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1 | INTRODUCTION

Abstract

Muscular dystrophies are characterized by a progressive loss of muscle tissue and/or
muscle function. While metabolic alterations have been described in patients’-derived
muscle biopsies, non-invasive readouts able to describe these alterations are needed
in order to objectively monitor muscle condition and response to treatment targeting
metabolic abnormalities. We used a metabolomic approach to study metabolites con-
centration in serum of patients affected by multiple forms of muscular dystrophy such
as Duchenne and Becker muscular dystrophies, limb-girdle muscular dystrophies type
2A and 2B, myotonic dystrophy type 1 and facioscapulohumeral muscular dystrophy.
We show that 15 metabolites involved in energy production, amino acid metabolism,
testosterone metabolism and response to treatment with glucocorticoids were differ-
entially expressed between healthy controls and Duchenne patients. Five metabolites
were also able to discriminate other forms of muscular dystrophy. In particular, crea-
tinine and the creatine/creatinine ratio were significantly associated with Duchenne
patients performance as assessed by the 6-minute walk test and north star ambulatory
assessment. The obtained results provide evidence that metabolomics analysis of
serum samples can provide useful information regarding muscle condition and

response to treatment, such as to glucocorticoids treatment.
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therapy would enable better patients’ management and faster evalu-

ation and marketing authorization of medicinal products for DMD

Inherited muscular dystrophies (MDs) are caused by mutations in
multiple genes.! The disease is characterized by progressive loss of
muscle tissue and muscle function. Duchenne muscular dystrophy
(DMD) is the most common and most severe MD. It is a lethal dis-
ease caused by lack of dystrophin due to protein-truncating muta-
tions in the DMD gene?® The identification of non-invasive

biomarkers able to monitor disease progression and response to

and MDs in general. Towards this aim, multiple groups are working
to identify biomarkers in body fluids such as blood-derived samples
and urine.®*®> Most of the available information was obtained by
studying protein concentrations in different samples matrices and
miRNAs, while less information is available for metabolites concen-
tration in body fluids, even though DMD was considered in the past

and recently re-evaluated to be a metabolic myopathy.*® Recently
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markers of metabolic syndrome such as serum levels of leptin,*” cre-
atine, arginine, branched amino acids and phosphatidylcholine®2°
were reported to be elevated in DMD, leading us to further study
metabolites profiles in DMD patients.

The aims of this study were (i) to identify metabolites able to dis-
criminate between patients and controls, and (ii) to test associations
between biomarkers levels and clinical performance as measured by
the 6-minute walk test (6MWT) or the North Start Ambulatory
Assessment (NSAA).

Furthermore, we investigated whether the observed signature
could be translated to other MDs, such as the milder allelic variant
Becker muscular dystrophy, but also genetically separate myotonic
dystrophy type 1 (CUG expansion in the DMPK gene), facioscapulo-
humeral muscular dystrophy (shortening of a subtelomeric repeat
unit enabling the production of the toxic Dux4 retrogene) and limb-
girdle muscular dystrophies type 2A and 2B (lack of calpain-3 and
dysferlin, respectively).

2 | MATERIALS AND METHODS

2.1 | Participants

Patient and healthy control samples were obtained from the Naples
Human Mutation Gene Biobank (NHMGB), partner of EuroBioBank
and of the Telethon Network of Genetic Biobanks. A total of 30
DMD (mean age 9.3 years), 10 Becker muscular dystrophy (BMD,
mean age 10.8 years), 10 facioscapulohumeral muscular dystrophy
(FSHD, mean age 39.6 years), 10 myotonic dystrophy type 1 (DM1,
mean age 43.9 years), 5 limb-girdle muscular dystrophy type 2A
(LGMD2A, mean age 32.6 years), 5 LGMD2B (mean age 29.2 years),
10 paediatric controls (mean age 15.4 years) and 12 adult controls
(mean age 46.4 years) were included in the study. Blood was drawn
in the morning, and all individuals had fasted since the previous day.
Metadata connected to this cohort are shown in Table S1.

The study was approved by the Institutional Review Board.
Informed consent forms for blood drawing were obtained for all par-
ticipants, at the time of the scheduled follow-up. The investigation

was conducted according to the declaration of Helsinki.

