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Abstract
Duchenne muscular dystrophy is a hereditary neuromuscular disorder caused by dystrophin deficiency, leading to progressive muscle degeneration and

weakness.  Beyond  muscle  pathology,  this  condition  is  systemic  and  also  affects  central  and  peripheral  nervous  system  function,  promoting  synaptic

imbalance,  metabolic  alterations,  and  neuronal  hyperexcitability.  In  this  study,  we  investigated  whether  pharmacological  modulation  of  chloride

homeostasis using CLP290, a carbamate prodrug of CLP257, could restore synaptic, metabolic, and functional balance under dystrophic conditions. Four-

week-old dystrophic mice and non-dystrophic controls received CLP290 10 mg·kg−1 via an intradermal biomembrane implant with controlled release for

seven  consecutive  days.  Motor  performance  was  assessed  using  automated  gait  analysis,  while  molecular  and  cellular  changes  were  evaluated  by

immunohistochemistry  of  lumbar  spinal  cord segments  and protein  expression analysis  in  skeletal  muscle.  Metabolic  adaptations  were examined using

nuclear  magnetic  resonance-based  metabolomics  of  neural  tissues  combined  with  liquid  chromatography-mass  spectrometry-based  metabolomics  of

skeletal  muscle.  Treatment  significantly  improved  gait  stability,  balance,  and  plantar  contact  dynamics  without  detectable  toxic  effects.  Functional

improvements were associated with increased expression of the neuronal potassium-chloride cotransporter and glutamate decarboxylase in presynaptic

inputs  to  spinal  alpha  motor  neurons,  suggesting  enhanced  chloride  regulation,  strengthened  inhibitory  neurotransmission,  and  reduced  neuronal

excitability. Metabolomic analyses revealed coordinated metabolic remodeling in central and peripheral tissues, including bioenergetic adaptations in the

spinal  cord  and  partial  normalization  of  dystrophic  muscle  metabolic  profiles.  Together,  these  findings  support  an  integrated  neural  and  metabolic

mechanism  underlying  the  functional  benefits  of  the  treatment  and  highlight  its  potential  as  an  adjuvant  strategy  for  early  intervention  in  Duchenne

muscular dystrophy.
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 Introduction
Duchenne  Muscular  Dystrophy  (DMD)[1,2] is  the  most  common

and  severe  form  of  muscular  dystrophy,  with  a  prevalence  of
7.1/100,000  male  births,  diagnosed  between  4–7  years  of  age[3−6].
This  pathology  of  recessive  genetic  origin  is  caused  by  X  chromo-
some spontaneous mutations that affect the coding of the gene at
the  Xp21  locus,  responsible  for  the  synthesis  of  the  427  kDa  cyto-
plasmic  protein  dystrophin,  the  largest  isoform  expressed  in
muscles and neuronal cells[7−9]. Due to different types of mutations,
a  genotype-phenotype  pathological  linkage  can  be  observed  in
several variants of the DMD gene, leading to a myriad of functional
impairments[10].  In  DMD,  the  absence  of  functional  dystrophin
disrupts  connections  of  the  actin  cytoskeleton  to  the  extracellular
matrix, destabilizing the myofibrils during contraction, inducing fra-
gility and continuous loss of muscle fibers, with replacement of the
myofibers  by  fibrotic  tissue  and  infiltration  of  adipose  tissue[11−13].
Molecular, structural,  and functional dysfunctions caused by patho-
logy,  due to the absence of dystrophin,  in muscle fibers have been
extensively studied. However, comorbidities in the central (CNS) and
peripheral  (PNS) nervous system have been increasingly diagnosed
in  patients  with  DMD  and  MDX  mice  (an  animal  model  for
DMD)[14−17].  Nevertheless,  studies evaluating the neuropathological
effects of the mutation in dystrophin synthesis, which affects synap-
tic homeostasis in the spinal cord of DMD patients, are still scarce[18].
In  MDX  mice,  there  is  evidence  that  spinal  cord  interneurons  and

alpha motoneurons are retrogradely affected by the muscle degen-
eration[19,20].  This,  in turn, may affect the course of the disease, ulti-
mately favoring skeletal muscle wasting[21,22].

The absence of dystrophin in the nervous system causes destabi-
lization  of  postsynaptic  GABA_A  receptor  clusters.  This  contributes
to  the  cerebellar  cortex's  lack  of  neurofunctional  control,  which  is
due  to  the  irregular  firing  of  Purkinje  cells.  This  irregular  firing  is
caused by the reduction of GABA_A receptors,  which compromises
motor  function  in  MDX  mice[21,23,24].  Additionally,  GABAA  dysfunc-
tion  in  MDX  mice  has  the  potential  to  contribute  to  changes  in
neuronal excitability at central inhibitory synapses in neural regions
lacking  dystrophin,  such  as  the  hippocampus,  amygdala,  and
sensory  cortices[23,25−28].  In  turn,  the  synthesis  and  release  of
gamma-aminobutyric  acid  (GABA)  may  be  downregulated,  result-
ing  in  disturbances  and/or  dysfunction  of  chloride  influx  and
hyperexcitability[29].  In  the  post-synaptic  neuron,  Na/K/ATPase
(NKCC1) and KCC2[30] contribute to the regulation of the membrane
potential  by  modulating  chloride  levels  intracellularly[31−33].  How-
ever,  certain  neuronal  pathologies  begin  through  neurodevelop-
mental  disorders  that  have  a  genetic  link  to  the  loss  of  the  KCC2
cotransporter,  including  autism,  schizophrenia[34],  and  epilepsy[35].
By  increasing  the  intracellular  Cl- concentration[36−38],  due  to  the
negative regulation of KCC2, there is a decrease in rheobase, gene-
rating  neuromuscular  hyperexcitability  in  DMD  patients  and  MDX
mice[39−41].
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Since  KCC2  has  critical  functions  at  inhibitory  synapses,  its
absence  induces  immediate  death  after  birth  in  KCC2  knock-out
mice,  caused  by  loss  of  motor  function,  including  respiratory
suppression[42].  Thus,  the  depletion  of  the  KCC2  cotransporter  can
be  controlled  by  increasing  its  expression  through  the  stimulation
of  pharmacological  therapy  with  bioactive  molecules  such  as
CLP290[43,44].  This compound, derived from the CLP257 substrate, is
improved due to carbamate protection and safer in relation to toxi-
cological effects, indicating its therapeutic efficiency in clinical trials.
Therefore,  our  hypothesis  is  based  on  the  use  of  the  prodrug
CLP290,  developed  by  Koninck  et  al.  in  partnership  with  the  com-
pany  Chlorion  Pharma[45].  Designed  as  a  modulator  of  chloride
homeostasis via enhancement of KCC2 activity, this compound may
contribute  to  the  stabilization  of  neuronal  excitability  and  neuro-
muscular  function  in  DMD[46−50].  Despite  increasing  evidence  that
neuronal chloride regulation plays a critical role in synaptic stability
and  excitability,  its  contribution  to  neuromuscular  dysfunction
under  dystrophic  conditions  remains  incompletely  understood.
Therefore, the present study investigated whether pharmacological
modulation  of  chloride  homeostasis  could  mitigate  neural,  meta-
bolic,  and  functional  alterations  associated  with  dystrophin  defi-
ciency.  To address this question,  we combined behavioral,  molecu-
lar, and metabolomic approaches in a dystrophic mouse model.

 Materials and methods

 Animals
Mice of the C57BL/10 and dystrophic MDX strains (male, 4 weeks

old,  15–20  g)  were  obtained  from  the  Multidisciplinary  Center  for
Biological Research of the University of Campinas (CEMIB/UNICAMP)
and housed in the facilities of the Laboratory of Nerve Regeneration,
Institute of Biology, UNICAMP. The animals were kept under a light-
dark  cycle  (12  h/12  h)  with  controlled  temperature  and  humidity
and with water and pelleted food ad libitum. In total, 120 mice were
required and are detailed in Table 1.

 Drug treatment
The  mice  were  anesthetized  with  isoflurane,  using  an  inhalation

anesthesia  system  for  small  rodents  (BRASMED-Code  170130).  The
skin was carefully separated to accommodate GelMA/PCL microban-
dages,  fabricated  using  the  BIO  X  multimaterial  system  (BICO-
Cellink,  Gothenburg,  Sweden).  The  models  were  designed  in  CAD
(computer-aided  design)  and  sliced  in  PrusaSlicer  to  generate  the
G-code,  consisting  of  two  flat-layer  structures  10  mm  ×  10  mm  in
size  and 0.5  mm in  thickness.  PCL/GelMA intradermal  implantation
included doses of 1, 5, and 10 mg·kg−1 of CLP290/β-cyclodextrin for
7 d,  starting on the last day of the 4th week and ending on the last
day of the 5th week of life.  After surgery,  the mice were kept in the
animal house of the Laboratory of Nerve Regeneration (LRN) of the
Department of  Structural  and Functional  Biology of  the Institute of
Biology  at  Unicamp  until  the  time  of  euthanasia.  The  intradermal
PCL/GelMA  biomembrane  was  designed  as  a  sustained-release

system to maintain continuous exposure to CLP290 throughout the
treatment  period via a  single  implantation,  rather  than  as  a  tissue-
targeted drug delivery platform.

 Motor function tests and dose-response
evaluation

The  animals'  spontaneous  gait  was  evaluated  to  define  the  best
responses after application of 1, 5, or 10 mg·kg−1·d−1 of the prodrug
CLP290.  For  that,  the  sciatic  nerve  functional  index  (SFI),  posterior
base of support, and maximum contact area were analyzed using an
automated  walking  track  test  system  (CatWalk  XT  System,  Noldus
Inc., Netherlands). This apparatus allows the animal to walk freely on
a glass platform illuminated with green light, highlighting the foot-
prints when the paws contact the path. Three runs were recorded by
a high-speed camera placed under the walkway, and the data were
analyzed by CatWalk XT 10.6 software (Noldus Inc.). The sciatic func-
tion  index  (SFI)  was  calculated  according  to  the  following  formula
(56):  SFI  =  118.9  ([ETS − NTS]/NTS) − 51.2  ([EPL − NPL]/NPL) − 7.5,
where N,  normal  (right)  side;  E,  experimental  (left)  side;  PL,  impres-
sion length; and TS, toe spread. For acclimatization, mice were indi-
vidually placed in the system to walk for 5 min·d−1 for 4 d before the
start of the experiments. The runs were acquired every day for seven
consecutive  days  at  the  same  time,  keeping  the  environmental
conditions  standardized,  and  the  data  were  collected  from  each
animal  per  group.  Run durations  between 0.50 and 5.00 at  a  maxi-
mum speed with a variation of 60% were considered compliant. The
camera  gain  was  set  to  25.01  and  the  detection  threshold  to  0.25.
Four compatible runs were acquired per trial.

