 90 °C, nozzle velocity 1200 mm min™, N, pressure 10 psi, N, flow rate 3 L min'}, number of passes
2, flow rate 120 pl min’!, track spacing 3 mm and drying time 30 s between passes. Each slide was vacuum-dried
before analysis.

Mass spectrometry instrumentation and data processing. Data were acquired on a FTICR instru-
ment (SolariX XR, Bruker, Bremen, Germany) equipped with a 12-T superconducting magnet and a dynami-
cally harmonized ICR cell. This instrument is also equipped with both a laser desorption ionization source
(Smartbeam II, Nd:YAG x 3 laser at 355 nm, Bruker, Bremen, Germany) and an electrospray (ESI) source. Each
MALDI spectrum for each position is the result of 1 scan and 500 consecutive laser shots. Spectra were acquired
over an 80 pm raster. Before imaging analyses, the instrument was externally calibrated in the required mode
by NaTFA infusion via ESI source, then internally calibrated by assigning known metabolites from m/z 150-
1000 via MALDI source. The instrument was autocalibrated during image acquisition. In positive-ionization
mode, calibration was performed by assigning C,HO, (m/z 155.033885 [M + H]*, matrix peak), C;H;;NO; (m/z
162.112470 [M + H]*, carnitine), C,H¢O, (m/2177.015829, [M + Na]*, matrix peak), C;H,,NO,P (/2 184.073321,
[M +H]J*, phosphocholine), C;H;NO, (m/z 204.123034, [M + H]*, acetylcarnitine), C,,HzO, (m/z 273.039364,
[M+H]*, matrix peak), C,;H,,0, (m/z 409.055408, [M +H]*, matrix peak), C,;HgNOgP (m/z 734.569432,
[M+H]", lipid), and Cy,Hg,NOgP (m/z 798.54096, [M +K]*, lipid). In negative-ion mode the assigned peaks
were C;H (N, (m/z 193.77122, [M-H]', matrix peak), C,;H,N¢Oq (m/z 409.184106, [M-H]", amino acids),
C,oH5N;0,0P, (m/z 426.022139, [M-H], adenosine diphosphate), C,H;N;O;P; (m/z 505.988470, [M-H],
adenosine triphosphate), C,3H;0N,0, (m/z 524.283820, [M-H]", amino acids), C3,H,sN¢Og (m/z 599.319871,
[M-HJ, lipid) and C;,H,,O,P (m/z 701.512680, [M-H]J, lipid). Data size was set at 2 million points for a tran-
sient length of 0.87 s, and spectra were acquired with a 97% data file reduction. A single MSI measurement has
been performed by specimen. Images were captured using FTMS control and FlexImaging (v 5.0, Bruker) soft-
ware. Images were processed with SCiLS Lab Pro software (Bruker Daltonics, Bremen, Germany). The total ion
current method was used for normalization, and m/z intervals were automatically set at+1 ppm. Images were
viewed using both FlexImaging and SCiLS Lab software (Bruker Daltonics, Bremen, Germany).

Data analyses. Ion intensities have been log-transformed. Univariate analyses were performed using t-tests
to identify discriminatory ionic species between the assessed groups. Age has been taken into account by adding
it as covariate. Spearman correlation analysis was performed using R software. Euclidean distance was used as
a similarity measure in the clustering analysis. False discovery rates were corrected using the Benjamini-Hoch-
berg-Yekutieli method, and p <0.05 was considered statistically significant.

Metabolite annotation and identification. Preliminary assignments based on accurate mass measure-
ments were performed using the mass spectrometry databases, METLIN * and HMDB °!, using a threshold
of+2 ppm. For some metabolites, the precise raw formula led to one hit. Others were identified via “on-tissue”
tandem mass spectrometry experiments using MALDI tandem MS/MS. Ions of interest were first isolated using
awindow of + 1 Da, then fragmented by collision-induced dissociation with energy levels between 10 and 40 eV.
For each MS/MS analysis, 50 scans were accumulated for better sensitivity. Spectra were reprocessed using Data
Analysis 4.4 software (Bruker Daltonics, Bremen, Germany) and recalibrated with the single-point calibration
option.

Ethical statement. All muscle samples used in this study belong to a collection declared to the French
Ministry of Health (collection number DC-2015-2468, accession number AC-2015-2467) located in the Pathol-
ogy Department (Prof. Annie Laquerriére) of Rouen University Hospital in accordance with the relevant guide-
lines and regulations and with permission of the local authorities. Written informed consents were obtained
from the parents when the patient is under 18 or from the adult patient in order to perform any investigation
related to their pathology. The study protocols have been approved by ethics committee of NORD WEST1 -
Rouen University Hospital (collection number DC-2015-2468, accession number AC-2015-2467).
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All the data that support the findings are presented in the manuscript and the supplementary material.
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