2.2 | Serum preparation

Venous blood was allowed to clot for 30 minutes in red-capped
tubes followed by centrifugation for 10 minutes at 2350 g. Serum
was carefully removed, aliquoted and stored at —80°C pending use.

2.3 | Data acquisition

Experiments were performed as previously detailed.?* Briefly, 15 pL
of serum samples was used for protein precipitation using methanol
containing a mixture of internal standards (Table S2). Samples were
then mixed, centrifuged, dried under nitrogen and resuspended in
45 pl of 10 mmol/L of ammonium carbonate (pH 10.5)/ACN, 40/60
(v/v). Serum samples were then introduced into a Transcend 1250 LC
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system (Thermo Fisher Scientific, Les Ulis, France) fitted with a
Sequant ZICpHILIC 5 um, 2.1 x 150 mm (Merck, Darmstadt, Ger-
many) and coupled to a Q-Exactive mass spectrometer (Thermo Scien-
tific, San Jose, CA) operating in both positive and negative ionization
modes, alternatively. In positive ion mode, positive ions are detected
while in negative ion mode, negative ions are detected. Quality control
(QC) samples composed of an equal amount of each sample were dis-
carded all along the analytical sequence. Data analysis was performed
with TraceFinder 3.1 (Thermo Fisher Scientific, Les Ulis, France). Com-
pound identification was carried out by comparing their exact m/z
ratio of their corresponding protonated ion [M+H]* in positive ion
mode and of their deprotonated ion [M-H] in negative ion mode, their
retention time and their isotopic pattern to an in-house chemical
library. The obtained data set was cleaned based on several parame-
ters: the coefficient of correlation between serial dilutions of QC sam-
ples, the coefficients of variation of the areas of chromatographic
peaks of features in QC samples and the ratio of chromatographic area
of biological to blank samples QC samples.?2 Data and metabolites
identifiers are provided in Tables S3 and S4, respectively.

2.4 | Statistics and pathway analysis

Data analysis was performed after data standardization. As certain
metabolites detected by mass spectrometry in both positive and
negative ionization modes, as protonated ions [M+H]* and deproto-
nated ions [M-H] ™, respectively, showed high correlation, we deleted
double entries and kept only the ones measured in negative mode.
In 4 cases, 2 peaks were assigned to the same chemical ID using the
same ionization mode (hexanoylglycine, kynurenic acid, N-acetyl-DL-
tryptophan in both positive and negative modes); given the high cor-
relation in the peak area for these instances, we only retained the
measurement with higher intensity. To determine differential repre-
sentation of metabolites in serum, we used a linear model, and the
Bonferroni correction for multiple testing was applied. An adjusted
P-value of <.05 was considered significant. Linear models were used
to investigate potential associations between metabolites levels with
age, 6MWD and NSAA. Pathway analysis of the metabolomics data
set was performed with the global test.2>2* Permutations were used
to take into account the correlation between metabolites measure-
ments. Subset’s option was used to define pathways obtained from
WikiPathways.?> Weight's option was used to score each metabolite
in order to take multiple mappings of 1 metabolite to a measurement
into account. For example, a weight of 1/3 was assigned to mea-
surements with 3 metabolite mappings, while a weight of 1 was
assigned to measurements with a single metabolite mapping. The
Westfall and Young's maxT method was used to correct for multiple
testing. All analyses were performed in R using the Im, cor, cor.test
and gt functions.

2.5 | Data availability

The data sets generated during and/or analysed during this study
are available as supplementary data.
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3 | RESULTS

Metabolomic analysis of serum samples of 30 DMD patients and 10
healthy age-matched controls enabled the detection of 227 features
in both ionization modes, corresponding to 172 unique compounds.
Fifteen metabolites were found to be differentially present in the
DMD patients sera compared to age-matched healthy controls
(Figure 1A and Table 1). All metabolites showed reduced levels in
DMD patients compared to healthy controls except for creatine
(Figure 1B). No or moderate correlations were observed among the
15 metabolites or with creatine kinase activity with the exception of
p-coumaric acid correlating with dehydroisoandrosterone 3-sulphate
(Figure S1). Two metabolites showed a significant positive associa-
tion with age (Figure S2). While the association between age and
dehydroisoandrosterone 3-sulphate was justified by the data distri-
bution, the association with 54-DHT was mostly driven by a few
cases.