 Collection and preparation of tissues
After  the  7-d  treatment  period  with  CLP290  or  vehicle,  the  mice

were  anesthetized  with  an  overdose  of  xylazine  (30  mg·kg−1)  and
ketamine  (300  mg·kg−1)  and  underwent  thoracotomy  followed  by
transcardiac perfusion with 0.1 mol·L−1 sodium phosphate-buffered
saline (PBS, with 0.9% NaCl; pH 7.38). Next, we extracted the tibialis
anterior muscles for Western blotting analysis. The mice designated
for spontaneous locomotion tests were the same used for immuno-
histochemical  analyses.  In  addition  to  the  saline  solution,  transcar-
diac  perfusion  was  performed  with  fixative  solution  (4%  parafor-
maldehyde  in  0.1  mol·L−1 PBS).  After  fixation,  the  lumbar  spinal
cords  and  DRG  were  dissected  and  immersed  in  the  same  fixative
solution  overnight  at  4  °C.  Subsequently,  the  specimens  were
washed three times with 0.1 mol·L−1 PBS, then immersed in a series
of sucrose solutions (10%, 20% and 30%, 24 h each).  Samples were
embedded in Tissue-Tek, frozen in n-hexane at a controlled tempe-
rature  (−25  to −30  °C)  and  then  cryostat  sectioned  or  stored  at
−20 °C.

 Tissue collection for NMR and LC-MS
Mice were anesthetized with an overdose of xylazine (30 mg·kg−1)

and  ketamine  (300  mg·kg−1).  A  thoracotomy  was  performed,
followed by cardiac puncture to collect  0.8–1.0 mL of  blood,  which

 

Table 1.  Experimental groups, mouse strains, treatments, and evaluation methos used throughout the study.

Groups Catwalk analysis Immuno histochemistry Western blotting NMR Metabolomics

C57BL/10JUnib-Vehicle 6 5* 6* 6 6
C57BL/10Unib-CLP290 18§ 6* 5* 6 6
C57BL/10-Dmd<mdx>/PasUnib-Vehicle 6 6* 6* 6 6

C57BL/10-Dmd<mdx>/PasUni-CLP257 18§ 6* 6* 6 6

§ Two groups with (n = 18) and two groups with (n = 6), tested at doses of 1, 5, and 10 mg·kg−1. * The same mice were used for the different techniques.
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was  processed  for  plasma  separation  using  3.2%  citrate  (9:1  ratio)
and  centrifuged  at  3,000  ×  g  for  10  min  at  4  °C  under  nitrogen.  In
a  separate  cohort,  animals  underwent  transcardiac  perfusion  with
0.1  mol·L−1 sodium  phosphate-buffered  saline  (PBS;  0.9%  NaCl,  pH
7.38). Subsequently, the tibialis anterior muscles, sciatic nerves, and
lumbar  spinal  cords  were  harvested,  immediately  snap-frozen  in
liquid nitrogen, and stored in a −80 °C ultrafreezer until analysis.

 Western blotting of the tibialis anterior muscles
The Western blotting method used to quantify dystrophin protein

in tibialis  anterior muscles was previously described by Mizobuti  et
al.[51].  Briefly,  total  protein  determination  was  performed  using  the
Bradford method[52].  Fifty micrograms of  total  protein homogenate
were  loaded  on  15%  SDS-polyacrylamide  gels.  Immediately  after
electrophoresis, the proteins were transferred to nitrocellulose mem-
branes  and  probed  with  their  respective  primary  dystrophin  anti-
body  (Invitrogen  PA589628).  Subsequently,  the  membranes  were
incubated  with  anti-rabbit  secondary  antibody  (Promega  Corpora-
tion  W4011).  Additionally,  to  control  for  protein  loading,  transfer,
and  nonspecific  variations  in  protein  quantification,  blots  were
stripped  and  re-probed  for β-actin.  We  used  ImageJ  software  to
determine the pixel intensities of each band.

 Immunohistochemistry
Transverse  sections  of  the  lumbar  spinal  cord  and  dorsal  root

ganglia  (DRG),  12 μm  thick,  were  acquired  using  a  cryostat  (Leica
CM,  1860).  Subsequently,  the  sectioned  tissues  were  transferred  to
gelatinized  glass  slides  and  stored  at −20  °C  until  use.  The  slides
were then selected and acclimatized at room temperature, and the
sections  were  outlined  with  a  hydrophobic  pen  (PAP  pen,  Sigma
Z377821).  The  slides  were  transferred  to  a  humid  chamber  that
protects  photosensitive  reagents  from  light.  The  sections  were
immersed in 0.01 M PBS (3 × 5 min each),  lightly dried on the peri-
phery  of  the  slide,  and  incubated  with  150 μL  of  blocking  solution
(3%  bovine  serum  albumin  in  0.1  mol·L−1 PBS)  for  45  min.  Subse-
quently,  the  primary  antibodies  in Table  2 were  diluted  in  incu-
bation  solution  (1.5%  bovine  serum  albumin  and  0.2%  Tween  in
0.1  mol·L−1 PBS),  and 100 μL was  applied to  each slide/section and
incubated  overnight  in  the  refrigerator.  After  the  primary  antibody
incubation period, sections were washed with 0.01 mol·L−1 PBS and
incubated with the appropriate secondary antibody for 45 min. The
sections were again washed with 0.01 mol·L−1 PBS and coverslipped
with  glycerin/PBS  (3:1).  The  slides/tissues  were  observed  with  an
epifluorescence microscope (Leica DMB5500) and documented with
a digital  camera (Leica  DFC 345 FX),  using specific  filters  according
to  the  secondary  antibodies.  For  quantification,  three  images  of
tissue  sections  from  each  animal  in  each  experimental  group  were
selected.  Integrated  pixel  density,  which  represents  the  intensity
of  antibody  bound  to  the  protein  of  interest,  was  measured  from
transverse sections of  the lumbar spinal  cord.  We used the IMAGEJ

software  (v1.33u,  National  Institutes  of  Health,  USA).  For  each
lumbar spinal cord, the mean ± standard error of the mean of each
experimental group was calculated and, using these values, compa-
risons were made between the groups.

 NMR-metabolomics of lumbar spinal cord and
sciatic nerve
 Metabolite extraction

Frozen segments of  lumbar spinal  cord from L4 to L6 and sciatic
nerves  of  mice  were  weighed.  Subsequently,  the  tissues  in  2  mL
cryovials were homogenized for 40 s with a Polytron PT-MR 1600 E
homogenizer  (Kinematica  AG)  in  a  ratio  of  ≤ 50  mg  of  spinal  cord
and  ≤ 17  mg  of  nerves  to  1  mL  of  cold  100  mmol·L −1 phosphate
buffer,  pH  7.4.  After  tissue  homogenization,  metabolites  were
extracted  using  methanol  :  chloroform  :  milliQ  water  (2:2:0.5),  as
previously  described[53,54].  The  aqueous  and  organic  extracts  were
vacuum  dried  (SpeedVac,  Eppendorf),  and  all  dried  extracts  were
subsequently stored at −80 °C.

 Spectral acquisition
Polar  extracts  were  reconstituted  in  200 µL  of  deuterated  phos-

phate buffer (100 mmol·L−1, pH 7.4) containing 0.2 mmol·L−1 TSP-d4

(3-trimethylsilyl-2,2,3,3-d4-propionate  sodium  salt)  and  transferred
to 3 mm NMR tubes. Spectra were acquired at 298 K on a 500 MHz
1H  NMR  spectrometer  (Bruker  Avance  III  HD,  Portuguese  NMR
network)  equipped  with  a  cryoprobe.  Standard  one-dimensional
(1D) 1H spectra were recorded with a spectral width of 7,002.80 Hz,
a  recycle  time  of  5  s,  and  128  scans,  using  the  'noesypr1d'  pulse
sequence.  To confirm spectral  assignments,  two-dimensional 1H-1H
TOCSY and J-resolved spectra were acquired for selected samples.

 Data processing and acquisition
Spectra were processed in TopSpin 4.1 (Bruker)  with exponential

apodization (0.3 line broadening), manual phasing, baseline correc-
tion,  and  calibration  to  the  TSP  signal  at δ 0.00  ppm.  Metabolite
assignment  was  based  on  matching  1D 1H  spectral  data  to  refe-
rence  spectra  available  in  Chenomx  (Edmonton,  Canada)  and
BBIOREFCODE  (Bruker  BioSpin,  Rheinstetten,  Germany).  Metabolite
quantification was performed using signal deconvolution and fitting
to reference spectra from the Chenomx library through the Profiler
module of Chenomx NMR Suite v10.1 Professional.

 LC-MS-based metabolomics of skeletal muscle
 Sample collection and storage

Tibialis  anterior  (TA)  muscles  were  collected  from  C57BL/10  (BL)
and MDX mice, including control and CLP290-treated groups (n = 6
per group). Muscles were carefully dissected, rapidly frozen to arrest
metabolic activity, and stored at −80 °C until metabolite extraction.

 Metabolite extraction
Metabolite extraction was performed under cold conditions using

using  400 µL  of  MeOH/H2O  (70:30, V/V),  suitable  for  untargeted
metabolomics.  Muscle  samples  were  homogenized,  followed  by
centrifugation  to  remove  insoluble  material.  The  resulting  super-
natant  was  collected for  LC-MS analysis.  Extraction blanks  (BLANK),
consisting  of  empty  tubes  processed  alongside  the  biological
samples,  were  included  to  monitor  potential  contamination  and
background signals introduced during sample preparation.