The analysis of the same 15 metabolites in patients affected by
other forms of muscular dystrophy such as BMD, DM1, FSHD,
LGMD2A and LGMD2B revealed that 5 metabolites were altered in
patients compared to controls (Figure 2A-E). In particular, creatinine
levels were significantly lower in BMD (adj. P < 10~°), LGMD2A (adi.
P < 107°) and LGMD2B (adj. P < 107°); creatine was elevated in
DM1 (adj. P <.01), LGMD2A (adj. P <.05) and LGMD2B (adj.
P < 107°). Imidazole acetic acid was decreased in LGMD2B patients
(adj. P < .05); guanidinoacetic acid was decreased in BMD (ad].
P < .05). DM1 (adj. P <.05) and LGMD2A (adj. P < .05); erythrose
was decreased in BMD (adj. P <.05) and FSHD patients (adj.

P < .05). Given that creatinine, guanidinoacetic acid and erythrose
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levels were also affected in BMD patients compared to healthy con-
trols, we compared the concentration of these 3 metabolites
between DMD and BMD patients. Creatinine and guanidinoacetic
acid were further reduced in DMD compared to BMD (P < .01),
while erythrose levels were comparable between the 2 patients
groups (Figure 2F-H).

To understand and explain the differences between DMD
patients and controls, a pathway analysis was performed, which
allowed the identification of 23 molecular pathways (Table S5). The
metabolism of polyamines was one of the most significant ones with
creatine and creatinine anticorrelating (Figure 3A,B). Pathway analy-
sis highlighted other pathways where metabolites contribute to the
pathway in opposite direction. Citric acid and L-aspartic acid were
mapped to the alanine and aspartate metabolism pathway, and the
ratio between the 2 was elevated in both DMD and BMD patients
(Figure 3C,D).

The creatine/creatinine ratio has recently been reported to cor-
relate with age in DMD patients suggesting an association with the
disease progression.? In our cohort of DMD patients, the time test
data including 6MWD and NSAA were available for 27 of 30
patients (3 were non-ambulant). When we tested the association
between the disease severity and the creatine/creatinine ratio, a sig-
nificant correlation with both 6MWD and NSAA data (R=.76
P<107% R=.75 P < 107, respectively) was observed (Figure 4A).
The ratio was found to be elevated also in other forms of muscular
dystrophy such as LGMD2A and LGMD2B (Figure 4B). When testing
for a possible relationship between metabolites levels and clinical
scores in DMD patients, only creatinine showed a significant associa-
tion with both 6MWT and NSAA data (Figure 4C).

FIGURE 1 Comparison of metabolites
serum levels in DMD and healthy controls.
(A) Volcano plot showing the deviation in
patients compared to controls (x axis) and
the —log10 of the adjusted P-value on the
y axis. Black circles represent metabolites
with adjusted P-values below the
significance threshold after Bonferroni
correction, while red circles represent the
15 metabolites surviving multiple testing
correction. (B-D) Violin plots showing
concentration changes for 3 metabolites,
namely isohomovanillic acid, creatinine and
creatine. Metabolite levels are shown for
each patient as black dots, while the white

Healthy DMD dot represents the mean for each group
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TABLE 1 List of the 15 metabolites found differentially present in
serum of DMD patients compared to healthy control. Fold change,
P-values and Bonferroni-adjusted P-values are reported

Fold Bonferroni-

Metabolite ID change P-value adjusted P-values
Creatinine 0.29 1.10E-11 1.89E-09
Imidazole acetic acid 0.30 443E-10 7.61E-08
5a Dihydrotestosterone 0.10 2.59E-09 4.46E-07

glucuronide // androsterone

glucuronide // Etiocholan-

3alpha-ol-17-one

3-glucuronide
DL-p-Hydroxyphenyllactic 0.48 7.73E-09 1.33E-06

acid // Isohomovanillic acid
Creatine 2.19 2.10E-08 3.61E-06
Guanidinoacetic acid 0.44 3.63E-08 6.25E-06
p-Coumaric acid 0.50 3.76E-08 6.46E-06
Citrulline 0.57 4.07E-08 6.99E-06
5-Methoxyindoleacetate // 0.60 1.62E-06 2.78E-04

Indoleacetic acid

L-Aspartic acid 0.44 3.93E-06 6.76E-04
Ornithine 0.62 6.36E-06 1.09E-03
2-hydroxycaproic acid 0.53 1.46E-05 2.50E-03
L-Serine 0.78 2.91E-05 5.00E-03
Dehydroisoandrosterone 0.25 4.13E-05 7.11E-03

3-sulphate

Erythrose 0.46 1.31E-04 2.25E-02
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4 | DISCUSSION

DMD is a lethal disease caused by the absence of dystrophin result-
ing in substitution of muscle mass by adipose tissue.?>?” Down-
stream effects of lack of dystrophin have largely been studied in
muscles samples from patients and animal models enabling the iden-
tification of morphological alterations and pathological pathways
behind the clinical presentation.?®3! Clear metabolic alterations have
been described in DMD muscle tissue affecting the energy metabo-
lism (eg glycolysis) and mitochondrial alterations (eg the tricarboxylic
acid cycle and electron transport chain). Interestingly, several
enzymes involved in these processes have been found to be differ-
entially present in serum and plasma of DMD patients compared to
healthy controls, providing evidence that certain metabolic alter-
ations can be detected peripherally by studying protein concentra-
tion in serum. Given the very limited data on circulating metabolites
concentration in DMD patients, we studied a large proportion of
metabolites in fasted patients (to avoid possible food-related con-
founders) and compared the signature observed in DMD patients
with the profiles observed in the milder allelic form BMD and other
forms of muscular dystrophy.

The results of our analysis confirm a decrease in creatinine and
an increase in creatine serum levels likely due to the insufficient
creatine utilization by muscles.'?*2 Creatine (from the Greek «péoc,
kreas, “meat”) is an intermediate compound of energy metabolism
synthesized by the liver (1 g/day) starting from arginine, S-adeno-
syl-methionine and glycine. In mammalian muscles, it serves to

regenerate ATP during the first few seconds of muscle contraction.
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FIGURE 2 Comparison of metabolites serum levels in other forms of muscular dystrophy. Violin plots are shown to present the
distribution of dots for each patients group. Each panel represents data for a different metabolite such as creatinine (panel A), creatine
(panel B), imidazole acetic acid (panel C), guanidinoacetic acid (panel D) and Erythrose (panel E). The concentration of metabolites affected
in BMD patients was compared to the ones observed in DMD patients (panels F-H). DMD is Duchenne muscular dystrophy, BMD is
Becker muscular dystrophy, FSHD is facioscapulohumeral muscular dystrophy, DM1 is myotonic dystrophy type 1, LGMD2B and LGMD2A
are limb-girdle muscular dystrophies type 2B and 2A. The healthy group is composed by the group of adult healthy people. * indicates
significant differences between groups with Bonferroni-adjusted P-value <.05. # indicates differences between DMD and BMD patients with

a P-value <01
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FIGURE 4 Association of metabolites with clinical data. (A) Scatter plot showing the correlation between the creatine/creatinine ratio and
functional scales such as the 6MWT and NSAA. Blue dots represent 6MWT data, while grey dots represent NSAA data. (B) Bar graph showing
the fold change in the creatine/creatinine ratio in patients affected by different forms of muscular dystrophies compared to healthy controls.
(C) Scatter plot showing the correlation between the creatinine levels and functional scales such as the 6MWT and NSAA. Red dots represent