 UHPLC-MS analysis
Metabolomic  analyses  were  carried  out  using  an  UltiMate  3000

UHPLC system coupled to a Q Exactive Orbitrap mass spectrometer.
Data  were acquired in  separate  analytical  runs  using positive  (ESI+)

 

Table  2.  Primary  antibodies  used  for  immunohistochemistry  and  Western
blotting analysis.

Antibody/neurotoxin Manufacturer Host Cat. number Concentration

KCC2 Millipore Rabbit 07-432 1:500
VGLUT1 Synaptic systems Rabbit 135,303 1:1,000
GAD65 Abcam Mouse ab26113 1:750
AMPA Abcam Rabbit ab31232 1:750
CHAT Abcam Sheep Ab18736 1:500
GFAP Abcam Rabbit ab7260 1:1,000

DYSTROPHIN§ Invitrogen Rabbit PA589628 1:1,000

§ Antibody used for Western blotting.
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and  negative  (ESI−)  electrospray  ionization  modes.  Chromato-
graphic  separation  was  achieved  on  an  ACQUITY  BEH  C18  column
(2.1 mm × 50 mm, 1.7 μm), maintained at 55 °C, with a flow rate of
0.4  mL·min−1 and  an  injection  volume  of  5 μL.  Mobile  phase  A
consisted  of  ACN  :  H2O  (60:40, V/V)  containing  1  mmol·L−1 ammo-
nium formate and 0.1% formic acid, while mobile phase B consisted
of  IPA  :  ACN  (90:10, V/V)  with  the  same  additives.  The  gradient
elution  was  applied  over  a  total  run  time  of  25  min,  including
elution, re-equilibration, and column stabilization steps.

 Mass spectrometry data acquisition
Mass  spectrometric  data  were  acquired  in  full-scan  mode  (MS1)

over an m/z range of 100–1,500, using a resolution of 70,000 (at m/z
200),  an automatic  gain control  (AGC)  target  of  3  × 106 ions,  and a
maximum injection time of 200 ms.

 Quality control samples
Analytical stability and reproducibility were monitored using qua-

lity  control  (QC)  samples  prepared  as  a  pooled  mixture  containing
aliquots  from  all  biological  samples.  QC  samples  were  injected
periodically  throughout  the  analytical  sequence  to  assess  instru-
ment performance and data consistency.

 Data processing
Raw  LC-MS  data  were  processed  using  MSConvert  followed  by

MZmine,  following a  standard untargeted metabolomics  workflow,
including  mass  detection,  chromatogram  construction,  chromato-
graphic  deconvolution,  isotopic  peak  grouping,  and  feature  align-
ment  across  samples.  Missing  values  arising  from  stochastic  MS
detection were addressed by applying gap filling after feature align-
ment,  ensuring  consistent  feature  intensity  estimation  across  the
dataset.  Feature  quality  control  was  performed  using  the  Feature
List  Rows  Filter  module.  Features  containing  MS/MS  information
were  explicitly  preserved  by  enabling  the  'Feature  with  MS2  scan'
and  'Never  remove  features  with  MS2'  options,  prioritizing  struc-
turally  informative  variables.  Following  filtering,  feature  intensity
normalization  was  applied  within  MZmine  to  the  filtered,  aligned,
and gap-filled feature list to correct for systematic analytical variabi-
lity. This procedure generated the final normalized feature intensity
matrix defined by m/z-retention time pairs.  The normalized dataset
was  subsequently  analyzed  using  MetaboAnalyst  and  RStudio.
Multivariate  analysis  was  performed  using  Principal  Component
Analysis  (PCA),  and  group  comparisons  were  conducted  using  the
non-parametric  Kruskal–Wallis  test.  Significant  metabolic  features
were visualized using heatmaps and volcano plots.

 Statistical analysis
All  quantitative  data  are  presented  as  mean  ±  standard  error  of

the  mean  (SEM),  with  * P <  0.05  considered  statistically  significant.
Conventional  experimental  data  were  analyzed  using  GraphPad
Prism  (v8.0.1;  GraphPad  Software,  USA).  Group  comparisons  for
immunohistochemistry  and  functional  recovery  were  performed
using  one-way  analysis  of  variance  (ANOVA)  followed  by  Tukey's
multiple comparisons test.

For  LC-MS-based  metabolomics,  analyses  were  conducted  sepa-
rately for positive and negative ionization modes. Principal compo-
nent  analysis  (PCA)  was  used  for  exploratory  assessment  of  global
metabolic  variation  and  sample  clustering.  Univariate  differences
between groups were evaluated using the non-parametric Kruskal–
Wallis  test.  The  25  most  significant  features  were  visualized  using
heatmaps following log2 transformation and feature-wise  autoscal-
ing (z-score), including QC and blank samples. The six most discrimi-
nant  features  were  further  examined  using  boxplots,  with  Dunn's
post hoc test applied for pairwise comparisons.

 Results

 Functional adaptation of spontaneous gait in MDX
mice during treatment with CLP290 (10 mg·kg−1)

The  locomotor  performance  of  the  experimental  groups  was
evaluated by the spontaneous walking track test  (CatWalk system).
Thus,  data were acquired every day,  for a period of 7 d,  totaling 48
measurements  per  group,  from the 4th week of  age in  both strains
(Table 3).  We analyzed the posterior base of support and the maxi-
mum  right  and  left  contact  area  (Fig.  1).  The  posterior  base  of
support  (BOS)  is  the average width between the hind limbs,  which
implicitly  represents  balance.  We observed that  C57BL10 and MDX
animals,  when  treated  with  1  and  10  mg·kg−1 of  CLP290,  reduced
their  posterior  support  measures  in  the  BOS  (**** P <  0.0001  and
** P <  0.01)  compared  to  the  measures  of  C57BL10  and  MDX
vehicles,  in  the  4th week.  Furthermore,  treatment  with  CLP290
10  mmg·kg−1,  in  the  MDX  and  C57BL/10  strains,  resulted  in  less
dispersion  of  BOS  measurements  between  the  animals  in  each
group,  demonstrated  in  the  dotted  lines  in Fig.  1a.  The  analysis  of
the maximum contact area of the left and right footprints in contact
with the glass plate (Fig. 1b and c) demonstrated that the treatment
with CLP290 10 mg/kg, in the MDX and C57BL/10 lines, reduced the
area of the footprints in maximum contact with the glass platform in
relation to the vehicle controls (**** P < 0.0001; Table 3).

 Intradermal implants containing CLP290
(10 mg·kg−1) did not alter 427 KDa dystrophin
expression in the tibial anterior muscle of MDX
mice

After  seven  consecutive  days  of  treatment  with  CLP290
(10  mg·kg−1·d−1)  or  the β-cyclodextrin  vehicle,  the  presence  or
absence of the total 427 kDa dystrophin protein in the anterior tibial
muscles  of  C57BL/10  control  mice  and  MDX  dystrophic  mice  was
evaluated by Western blotting (Supplementary Table S1). A minimal
427  kDa  dystrophin  signal  band  was  observed  in  vehicle- and
CLP290-treated  MDX  mice  compared  with  their  respective  vehicle-
treated C57BL/10 controls (C57BL/10, 12.56 ± 1.67 and MDX, 0.81 ±
0.72,  **** P <  0.0001; Supplementary  Fig.  S1)  and  CLP290-treated
counterparts (C57BL/10, 13.69 ± 0.94 and MDX, 0.39 ± 0.15, **** P <
0.0001; Fig.  2a),  consistent  with  the  expected  dystrophin  levels.
Ponceau  S  staining  was  used  for  visual  inspection  of  transfer
efficiency[55,56].

 Treatment with CLP290 enhances KCC2 expression
in lumbar spinal motoneurons of MDX mice

After  seven  uninterrupted  days  of  treatment  with  CLP290
10  mg·kg−1·d−1 or β-cyclodextrin  vehicle,  the  immunoreactivity  for
chloride cotransporter coverage, anti-KCC2, obtained from the motor
nucleus  in  the  lamina  IX  of  Rexed,  resulted  in  reduced  levels  of

 

Table 3.  Functional improvement with CLP290 treatment, 10 mg/kg/d, during
the 4th week of life of dystrophic MDX mice and C57BL/10 controls.

Assay CatWalk
Groups

BLVehicle MDXVehicle BLCLP290 MDXCLP290

Base of support 3.30 ± 0.03 3.30 ± 0.06 2.90 ± 0.03 3.00 ± 0.03
Max contact area left 0.42 ± 0.01 0.45 ± 0.01 0.30 ± 0.01 0.36 ± 0.01
Max contact area right 0.41 ± 0.01 0.41 ± 0.01 0.30 ± 0.01 0.33 ± 0.01
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anti-KCC2  expression  (Supplementary  Table  S1),  in  the  vehicle
dystrophic  line,  compared  to  the  vehicle  C57BL/10  counterpart
(*** P <  0.001; Fig.  2a and b).  Furthermore,  we  observed  a  trend
toward  reduced  immunoreactivity  in  the  plasma  membrane  of
motoneurons  from  MDX  vehicle  mice  (Fig.  2a and b).  Also,  after
treatment with 10 mg·kg−1 of CLP290, a more intense KCC2 expres-
sion  in  treated  MDX  mice  can  be  seen,  compared  with  the  control
C57BL/10  counterpart  (*** P <  0.001; Fig.  2a–d).  This  is  also  true
when  compared  with  the  vehicle  dystrophic  line  (**** P <  0.0001;
Fig.  2b–d).  In  addition  to  the  motor  nucleus,  collectively,  the  treat-
ment  optimized  KCC2  labeling,  increasing  its  expression  in  the
plasma  membrane  of  motoneurons  of  MDX  mice,  compared  with
C57BL/10 and MDX vehicles (* P < 0.05; Fig. 2a–d, and *** P < 0.001;

Fig.  2b–d,  respectively). Figure  3e and f present  quantitative  data
regarding integrated pixel density. In parallel with these changes in
chloride  homeostasis-related  signaling,  a  significant  reduction  of
GAD65  expression  in  vehicle  MDX  mice  compared  to  the  control
C57BL/10 strain (** P < 0.01; Fig. 2g and h) was observed. However,
following treatment with 10 mg/kg of CLP290, there was upregula-
tion  of  GAD65  in  lamina  IX  of  both  C57BL/10  and  MDX  mice,
compared  to  their  vehicle  counterparts (* P <  0.05,  ** P <  0.01;
Fig. 2h–j). Figures 2j and k present quantitative data regarding inte-
grated pixel density.