6MWT data, while blue squares represent NSAA data

Creatinine, that represents its degradation product and is present in
urine and blood, is usually considered a marker of renal function.
As in Duchenne patients, creatine is normally synthesized by the
liver but not metabolized in muscles, high creatine and low crea-
tinine values are usually observed in both blood and serum. Similar
profiles were observed for other forms of muscular dystrophy such
as BMD, LGMD2A and LGMD2B. Interestingly, creatinine levels
showed intermediate levels in BMD patients compared to DMD
and healthy individuals indicating a possible relationship between

dystrophin levels in muscle and creatinine in serum. An involvement
of the creatine downstream metabolism is supported by the finding
that the creatine precursor, the guanidinoacetic acid is reduced in
DMD as well as in other MDs. It was recently reported that the
creatine/creatinine ratio is particularly elevated in older, more
severely affected DMD patients postulating its use as a marker of
disease progression.’? Our data suggest that there is a negative
correlation between the ratio and the performance of patients, as

indicated by the significant association with 6MWT and NSAA
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figures. However, further research in bigger cohorts of patients is
needed to confirm this association and its potential use as a surro-
gate end-point.

Data regarding the testosterone metabolism confirmed the
reduction of 2 testosterone-related steroids (50-DHT and dehy-
droisoandrosterone 3-sulphate), most probably caused by treatment
with glucocorticoids. We further expand this observation by report-
ing a reduction in other metabolites involved in testosterone meta-
bolism such as isohomovanillic acid, which is a product of
catecholamine metabolism, mainly found in urine as a product of
adrenal glands. Reduced levels of isohomovanillic acid could be due
to the treatment with glucocorticoids suppressing the hypothalamus-
pituitary-adrenal (HPA) axis resulting in adrenal glands suppression.
More studies are needed to evaluate whether isohomovanillic acid
levels could be a prognostic marker of HPA suppression.

Several metabolites involved in amino acids metabolism were
affected in DMD patients such as isohomovanillic acid, p-coumaric
acid, L-Aspartic acid, serine, ornithine, 2-hydroxycaproic acid and
indoleacetic acid. This observation could be the direct effect of
increased muscle protein degradation and resynthesis in accordance
of what has been observed in dystrophic animal models.®3

Finally, citrulline levels were found to be reduced in DMD
patients; interestingly, citrulline is being tested in a single-centre,
randomized, placebo-controlled trial in combination with met-
formin.3* This therapeutic approach aims to stimulate mitochondrial
function and to compensate oxidative stress by increasing the pro-
duction of nitric oxide (NO). In fact, NO is synthesized from the pre-
cursor arginine, which is in turn synthesized from citrulline.®> It was
recently shown that both arginine and citrulline can boost the pro-
duction of NO in humans.®® Restoration of citrulline serum levels
and NO levels in DMD patients could be used as pharmacodynamics
biomarkers to study the effect of this ongoing combination therapy.

While our study is controlled for food intake, other factors such
as physical exercise, supplements, stress and time of the day could
affect the observed profiles, and they were not investigated in this
study. Additional studies in more controlled settings such as clinical
trials are required to validate the identified associations.

Despite these limitations our study provides a list of biomarkers
useful as potential candidates to evaluate the patients’ disease pro-
gression in prospective natural history studies and response to ther-

apy in dose-finding studies.

ACKNOWLEDGEMENTS

We are grateful to the Naples Human Mutation Gene Biobank
(NHMGB), member of the EuroBioBank network and of the Telethon
Network of Genetic Biobanks (project no. GTB12001), for providing
us with specimens. This work was supported by the European Com-
munity’s Seventh Framework Programme (FP7/2007-2013) under
grant agreement no. 305121 “Integrated European Project on Omics
Research of Rare Neuromuscular and Neurodegenerative Diseases
(NEUROMICS)” and grant agreement no. 305444 “RD-Connect”. PS
and AAR would like to acknowledge the Association Francaise

WiILEY--2

contre les Myopathies (grant no. 17724)) and ZonMw (grant no.
113302001) for supporting this work. The authors declare no
competing financial interests related to this work.

CONFLICT OF INTEREST

The authors report no conflict of interest related to this work.

ORCID

Pietro Spitali http://orcid.org/0000-0003-2783-688X

REFERENCES

1. Mercuri E, Muntoni F. Muscular dystrophies. Lancet 2013;381:845-
860.

2. Manzur AY, Muntoni F. Diagnosis and new treatments in muscular
dystrophies. J Neurol Neurosurg Psychiatry. 2009;80:706-714.

3. Ellis JA, Vroom E, Muntoni F. 195th ENMC International Workshop:
newborn screening for Duchenne muscular dystrophy 14-16th
December, 2012, Naarden, The Netherlands. Neuromuscul Disord.
2013;23:682-689.

4. Prins KW, Humston JL, Mehta A, et al. Dystrophin is a microtubule-
associated protein. J Cell Biol. 2009;186:363-369.

5. Way M, Pope B, Cross RA, et al. Expression of the N-terminal
domain of dystrophin in E. coli and demonstration of binding to F-
actin. FEBS Lett. 1992;301:243-245.

6. Nadarajah VD, van Putten M, Chaouch A, et al. Serum matrix metal-
loproteinase-9 (MMP-9) as a biomarker for monitoring disease pro-
gression in Duchenne muscular dystrophy (DMD). Neuromuscul
Disord. 2011;21:569-578.

7. Hathout Y, Marathi RL, Rayavarapu S, et al. Discovery of serum pro-
tein biomarkers in the mdx mouse model and cross-species compar-
ison to Duchenne muscular dystrophy patients. Hum Mol Genet.
2014;23:6458-6469.

8. Hathout Y, Brody E, Clemens PR, et al. Large-scale serum protein
biomarker discovery in Duchenne muscular dystrophy. Proc Natl
Acad Sci USA. 2015;112:7153-7158.

9. Rouillon J, Poupiot J, Zocevic A, et al. Serum proteomic profiling
reveals fragments of MYOMS3 as potential biomarkers for monitoring
the outcome of therapeutic interventions in muscular dystrophies.
Hum Mol Genet. 2015;24:1-59.

10. Jeanson-Leh L, Lameth J, Krimi S, et al. Serum profiling identifies
novel muscle miRNA and cardiomyopathy-related miRNA biomarkers
in golden retriever muscular dystrophy dogs and Duchenne muscular
dystrophy patients. Am J Pathol. 2014,;184:2885-2898.

11. Ayoglu B, Chaouch A, Lochmiiller H, et al. Affinity proteomics within
rare diseases: a BIO-NMD study for blood biomarkers of muscular
dystrophies. EMBO Mol Med. 2014;6:1-19.

12. Oonk S, Spitali P, Hiller M, et al. Comparative mass spectrometric and
immunoassay-based proteome analysis in serum of Duchenne muscu-
lar dystrophy patients. Proteomics Clin Appl. 2015;10:290-299.

13. Cynthia Martin F, Hiller M, Spitali P, et al. Fibronectin is a serum
biomarker for Duchenne muscular dystrophy. Proteomics - Clin. Appl.
2014;8:269-278.

14. Coenen-Stass AML, McClorey G, Manzano R, et al. Identification of
novel, therapy-responsive protein biomarkers in a mouse model of
Duchenne muscular dystrophy by aptamer-based serum proteomics.
Sci Rep. 2015;5:17014.

15. Burch PM, Pogoryelova O, Goldstein R, et al. Muscle-derived pro-
teins as serum biomarkers for monitoring disease progression in


http://orcid.org/0000-0003-2783-688X
http://orcid.org/0000-0003-2783-688X
http://orcid.org/0000-0003-2783-688X

2% | WILEY

16.

17.

18.

19.

20.
21.
22.

23.

24,

25.

26.

27.

28.

SPITALI ET AL

three forms of muscular dystrophy. J Neuromuscul Dis. 2015;2:241-
255.

Timpani CA, Hayes A, Rybalka E. Revisiting the dystrophin-ATP con-
nection: how half a century of research still implicates mitochondrial
dysfunction in Duchenne Muscular Dystrophy aetiology. Med
Hypotheses. 2015;85:1021-1033.

Rodriguez-Cruz M, Cruz-Guzman OR, Escobar RE, et al. Leptin and
metabolic syndrome in patients with Duchenne/Becker muscular
dystrophy. Acta Neurol Scand. 2016;133:253-260.

Srivastava NK, Annarao S, Sinha N. Metabolic status of patients with
muscular dystrophy in early phase of the disease: in vitro, high reso-
lution NMR spectroscopy based metabolomics analysis of serum. Life
Sci. 2016;151:122-129.