The  immunoreactivity  for  the  vesicular  glutamatergic  vesicles
(VGLUT1), in cross-sections of the lumbar spinal cord, first observed
in  the  panoramic  view  of  the  gray  matter,  shows  a  tendency  for

 

a b c

Fig. 1  (a) Posterior base of support; (b) left maximum contact area; and (c) right maximum contact area in C57BL/10 and MDX dystrophic mice following
treatment  with  the  prodrug  CLP290.  Statistical  significance:  ** P <  0.01,  **** P <  0.0001.  Data  are  presented  as  mean  ±  SEM, n =  6,  and  locomotor
parameters were recorded repeatedly throughout the 7-day treatment period.
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Fig. 2  (a)–(f) Anti-KCC2 immunostaining of lumbar spinal cord cross sections, showing increased staining intensity after 7 d of CLP290 treatment. (a)–(c)
C57BL/10;  (b)–(d)  MDX;  (e),  (f)  quantification  of  integrated  pixel  density  and  statistical  significance  of  intergroup  comparisons  (*** P <  0.001;  **** P <
0.0001). Motor nucleus (dotted circle), motoneuron plasma membrane (arrows), and motoneuron cytoplasm (*) exhibiting positive staining. (g)–(l) Anti-
GAD65 immunostaining of lumbar spinal cord cross sections, showing increased staining intensity after 7 d of CLP290 treatment. (g)–(i) C57BL/10; (h)–(j)
MDX. (k), (l) Quantification of integrated pixel density and statistical significance of intergroup comparisons (* P < 0.05; ** P < 0.01; *** P < 0.001). Rexed
lamina IX and motoneuron nucleus (dotted circles).  Scale bar:  50 μm. Data are presented as mean ± SEM, n = 6.  Quantitative analyses were performed
from multiple lumbar spinal cord sections containing motoneurons from each animal, as described in the Methods section.
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MDX  mice  to  exhibit  greater  VGLUT1  labeling  than  the  C57BL/10
control (Fig. 3; Supplementary Table S1). Interestingly, CLP290 treat-
ment reduced VGLUT1 expression in both MDX and C57BL/10 mice
(* P < 0.05; *** P < 0.001; **** P < 0.0001; Fig. 3c and d). Figure 3e–g
presents the quantitative data referring to integrated pixel  density.
Converging  with  these  treatment-related  alterations  in  excitatory
synaptic  markers,  anti-GFAP (glial  fibrillary  acidic  protein)  immuno-
histochemistry,  an  astrocytic  marker,  revealed  elevated  expression
in Rexed lamina IX of MDX vehicle mice compared to the C57BL/10
vehicle  counterpart  (** P <  0.01; Fig.  3h and i).  Treatment  with
CLP290  (10  mg·kg−1)  significantly  reduced  GFAP  expression  in  the
dystrophic strain compared to the MDX vehicle group (*** P < 0.001;
Fig.  3i–k).  Furthermore,  MDX mice treated with CLP290 showed no
statistical difference in GFAP expression compared to the C57BL/10
group. Figure  3l presents  the  quantitative  analysis  regarding  inte-
grated pixel density.

The  immunoreactivity  for  coverage  of  the α-Amino-3-hydroxy-
5-methyl-4-isoxazole-propionic  acid  receptor  (AMPAr),  a  subtype
of  ionotropic  glutamate  receptor[57],  revealed  that  treatment  with
10 mg·kg−1 of  CLP290 significantly  downregulates  its  expression in
the  dystrophic  strain  compared  to  the  C57BL/10  vehicle  and  MDX
vehicle  groups,  respectively  (* P <  0.05,  **** P <  0.0001; Fig.  4a–d).
Figure  4e presents  the  quantitative  integrated  pixel  density  data.
Complementing these alterations observed in glutamatergic signal-
ing  components,  immunoreactivity  for  choline  acetyltransferase
(ChAT)  coverage,  used  to  identify  cholinergic  neurons[58],  indicates
increased  expression  in  the  soma  and  plasma  membrane  of  moto-
neurons  (Supplementary  Fig.  S1)  in  MDX  mice  compared  to  the

control strain C57BL/10 (* P < 0.05; Fig. 4f and g). However, reduced
ChAT  expression  in  the  motoneuron  soma  was  observed  in  both
MDX  and  C57BL/10  mice  following  CLP290  treatment  (** P <  0.01,
**** P < 0.0001; Fig.  4h and i).  Furthermore,  the treatment reduced
anti-ChAT  expression  in  the  plasma  membrane  of  motoneurons
from  MDX  mice  compared  to  treated  C57BL/10  mice  (** P <  0.01;
Fig.  4h and i). Figure  4j presents  the  quantitative  data  regarding
integrated pixel density.

 NMR-metabolomics
 Metabolic profile of the lumbar spinal cord in response to
CLP290 treatment

NMR  analyses  of  lumbar  spinal  cord  extracts  made  it  possible  to
identify  23  polar  metabolites,  including  organic  acids  (4-aminobu-
tyrate  [GABA],  acetate,  aspartate,  citrate,  formate,  fumarate,  gluta-
mate,  lactate,  N-acetylaspartate,  and  succinate)[59−63];  amino  acids
and  related  compounds  (alanine,  aspartate,  glutamate,  glutamine,
glycine,  taurine,  creatine,  and  creatine  phosphate)[64,65];  choline-
containing  and  other  quaternary  ammonium  metabolites  (choline,
O-phosphocholine,  sn-glycero-3-phosphocholine,  and  carnitine);
polyols (glycerol and myo-inositol)[66,67]; and a nucleoside derivative
(S-adenosylhomocysteine,  SAH)[68].  These  metabolites  were  then
quantified  by  NMR  in  the  four  groups  compared  (BLvehicle,  MDX-
vehicle,  BLCLP290,  and  MDXCLP290)  and  their  levels  expressed  as
nmol·mg−1 of  tissue.  Their  variations  are  discussed in  the following
sections.
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Fig.  3  (a)–(g)  Anti-VGLUT1  immunohistochemistry  of  transverse  sections  of  the  lumbar  spinal  cord,  showing  reduced  staining  intensity  after  CLP290
administration. (e)–(g) Quantification of integrated pixel density and statistical significance of intergroup comparisons (* P < 0.05; *** P < 0.001; **** P <
0.0001).  Scale  bar:  50 μm.  (h)–(l)  Anti-GFAP  (glial  fibrillary  acidic  protein)  immunohistochemistry,  an  astrocytic  marker,  revealed  elevated  expression  in
Rexed  lamina  IX  of  MDX  vehicle  mice  compared  to  C57BL/10  vehicle  controls  (** P <  0.01;  [h],  [i]).  Treatment  with  CLP290  (10  mg·kg−1)  significantly
reduced GFAP expression in  MDX mice  compared to  the  MDX vehicle  group (*** P <  0.001;  [i]–[k]).  No statistically  significant  difference  was  observed
between  CLP290-treated  MDX  mice  and  the  C57BL/10  group.  (l)  Quantification  of  integrated  pixel  density.  Data  are  presented  as  mean  ±  SEM, n =  6.
Quantitative analyses were performed from multiple lumbar spinal cord sections containing motoneurons from each animal, as described in the Methods
section. Scale bar: 50 μm.
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 Energy and phosphorylation
After  seven  consecutive  days  of  treatment  with  CLP290

(10  mg·kg−1·d−1)  or β-cyclodextrin  vehicle,  metabolite  concentra-
tions  in  the  lumbar  spinal  cord  were  quantified  by  NMR  and
expressed  as  nmol·mg−1 of  tissue  (Fig.  5).  With  respect  to  energy
metabolism  and  phosphorylation-related  compounds,  CLP290
treatment  in  C57BL/10  mice  was  associated  with  higher  levels  of
creatine,  lactate,  and  N-acetylaspartate  compared  with  vehicle-
treated  controls  (no  statistical  difference; Fig.  5a, f,  and h).  In  MDX
mice,  CLP290  treatment  resulted  in  significant  differences  in  crea-
tine,  creatine  phosphate,  lactate,  and  N-acetylaspartate  relative  to
vehicle-treated MDX mice (* P < 0.05; Fig. 5a, b, f,  and h). Succinate
and  fumarate  concentrations  were  increased  following  CLP290
treatment  in  MDX  mice  and  in  both  genotypes,  respectively;  how-
ever, these changes did not reach statistical significance (Fig. 5c and
d),  while  no  significant  differences  were  detected  for  citrate  or
formate in either genotype (Fig. 5e and g).

 Osmoregulation and membranes
In addition to these metabolic adjustments associated with cellu-

lar  energy  buffering,  we  next  examined  metabolites  related  to
osmoregulation  and  membrane  dynamics.  CLP290  treatment  was
associated with increased concentrations of myo-inositol and carni-
tine in  MDX-CLP290 mice compared with C57BL/10 vehicle-treated
controls  (** P <  0.01; Fig.  5i and n).  Choline and O-phosphocholine
levels showed an upward trend following CLP290 treatment in both
genotypes,  although these changes did not reach statistical  signifi-
cance (Fig.  5j and k).  Glycerol  concentrations were not significantly
altered  by  CLP290  treatment  in  either  genotype  (Fig.  5l).  A

significant  increase  in  glycerophosphocholine  (GPC)  concentration
was observed in C57BL/10 mice treated with CLP290 compared with
vehicle-treated  controls  (* P <  0.05),  whereas  no  significant  diffe-
rence was detected in MDX mice (Fig. 5m).