Boca SM, Nishida M, Harris M, et al. Correction: Discovery of meta-
bolic biomarkers for Duchenne muscular dystrophy within a natural
history study. PLoS ONE. 2016;11:e0159895.

Srivastava NK, Mukherjee S, Sinha N. Alteration of phospholipids in
the blood of patients with Duchenne muscular dystrophy (DMD):
in vitro, high resolution (31)P NMR-based study. Acta Neurol Belg.
2016;116:573-581.

Boudah S, Olivier MF, Aros-Calt S, et al. Annotation of the human
serum metabolome by coupling three liquid chromatography meth-
ods to high-resolution mass spectrometry. J Chromatogr B Analyt
Technol Biomed Life Sci. 2014;966:34-47.

Dunn WB, Broadhurst D, Begley P, et al. Procedures for large-scale
metabolic profiling of serum and plasma using gas chromatography
and liquid chromatography coupled to mass spectrometry. Nat Pro-
toc. 2011;6:1060-1083.

Goeman JJ. A global test for association of a group of genes with a
clinical outcome. Statistics (Ber). 2003;20:93-99.

Goeman JJ, Van de Geer S, De Kort F, et al. A global test for groups
of genes: testing association with a clinical outcome. Bioinformatics.
2004;20:93-99.

Pico AR, Kelder T, Van lersel MP, et al. WikiPathways: pathway edit-
ing for the people. PLoS Biol. 2008;6:1403-1407.

Janssen B, Voet N, Geurts A, et al. Quantitative MRI reveals deceler-
ated fatty infiltration in muscles of active FSHD patients. Neurology.
2016;86:1700-1707.

Duijnisveld BJ, Henseler JF, Reijnierse M, et al. Quantitative Dixon
MRI sequences to relate muscle atrophy and fatty degeneration with
range of motion and muscle force in brachial plexus injury. Magn
Reson Imaging. 2017;36:98-104.

Kinali M, Arechavala-Gomeza V, Cirak S, et al. Muscle histology vs
MRI in Duchenne muscular dystrophy. Neurology. 2011;76:346-353.

29.

30.

31

32.

33.

34.

35.

36.

Haslett JN, Sanoudou D, Kho AT, et al. Gene expression profiling of
Duchenne muscular dystrophy skeletal muscle. Neurogenetics.
2003;4:163-171.

Doran P, Wilton SD, Fletcher S, et al. Proteomic profiling of antisense-
induced exon skipping reveals reversal of pathobiochemical abnormal-
ities in dystrophic mdx diaphragm. Proteomics. 2009;9:671-685.
Pescatori M, Broccolini A, Minetti C, et al. Gene expression profiling
in the early phases of DMD: a constant molecular signature charac-
terizes DMD muscle from early postnatal life throughout disease
progression. FASEB J. 2007;21:1210-1226.

Zhang H, Zhu Y, Sun Y, et al. Serum creatinine level: a supplemental
index to distinguish Duchenne muscular dystrophy from Becker
muscular dystrophy. Dis Markers. 2015;2015:1-5.

Garber AJ, Schwartz RJ, Seidel CL, et al. Skeletal muscle protein and
amino acid metabolism in hereditary mouse muscular dystrophy.
Accelerated protein turnover and increased alanine and glutamine
formation and release. J Biol Chem. 1980;255:8315-8324.

Hafner P, Bonati U, Rubino D, et al. Treatment with I-citrulline and
metformin in Duchenne muscular dystrophy: study protocol for a sin-
gle-centre, randomised, placebo-controlled trial. Trials. 2016;17:389.
Castillo L, Chapman TE, Sanchez M, et al. Plasma arginine and citrul-
line kinetics in adults given adequate and arginine-free diets. Proc
Natl Acad Sci USA. 1993;90:7749-7753.

Moinard C, Maccario J, Walrand S, et al. Arginine behaviour after
arginine or citrulline administration in older subjects. Br J Nutr.
2016;115:399-404.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Spitali P, Hettne K, Tsonaka R, et al.
Cross-sectional serum metabolomic study of multiple forms
of muscular dystrophy. J Cell Mol Med. 2018;22:2442-2448.
https://doi.org/10.1111/jcmm.13543



https://doi.org/10.1111/jcmm.13543