 Excitatory and inhibitory amino acids
Considering that membrane turnover and osmotic regulation are

tightly  coupled  to  neurotransmitter  cycling  and  amino  acid  home-
ostasis,  we subsequently evaluated excitatory and inhibitory amino
acids. CLP290 treatment was associated with significant increases in
glutamate,  aspartate,  and  4-aminobutyrate  concentrations  in  both
C57BL/10  and  MDX  mice  compared  with  their  respective  vehicle-
treated  controls,  with  statistically  significant  differences  observed
in MDX-CLP290 mice compared with C57BL/10 vehicle-treated mice
(* P < 0.05 or ** P < 0.01; Fig. 5o–q). Significant increases in glycine
and  taurine  concentrations  were  also  observed  following  CLP290
treatment  in  both  genotypes,  again  with  statistically  significant
differences  in  MDX-CLP290 mice compared with  C57BL/10 vehicle-
treated mice (* P < 0.05; Fig. 5s and t), while alanine concentrations
were  not  significantly  altered  by  CLP290  treatment  in  either  geno-
type (Fig. 5r).

 Nitrogen metabolism and methylation
Finally,  to  determine  whether  these  metabolic  adaptations

extended  to  nitrogen  metabolism  and  methylation-related  path-
ways,  we  quantified  metabolites  associated  with  these  processes.
CLP290  treatment  did  not  result  in  statistically  significant  changes
in  S-adenosylhomocysteine  or  acetate  concentrations  in  either
C57BL/10  or  MDX  mice  (Fig.  5u and w),  and  glutamine  levels  were
likewise not altered following CLP290 treatment (Fig. 5v).
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Fig.  4  (a)–(e)  Anti-AMPAr immunostaining of  lumbar  spinal  cord transverse sections  showing reduced staining intensity  in  the motor  nucleus  of  MDX
mice  after  CLP290  treatment.  (e)  Quantification  of  integrated  pixel  density  and  statistical  significance  of  intergroup  comparisons  (* P <  0.05;  **** P <
0.0001).  (f)–(j)  Anti-ChAT immunostaining revealing increased motoneuron plasma membrane coverage (arrows)  in  MDX mice after  CLP290 treatment.
(j) Quantification of integrated pixel density of presynaptic ChAT+ membrane coverage and statistical significance of intergroup comparisons (* P < 0.05).
Data are presented as mean ± SEM, n = 6. Quantitative analyses were performed from multiple lumbar spinal cord sections containing motoneurons from
each animal, as described in the Methods section. Scale bar: 50 μm.
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Fig.  5  Quantitative NMR-based analysis  of  lumbar spinal  cord metabolites,  expressed as nmol·mg−1 of  tissue,  in C57BL/10 and MDX mice treated with
vehicle  or  CLP290  for  7  d.  (a)–(h)  Energy  and  phosphorylation-related  metabolites:  (a)  creatine,  (b)  creatine  phosphate,  (c)  succinate,  (d)  fumarate,  (e)
citrate, (f) lactate, (g) formate, and (h) N-acetylaspartate. Significant differences between MDX–CLP290 and C57BL/10 vehicle groups were observed for (a)
creatine, (f) lactate, and (h) N-acetylaspartate. (c) Succinate and (d) fumarate increased without reaching statistical significance; (e) citrate and (g) formate
were  unchanged.  (i)–(n)  Osmoregulation  and  membrane-related  metabolites:  (i)  myo-inositol,  (j)  choline,  (k)  O-phosphocholine,  (l)  glycerol,  (m)
glycerophosphocholine  (GPC),  and  (n)  carnitine.  CLP290  increased  (i)  myo-inositol  and  (n)  carnitine  in  both  genotypes.  GPC  increased  only  in  (m)
C57BL/10  mice;  (j)  choline,  (k)  O-phosphocholine,  and  (l)  glycerol  were  not  significantly  altered.  (o)–(t)  Amino  acids:  (o)  glutamate,  (p)  aspartate,  (q)  4-
aminobutyrate, (r)  alanine, (s) glycine, and (t)  taurine. Significant differences between MDX–CLP290 and C57BL/10 vehicle groups were detected for (o)
glutamate,  (p)  aspartate,  (q)  4-aminobutyrate,  (s)  glycine,  and  (t)  taurine,  while  (r)  alanine  remained  unchanged.  (u)–(w)  Nitrogen  metabolism-related
metabolites: (u) adenosylhomocysteine, (v) glutamine, and (w) acetate, with no statistically significant differences. Data are presented as mean ± SEM, n =
6. Statistical significance: * P < 0.05; ** P < 0.01.
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 Metabolic profile of the sciatic nerve in response to CLP290
treatment

NMR  analysis  of  sciatic  nerve  extracts  allowed  the  identification
of  12  polar  metabolites,  separated  into  four  groups.  Energy  and
phosphorylation (creatine, acetate, N-acetylaspartate, carnitine, and
lactate)[69−73],  membrane  osmoregulation  (choline,  O-phospho-
choline,  and  Myo-inositol)[74−77],  excitatory  and  inhibitory  amino
acids  (taurine,  alanine,  and  glycine)[78],  and  nitrogen  metabolism
and methylation (formate)[79,80].

 Energy and phosphorylation
After  seven  consecutive  days  of  treatment  with  CLP290

(10  mg·kg−1·d−1)  or β-cyclodextrin  vehicle,  metabolites  associated
with  phosphorylation  and  energy  metabolism  in  the  sciatic  nerve
were  quantified  by  NMR  and  expressed  as  nmol−1·mg−1 of  tissue
(Fig.  6).  Significant  differences  in  metabolite  concentrations were
observed  between  dystrophic  (MDX)  and  non-dystrophic
(C57BL/10)  mice,  regardless  of  treatment.  MDX  mice  consistently
exhibited  higher  concentrations  of  creatine,  N-acetylaspartate,
carnitine,  and  lactate  compared  with  C57BL/10  mice  under  both
vehicle- and  CLP290-treated  conditions  (* P <  0.05,  ** P <  0.01,  or
*** P < 0.001; Fig. 6a, c–e). Although CLP290 treatment did not result
in  statistically  significant  changes  within  the  C57BL/10  group,  a
consistent  modulation  of  creatine,  N-acetylaspartate,  and  lactate
concentrations was observed relative to vehicle-treated controls. No
apparent modulation was observed for acetate in either strain, with
or  without  CLP290  treatment,  nor  for  carnitine  in  C57BL/10  mice
(Fig. 6b and d).

 Osmoregulation and membranes
In parallel with these metabolic features related to energy buffer-

ing  and  phosphorylation,  choline-related  metabolites  in  the  sciatic
nerve  were  also  quantified  by  NMR  following  the  same  treatment
paradigm (Fig. 6). Regardless of treatment (vehicle or CLP290), MDX
mice  exhibited  higher  concentrations  of  choline,  myo-inositol,  and
O-phosphocholine  compared  with  C57BL/10  mice  (** P <  0.01  and
*** P <  0.001; Fig.  6f–h).  Within  the  C57BL/10  genotype,  CLP290
treatment led to increased levels of choline and O-phosphocholine,
as  well  as  a  statistically  significant  increase  in  myo-inositol  com-
pared  with  vehicle-treated  C57BL/10  mice  (* P <  0.05; Fig.  6g).  For
choline,  a  significant  difference  was  specifically  observed  between
MDX  mice  treated  with  CLP290  and  vehicle-treated  C57BL/10
controls (** P < 0.01; Fig. 6f).

 Excitatory and inhibitory amino acids
Considering  that  membrane-related  metabolites  and  osmotic

regulators  are tightly  linked to amino acid homeostasis  and neuro-
transmitter  pools,  excitatory  and inhibitory  amino acid metabolites
were  subsequently  evaluated  (Fig.  6).  Under  vehicle-treated  condi-
tions,  MDX  mice  exhibited  significantly  higher  concentrations  of
taurine, alanine, and glycine compared with C57BL/10 mice (P rang-
ing  from  <  0.01  to  <  0.0001; Fig.  6i–k).  CLP290  treatment  did  not
significantly  alter  taurine  or  glycine  concentrations  in  either  geno-
type  (Fig.  6i and k).  In  contrast,  alanine  levels  were  significantly
modulated by CLP290 treatment in a genotype-dependent manner,
with  an  increase  observed  in  C57BL/10  mice  and  a  reduction
observed in MDX mice (* P < 0.05; Fig. 6j).  Despite this modulation,
alanine  concentrations  in  MDX  mice  remained  significantly  higher
than  those  observed  in  C57BL/10  mice  after  treatment  (*** P <
0.001; Fig.  6j).  These  findings  suggest  that  alanine  may  represent
a  metabolite  sensitive  to  CLP290  treatment  in  the  sciatic  nerve,
displaying  opposite  responses  in  dystrophic  and  non-dystrophic
nerves.

 Nitrogen metabolism and methylation
Finally,  to  determine  whether  these  treatment-associated  meta-

bolic  effects  extended to  nitrogen metabolism,  formate  concentra-
tions  were  quantified  by  NMR  (Fig.  6l).  No  statistically  significant
differences in formate levels were detected between C57BL/10 and
MDX  mice  under  vehicle-treated  conditions,  nor  following  CLP290
treatment.  CLP290  did  not  modulate  formate  concentrations  in
either genotype.

 Untargeted LC-MS metabolomics of the anterior
tibial muscle using positive and negative ion
modes
 Multivariate exploratory analysis (PCA)

Principal  component  analysis  (PCA)  was  applied  to  the  LC-MS
data  obtained  from  muscle  samples  acquired  in  both  positive  and
negative  ionization  modes,  with  the  aim  of  exploring  the  global
structure of the dataset prior to confirmatory statistical  analyses.  In
both modes, BLANK samples were excluded from the PCA, in accor-
dance  with  best  practices  in  untargeted  metabolomics,  as  they  do
not represent biological material, while QC samples were retained to
assess  analytical  stability.  The  score  plots  (Supplementary  Fig.  S2)
revealed  a  tendency  toward  separation  among  the  experimental
groups  along  the  first  two  principal  components,  which  together
explained  a  relevant  proportion  of  the  total  variance.  QC  samples
exhibited  tight  and  consistent  clustering  in  the  multivariate  space,
indicating  adequate  instrumental  reproducibility  and  analytical
system stability  throughout  data  acquisition.  In  contrast,  the biolo-
gical  groups  displayed  distinct  distribution  patterns,  suggesting
global metabolic differences associated with the MDX genotype and
the  experimental  conditions,  including  the  CLP  condition  and  the
administration of the biomembrane formulation (10 mg·kg−1) of the
CLP290 prodrug. Collectively,  these results support the subsequent
application  of  non-parametric  univariate  analyses  and  additional
confirmatory statistical tests.

 Non-parametric univariate statistical analysis (Kruskal–Wallis)
Based  on  the  global  structure  revealed  by  the  PCA,  muscle

datasets  acquired  in  both  positive  and  negative  ionization  modes
were  subjected  to  non-parametric  univariate  analysis  using  the
Kruskal–Wallis test (* P < 0.05). This statistical approach was selected
because  it  does  not  assume  data  normality  and  is  appropriate  for
the sample size and the intensity  distributions observed across  the
experimental  groups.  The  analyses  identified  a  substantial  number
of  significantly  altered  features,  indicating  robust  metabolic  diffe-
rences in muscle tissue detectable in both ionization modes, includ-
ing  168  significant  features  in  positive  ion  mode  and  189  in  nega-
tive ion mode. All features meeting the statistical significance crite-
rion  (* P <  0.05),  together  with  their  corresponding m/z values,
retention  times,  raw P-values,  and  false  discovery  rates  (FDR),  are
presented  in Supplementary  Tables  S2 (positive  mode)  and S3
(negative mode).

 Integrated visualization of metabolic alterations (Heatmap-
Top 25)

In positive ion mode, PCA indicated a more heterogeneous meta-
bolic profile, characterized by partial overlap among the experimen-
tal  groups,  whereas  in  negative  ion  mode,  group  separation  was
more  clearly  defined.  In  both  ionization  modes,  non-parametric
univariate  analysis  using  the  Kruskal–Wallis  test  identified  signifi-
cantly altered features, and hierarchical heatmap visualization of the
25 most significant features revealed group-dependent modulation
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patterns.  In  positive  mode  (Supplementary  Fig.  S3),  features  with
increased  intensities  were  observed  in  MDX  and  MDXCLP  samples,
along  with  alterations  associated  with  the  CLP  condition,  despite
greater  inter-sample  variability.  In  negative  mode  (Supplementary
Fig. S4), abundance patterns appeared more coordinated and orga-
nized into distinct blocks, suggesting systematic rather than random
metabolic alterations. Standardization of feature intensities (z-score)
enabled  relative  comparisons  across  samples,  while  hierarchical
clustering  demonstrated  greater  intra-group  similarity  than  inter-
group  similarity,  supporting  biological  reproducibility.  Consistent
clustering of QC samples confirmed analytical stability, and QC and
BLANK  controls  displayed  predominantly  low-intensity  signals  or
values  close  to  baseline,  reinforcing  data  reliability  and  indicating
that  the  differences  observed  among  biological  groups  reflect
genuine muscle-derived metabolic signals.

 Univariate visualization of the most discriminative features
(Boxplots-Top 6)

Based  on  the  heatmap  results,  the  six  most  significant  features
were selected for detailed univariate visualization using boxplots in
both  positive  and  negative  ion  modes  (Fig.  7).  These  plots  depict
the distribution of normalized intensities [log2(Intensity + 1)] across
the biological groups BL, MDX, BLCLP, and MDXCLP, enabling direct
evaluation of the direction, magnitude, and dispersion of the meta-
bolic  alterations  observed  in  muscle  tissue.  The  boxplots  revealed
consistent differences between control and MDX groups, as well  as
additional  modulation  associated  with  the  CLP290  condition,  in
agreement with the global results obtained from the non-paramet-
ric Kruskal–Wallis test. To complement the visual interpretation and
provide  statistical  support,  predefined  pairwise  comparisons  were
performed  between  the  BL  vs  MDX  and  BLCLP  vs  MDXCLP  groups
using  the  non-parametric  Wilcoxon  rank-sum  test,  followed  by
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Fig. 6  Quantitative NMR-based analysis of sciatic nerve metabolites (nmol·mg−1 of tissue) in C57BL/10 and MDX mice treated with vehicle or CLP290 for 7
d.  Energy  and  phosphorylation-related  metabolites:  (a)  creatine,  (b)  acetate,  (c)  N-acetylaspartate,  (d)  carnitine,  and  (e)  lactate.  Significant  differences
between  MDX  and  C57BL/10  mice  were  observed  for  (a)  creatine,  (c)  N-acetylaspartate,  (d)  carnitine,  and  (e)  lactate,  with  CLP290  reducing  these
differences  (a),  (d).  No  statistically  significant  treatment  effect  was  detected  within  C57BL/10  mice,  although  consistent  modulation  of  creatine,  N-
acetylaspartate, and lactate was observed. Acetate was not modulated: * P < 0.05; ** P < 0.01; *** P < 0.001. (f)–(h) Osmoregulation and membrane-related
metabolites: (f) choline, (g) myo-inositol, and (h) O-phosphocholine. MDX mice exhibited higher concentrations under both conditions. CLP290 increased
choline  and  O-phosphocholine  and  significantly  elevated  myo-inositol  in  C57BL/10  mice:  * P <  0.05;  ** P <  0.01;  *** P <  0.001.  (i)–(k)  Excitatory  and
inhibitory amino acids: (i) taurine, (j) alanine, and (k) glycine. Under vehicle-treated conditions, MDX mice showed higher concentrations. CLP290 did not
significantly affect taurine or glycine but differentially modulated alanine, increasing it in C57BL/10 mice and reducing it in MDX mice, while remaining
elevated in MDX mice: * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. (l) Nitrogen metabolism and methylation: formate concentrations showed no
statistically significant differences. Data are presented as mean ± SEM, n = 6.

  https://doi.org/10.48130/targetome-0026-0041

Page 10 of 19   Assis et al. Targetome 2026, 2(4): e039

https://doi.org/10.48130/targetome-0026-0041
https://doi.org/10.48130/targetome-0026-0041
https://doi.org/10.48130/targetome-0026-0041
https://doi.org/10.48130/targetome-0026-0041
https://doi.org/10.48130/targetome-0026-0041


multiple-comparison  adjustment  with  the  Benjamini–Hochberg
method. These comparisons were designed to capture the effect of
the  MDX  genotype  under  basal  conditions  and  under  CLP290
treatment,  respectively.  The  outcomes  of  the  statistical  tests  are
indicated  directly  on  the  boxplots  using  significance  symbols,
providing objective evidence for the observed group differences.

 Discussion
Previous  research  conducted  in  our  laboratory  demonstrated  a

promising  pharmacological  alternative  to  suppress  the  develop-
ment  of  DMD  by  reducing  excess  calcium  in  neuronal  cells  of  5-
week-old MDX mice using pregabalin (PGB).  Such treatment stimu-
lated neuroprotective and pro-regenerative metabolic  mechanisms
in motoneurons and glial cells of MDX mice. In turn, positive results
were observed on the axons, improving the myelination of Schwann
cells,  strengthening  the  cytoarchitecture  of  neuromuscular  junc-
tions,  and protecting muscle cells.  Overall,  the therapy delayed the
onset  of  motor  deficits  in  MDX  mice,  observed  by  the  evolution  of
motor coordination in spontaneous and forced gait tests[81,82]. In this
sense,  in the present investigation,  we continue to search for alter-
native  pharmacological  therapies  that  can  inhibit  and  control
the  onset  of  neuromuscular  symptoms  in  4-week-old  MDX  mice,  a
period  of  severe  degeneration  and  necrosis  of  skeletal  muscle
fibers[83−89]. In this study, we used the prodrug CLP290 and observed
promising  pharmacological  effects  of  the  treatment,  which  will  be
detailed  below,  resulting  in  improved  motor  performance  in  MDX
and C57BL/10 mice at a dose of 10 mg/kg. Possibly, the regulation of
KCC2 cotransporter expression and chloride homeostasis was asso-
ciated with reduced markers related to lumbar spinal cord alphamo-
toneurons hyperexitability[46,50]. Behaviorally, a more stable gait was
obtained,  leveling  with  C57BL/10,  through  dynamic/static  balance,
which involves reducing the base of support, and improving adduc-
tion of the hind limbs[90]. Given that, in patients with DMD and MDX
mice,  hip  abduction  and  widening  of  the  base  of  support  occur  to
advance  the  limb  in  swing,  and  to  increase  postural  stability[91−93].
Furthermore, CLP290-treated MDX mice achieved excellent dynamic
parameters,  with  the  maximum  plantar  contact  area  for  the  motor
impulse against the glass platform in a step cycle[93,94].  Importantly,
the  present  results  show  the  downregulation  of  GAD65  in  MDX
vehicle  mice,  indicating  weakening  of  GABAergic  synapses,  contri-
buting  to  the  reduction  of  inhibitory  activity  and  increased  moto-
neuron  excitability[19,95,96].  Convergently,  in  MDX  vehicle  mice,  we
observed  increased  VGLUT-1  immunolabeling,  which,  combined
with  reduced  chloride  extrusion,  reinforces  the  hyperexcitability
hypothesis[97−99]. Increased glutamate is also related to neuroinflam-
matory  changes  and  upregulation  of  astroglial  reactivity  (GFAP)  in
the  spinal  cord  of  MDX  vehicle  mice[20,100−102].  Nevertheless,  com-
pensatory  mechanisms  may  be  present  regarding  AMPA  receptor
activation,  since  we  observed  upregulated  expression  of  AMPA
receptors in the motor nucleus of MDX vehicle mice[103−105].

CLP290 treatment in MDX mice stimulated the expression of KCC2
cotransporters  in  the  motor  nucleus  and  plasma  membrane  of
motor  neurons,  thus  contributing  to  the  reduced  expression  of
excitatory-related  molecules,  such  as  VGLUT1  and  AMPA
receptors[106,107].  Overall,  such  balance  may  contribute  to  better
cholinergic neurotransmission,  seen by the increased expression of
choline acetyltransferase (ChAT) observed in the plasma membrane
of motoneurons in treated MDX mice[108−112].  Taken together, these
synaptic and neurotransmitter-related adjustments suggest that the
functional improvements observed following CLP290 treatment are
associated  with  broader  metabolic  reorganization  beyond  synaptic

modulation.  Likewise,  the  present  experimental  design  was  not
intended to establish whether the observed pharmacological effects
of  CLP290  are  exclusively  dependent  on  KCC2  activity.  Rather,  the
increased  membrane-associated  expression  of  the  cotransporter,
together  with  the  concomitant  changes  in  neurotransmission-
related  markers,  locomotor  performance,  and  neurometabolic
remodeling,  supports  the  interpretation  that  the  observed  biologi-
cal  effects  are  consistent  with  KCC2-associated  neuromodulation,
rather  than  direct  evidence  of  transporter  activity.  In  this  context,
it  became  essential  to  investigate  whether  such  functional  and
morphological gains were associated with central and/or peripheral
metabolic  adaptations,  which  motivated  an  integrated  NMR-based
analysis  of  metabolic  alterations  in  the  central  and  peripheral  ner-
vous  systems.  Accordingly,  we  present  NMR-derived  results  reveal-
ing  endogenous  and  post-CLP290  treatment  metabolic  alterations
in  the  Metabolic  Fundamental  Axes  (MFAs)  of  the  central  and
peripheral nervous systems of MDX mice. To our knowledge, this is
the  first  study  to  demonstrate,  using  NMR,  that  dystrophin  defi-
ciency in muscle tissue exerts retrograde and/or systemic metabolic
effects on the sciatic nerve and lumbar spinal cord of these animals.
We also identified metabolic  signatures associated with dystrophin
deficiency in the nervous system; due to their  particular  sensitivity,
these markers may, in the future, aid in the detection of myelin alte-
rations, the assessment of neuronal homeostasis, and the identifica-
tion  of  energetic  stress.  Furthermore,  metabolites  from  the  lumbar
spinal cord and sciatic nerve of 5-week-old MDX and C57BL10 mice,
detected  by  nuclear  magnetic  resonance,  were  modulated  by
CLP290  (10  mg·kg−1·d−1)  administration  over  7  d  of  uninterrupted
treatment.  Metabolic  results  were  quantified  as  concentrations
expressed  in  nmol·mg−1 of  tissue.  Based  on  these  measurements,
CLP290  treatment  was  associated  with  selective  modulation  of
energy metabolism,  a  process that  plays a  central  role in the deve-
lopment  and  functional  regulation  of  both  the  central  and  peri-
pheral  nervous  systems[113,114].  Accordingly,  the  metabolic  profile
observed in MDX mice suggests that the most prominent metabolic
alterations  occurred  in  the  spinal  cord,  whereas  peripheral  meta-
bolic  changes  were  comparatively  modest.  In  the  lumbar  spinal
cord,  increased  concentrations  of  creatine,  lactate,  and  N-acetylas-
partate  were  observed,  concomitant  with  a  reduction  in  phospho-
creatine.  This  metabolic  profile  is  consistent  with  increased  utiliza-
tion of  phosphocreatine for  the maintenance of  ATP levels,  reflect-
ing  a  condition  of  elevated  energetic  demand  and  enhanced  flux
through  the  creatine-kinase  system[115−118].  The  creatine–kinase
system  plays  a  central  role  in  neuronal  energy  homeostasis  and  is
functionally  coupled  to  the  Na+/K+-ATPase,  in  addition  to  interact-
ing  with  the  KCC2  cotransporter[119].  Thus,  intensification  of  this
bioenergetic axis may favor KCC2 activity, contributing to the main-
tenance of the chloride gradient and to the stabilization of neuronal
excitability,  since  energetic  stress  is  known  to  compromise  normal
KCC2 function[120]. This set of alterations, observed following CLP290
treatment,  is  consistent  with  previously  described  mechanisms
involved in the regulation of spinal cord inhibition and with reports
of metabolic changes in the CNS in Duchenne muscular dystrophy,
reinforcing  descriptions  of  CNS  bioenergetic  dysfunction  in
DMD[121−123].  Although  mitochondrial  function  was  not  directly
assessed  in  this  study,  the  metabolic  profile  observed  in  the  spinal
cord, particularly involving the phosphocreatine, lactate, N-acetylas-
partate, and creatine pathways, is consistent with alterations in bio-
energetic  demand  and  energy  metabolism  associated  with  mito-
chondria[124−127].  Considering  that  the  maintenance  of  chloride
homeostasis  through  KCC2  activity  requires  substantial  ATP  con-
sumption related to Na+/K+-ATPase function, it is plausible that part
of the metabolic remodeling associated with CLP290 treatment may
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Fig.  7  Boxplots  in  positive  and  negative  ion  modes,  respectively,  show  the  distribution  of  normalized  intensities  [log2(intensity  +  1)]  for  the  six  most
significant features selected based on the Kruskal–Wallis analysis across the BL, MDX, BLCLP, and MDXCLP groups. Each panel corresponds to a specific
feature (m/z and retention time),  with individual  points  representing biological  replicates.  The plots  reveal  consistent  differences between control  and
MDX muscle  samples,  as  well  as  additional  modulation associated with  CLP290 treatment.  Predefined pairwise  comparisons  (BL  vs  MDX and BLCLP vs
MDXCLP) were performed using the non-parametric Wilcoxon test with Benjamini–Hochberg correction for multiple testing, and statistically significant
differences are indicated directly on the boxplots.
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involve  indirect  mitochondrial  adaptations[45,128].  However,  direct
conclusions  regarding  mitochondrial  function  cannot  be  estab-
lished from the present data.

Furthermore,  in  this  study,  sciatic  nerve  metabolites  from  MDX
mice showed a high baseline profile  of  creatine,  carnitine,  N-acety-
laspartate,  and  lactate,  regardless  of  treatment.  These  metabolites
are  associated  with  axonal  bioenergy  processes  and  metabolic
support in the nervous system, including the maintenance of nerve
conduction  and  metabolic  shielding  between  axons  and  Schwann
cells[129−132]. This metabolic signature is consistent with an increased
energetic  burden  at  the  axonal  level,  potentially  associated  with
chronic neuromuscular degeneration[133].  The elevation of carnitine
may indicate a greater reliance on lipid-related metabolic pathways,
while  increased lactate  levels  are  compatible  with  enhanced meta-
bolic coupling between Schwann cells and axons[134−137]. The analy-
sis  of  sciatic  nerve  metabolites  indicates  that  CLP290  does  not
normalize the elevated energetic profile characteristic of MDX mice.
Despite  the  persistent  basal  elevation  of  creatine  and  carnitine  in
MDX  nerves,  CLP290  treatment  did  not  significantly  modify  the
concentrations  of  N-acetylaspartate  or  lactate,  suggesting  that
axonal  energetic  demand  and  Schwann  cell-associated  metabolic
support remain largely unchanged at the peripheral level[138]. These
results  suggest  that  the  lumbar  spinal  cord  was  more  responsive
to  metabolic  modulation  associated  with  CLP290  than  peripheral
tissues  under  the  current  experimental  conditions,  exhibiting
changes in  high-energy phosphate balance and glycolytic  markers,
whereas  peripheral  nerve  metabolism  primarily  reflects  sustained
energy  reserves  and  lipid-associated  pathways[139].  In  this  context,
subtle trends observed for succinate and fumarate in nervous tissue
should  be  regarded  as  exploratory  and  interpreted  with  caution.
Consistent  with  this  differential  central-peripheral  responsiveness,
the  increase  in  myo-inositol  and  carnitine  observed  in  the  lumbar
spinal  cord,  particularly  in  MDX mice,  is  compatible with enhanced
osmotic  regulation  and  increased  reliance  on  lipid-associated
energy pathways, rather than a uniform normalization of peripheral
nerve  metabolism[139−141].  In  parallel,  elevation  of  glycerophospho-
choline  (GPC)  detected  in  CLP290-treated  C57BL/10  mice  suggests
increased  phospholipid  turnover  and  membrane  maintenance
activity, consistent with adaptive remodeling of cellular membranes
under  pharmacological  modulation[142−145].  At  the  peripheral  level,
CLP290  treatment  promoted  a  significant  increase  in  myo-inositol
in  the  sciatic  nerve  of  C57BL/10  mice,  while  differences  in  choline
levels were observed in MDX animals. Together, these findings rein-
force  the  notion  that  pharmacotherapy  preferentially  influences
metabolic  axes  linked  to  osmotic  balance  and  phospholipid  dyna-
mics, rather than directly reversing the dystrophic metabolic state in
peripheral nerves[141,144,146].

Complementing  these  observations,  MDX  mice  in  the  vehicle
condition  not  treated  with  CLP290  exhibited  a  basal  increase  in
myo-inositol  and phosphocholine,  a  profile  that  is  compatible  with
endogenous  osmotic  adaptation  under  chronic  energetic  stress,
rather than an acute pharmacological effect[147,148].  Taken together,
the  patterns  of  metabolic  modulation  observed  following  CLP290
treatment  across  the  CNS  and  PNS  suggest  that  pharmacotherapy
does  not  act  through  uniform  normalization  of  individual  metabo-
lites,  but  rather  favors  the  coordinated  adjustment  of  intercon-
nected  metabolic  axes,  including  energy/phosphorylation,  osmotic
regulation, and membrane-associated pathways. This central respon-
siveness  is  coupled  with  more  limited  peripheral  modulation.  This
supports  the  interpretation  that  the  metabolic  effects  associated
with CLP290 were more pronounced in the central  nervous system
than  in  peripheral  tissues,  with  indirect  peripheral  consequences,
while peripheral alterations appeared secondary and comparatively

less  responsive  under  the  present  experimental  conditions.  Such  a
mechanism  may  help  explain  the  capacity  of  CLP290  to  support
neuronal  homeostasis  in  the  context  of  repeated  cycles  of  muscle
degeneration  and  regeneration  that  impact  the  nervous  system
in  MDX  mice[134,149,150].  Within  this  integrative  framework,  balance
between excitatory and inhibitory metabolites emerges as a critical
component  of  neuronal  homeostasis.  Treatment  with  CLP290  was
associated  with  increased  concentrations  of  glutamate  and  aspar-
tate, indicating an elevated excitatory metabolic tone. Notably, this
increase occurred concomitantly with elevations in metabolites with
inhibitory  and  modulatory  functions,  including  GABA  (4-aminobu-
tyric acid), glycine, and taurine, particularly in the lumbar spinal cord
of  MDX  mice.  This  coordinated  metabolic  profile  is  consistent  with
fine-tuned  adjustment  of  excitatory-inhibitory  modulation,  reflect-
ing compensatory mechanisms of neuronal stabilization rather than
a state of uncontrolled excitation or excitotoxicity[151−153].

In  this  context,  modulation  of  alanine,  although  not  reaching
statistical significance, may reflect its intermediary role in glutamate
metabolism  and  in  the  coupling  between  glycolysis  and  the  Krebs
cycle,  further contributing to metabolic  flexibility  under pharmaco-
logical  intervention[154−157].  Building  upon  the  metabolic  flexibility
suggested by alanine modulation,  the concomitant changes obser-
ved  in  excitatory  and  inhibitory  amino  acid  metabolites  support  a
broader  interpretation  in  which  CLP290  may  influence  neuronal
homeostasis  through  indirect  regulation  of  ionic  and  metabolic
coupling  mechanisms.  In  this  context,  the  metabolic  profile
observed  is  compatible  with  modulation  of  pathways  functionally
associated  with  KCC2  activity,  rather  than  direct  restoration  of
the  cotransporter,  potentially  impacting  neurotransmitter-related
metabolic  pools  and  contributing  to  the  regulation  of  neuronal
excitability[44,138].

At the peripheral level, elevation of taurine observed in the sciatic
nerve of MDX mice following CLP290 treatment reinforces its recog-
nized  neuroprotective,  osmoregulatory,  and  excitability-modulat-
ing roles in the peripheral nervous system[158−161].

In  contrast,  basal  glycine  concentrations  in  the  sciatic  nerve  of
MDX mice were not altered by treatment when compared with MDX
vehicle, relative to the C57BL/10 group, suggesting that glycine may
participate  in  peripheral  inhibitory  modulation  in  a  manner  less
sensitive  to  pharmacological  intervention[162,163].  Together,  taurine
and glycine appear to integrate indirect compensatory mechanisms
involved  in  control  of  axonal  excitability  under  dystrophic  condi-
tions, warranting further investigation[158,159,162].

In parallel,  NMR analysis revealed an altered basal  alanine profile
in  the  peripheral  nervous  system,  with  higher  concentrations  in
MDX  vehicle-treated  mice  compared  with  C57BL/10  controls.  This
basal  elevation was attenuated by CLP290 treatment in  MDX mice,
while  alanine  levels  increased  in  treated  C57BL/10  mice  relative  to
vehicle.  This  bidirectional  response  highlights  the  context-depen-
dent nature of CLP290 action, suggesting that in dystrophic nerves
the drug may reduce reliance on pyruvate diversion toward alanine
as  a  mechanism  for  nitrogen  buffering  and  carbon  redistribution,
whereas in healthy tissue it promotes alanine accumulation, reflect-
ing  distinct  metabolic  adjustments  according  to  basal  energetic
load[164,165].  Such differential  responses  are  consistent  with the role
of  monocarboxylate  transport  and  Schwann  cell-axon  metabolic
coupling in supporting peripheral  nerve metabolism[166].  Extending
this  interpretation  to  the  fourth,  regulatory  axis  of  nitrogen  meta-
bolism,  treatment  with  CLP290  in  the  lumbar  spinal  cord  was
associated  with  increases  in  S-adenosylhomocysteine  and  acetate
concentrations in MDX mice, although these changes did not reach
statistical  significance.  This  profile  is  compatible  with  partial
engagement of methylation-related pathways and with modulation
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of  acetyl-group  availability  for  epigenetic  remodeling  and  energy
turnover[167,168].  In  parallel,  glutamine  concentrations  exhibited  a
genotype-dependent  response,  being  reduced  in  CLP290-treated
MDX mice and increased in treated C57BL/10 mice when compared
with their respective vehicle controls. This pattern suggests that the
effect of CLP290 on nitrogen metabolism is modulated by the basal
metabolic  state  of  the  tissue,  leading  to  distinct  adjustments  in
glutamine  availability  in  dystrophic  vs  non-dystrophic  contexts.  In
the  sciatic  nerve,  no  statistically  significant  changes  were  detected
in  nitrogen-related  metabolites,  indicating  limited  engagement  of
nitrogen-related  metabolic  pathways  in  the  peripheral  nervous
system.

This observation is consistent with the broader metabolic flexibi-
lity and diversification of fluxes in the spinal cord compared with the
peripheral  nervous  system,  as  discussed  above.  In  contrast,  within
the peripheral nervous system, such metabolic adjustments appear
secondary  and  less  responsive.  Importantly,  this  metabolic  hierar-
chy,  originating  in  the  central  nervous  system  and  extending  to
the peripheral  compartment,  establishes a  metabolic  bridge that  is
reflected  behaviorally  and  in  line  with  the  muscle  metabolomics
findings  obtained  by  LC-MS.  Thus,  metabolomic  analysis  of  the
tibialis  cranialis  muscle  revealed  a  consistent  separation  between
MDX and BL animals in PCA analyses under both negative and posi-
tive  ionization  modes,  indicating  robust  metabolic  reprogramming
associated  with  dystrophin  deficiency.  The  greater  dispersion
observed  in  the  MDX  group  reflects  the  metabolic  heterogeneity
typical  of  chronic  inflammation,  necrosis,  and  continuous  muscle
regeneration in early stages of the disease described in young MDX
mice aged 3 to 4 weeks[166,169].  The negative ion mode highlighted
alterations in polar lipids and energy metabolism, whereas the posi-
tive  ion  mode  revealed  changes  in  amino  acids,  the  carnitine/
acylcarnitine axis, and metabolites associated with protein turnover
and  oxidative  stress,  consistent  with  primary  studies  in  the  MDX
model[166].  Integration  of  PCA,  Kruskal–Wallis  tests,  heatmaps  (Top
25),  and  boxplots  (Top  6)  confirmed  that  these  differences  do  not
arise  from  random  fluctuations,  but  rather  from  structured  and
sustained  metabolic  alterations  due  to  group  differences,  CLP290
treatment  promoted  partial  displacement  of  the  MDX  metabolic
profile  toward the control  group,  with a  more evident effect  in  the
positive  ion  mode,  suggesting  modulation  of  metabolic  pathways
sensitive  to  the  dystrophic  context,  possibly  associated  with  alte-
rations  in  amino  acids,  carnitine  metabolism,  and  fatty  acid  oxida-
tive stress[166,167].  These LC/MS findings complement the functional
and NMR data, indicating that the action of CLP290 is not limited to
neural modulation but also impacts muscle metabolism.

 Conclusions
Taken together, the results presented here demonstrate that MDX

mice, in addition to exhibiting functional impairments and immuno-
histochemical  alterations,  particularly  in  the  ventral  horn  of  the
spinal  cord  involving  motor  nuclei,  motoneuron  cell  bodies,  and
astrocytes,  also  display  significant  metabolic  disturbances  in  the
neuromuscular axis. In this context, CLP290, possibly through modu-
lation  of  chloride  homeostasis  in  motoneurons,  is  associated  with
coordinated neurometabolic  modulation across the neuromuscular
axis.  This  effect  occurs  predominantly  at  the  level  of  the  central
nervous  system,  where  treatment  is  associated  with  reduced
markers  related  to  spinal α-motoneuron  hyperexcitability,  improv-
ing  locomotor  performance.  Supporting  these  findings,  metabolic
analyses  by  NMR  and  LC-MS  revealed  more  prominent  metabolic

remodeling  in  the  spinal  cord,  particularly  in  pathways  related
to  energy  metabolism,  osmoregulation,  neurotransmitter  balance,
and nitrogen metabolism, whereas peripheral metabolic alterations
were  comparatively  less  pronounced.  Moreover,  these  central
adjustments were accompanied by secondary and less pronounced
metabolic  responses  in  the  peripheral  nervous  system  and  skeletal
muscle, supporting a model in which functional improvement arises
from  systemic  neural  adaptation,  independently  of  dystrophin
restoration.  An important  limitation of  the present  study is  the use
of  the  classical  MDX  mouse  model  on  the  C57BL/10  background,
which  exhibits  a  comparatively  milder  phenotype  than  Duchenne
muscular  dystrophy  in  humans,  partly  due  to  its  high  regenerative
capacity.  Therefore,  the  functional  and  metabolic  improvements
observed following CLP290 treatment should be interpreted within
the  context  of  this  experimental  model  and  do  not  necessarily
predict  the  magnitude  of  therapeutic  responses  in  severe  forms  of
the  disease  in  humans.  Nevertheless,  even  in  the  absence  of
dystrophin restoration, as observed in our Western blot analysis, the
present  findings  suggest  that  modulation  of  mechanisms  related
to  neuronal  homeostasis  and  neurometabolic  remodeling  may
contribute to delaying functional alterations associated with disease
progression, postponing the onset of pathological signs and symp-
toms,  and favoring the maintenance of  mobility  and quality  of  life.
Despite  these  limitations,  the  MDX  model  remains  widely  used  for
investigating early  pathophysiological  mechanisms and neuromus-
cular alterations associated with dystrophin deficiency[168,169]. Taken
together,  these  findings  reinforce  the  translational  potential  of
CLP290 as an adjuvant therapeutic strategy for early intervention in
Duchenne muscular dystrophy.
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