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Abstract 

Background Duchenne muscular dystrophy (DMD) is an incurable neuromuscular disease leading to progressive 
skeletal muscle weakness and fatigue. Cell transplantation in murine models has shown promise in supplement-
ing the lack of the dystrophin protein in DMD muscles. However, the establishment of novel, long-term, relevant 
methods is needed to assess its efficiency on the DMD motor function. By applying newly developed methods, this 
study aimed to evaluate the functional and molecular effects of cell therapy-mediated dystrophin supplementation 
on DMD muscles.

Methods Dystrophin was supplemented in the gastrocnemius of a 5-week-old immunodeficient DMD mouse 
model (Dmd-null/NSG) by intramuscular xenotransplantation of healthy human immortalized myoblasts (Hu5/KD3). 
A long-term time-course comparative study was conducted between wild-type, untreated DMD, and dystrophin 
supplemented-DMD mouse muscle functions and histology. A novel GO-ATeam2 transgenic DMD mouse model 
was also generated to assess in vivo real-time ATP levels in gastrocnemius muscles during repeated contractions.

Results We found that 10.6% dystrophin supplementation in DMD muscles was sufficient to prevent low values 
of gastrocnemius maximal isometric contraction torque (MCT) at rest, while muscle fatigue tolerance, assessed 
by MCT decline after treadmill running, was fully ameliorated in 21-week-old transplanted mice. None of the dystro-
phin-supplemented fibers were positive for muscle damage markers after treadmill running, with 85.4% demonstrat-
ing the utilization of oxidative metabolism. Furthermore, ATP levels in response to repeated muscle contractions 
tended to improve, and mitochondrial activity was significantly enhanced in dystrophin supplemented-fibers.

Conclusions Cell therapy-mediated dystrophin supplementation efficiently improved DMD muscle functions, 
as evaluated using newly developed evaluation methods. The enhanced muscle fatigue tolerance in 21-week-
old mice was associated with the preferential regeneration of damage-resistant and oxidative fibers, highlighting 
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increased mitochondrial activity, after cell transplantation. These findings significantly contribute to a more in-depth 
understanding of DMD pathogenesis.

Keywords Duchenne muscular dystrophy mouse model, Cell transplantation, Dystrophin supplementation, Motor 
function evaluation, Muscle fatigue tolerance, Oxidative slow fibers, GO-ATeam2 transgenic mouse model, In vivo ATP 
imaging, Mitochondrial activity

Background
First described in the mid-1800s [1], Duchenne muscular 
dystrophy (DMD) is a rare, lethal inherited neuromus-
cular disease that affects 19.8/100,000 live male births 
[2]. Curative therapeutic development to treat DMD 
still intensively occupies scientific research [3]. Patho-
logical manifestations such as muscular weakness and 
muscle fatigue develop progressively, and affected young 
children suffer from severe cardiac and motor function 
disorders that deteriorate cardiorespiratory and ambula-
tory functions [4]. Thousands of recessive genetic muta-
tions have been identified in the X-linked DMD gene [5], 
which encodes the dystrophin protein [6], a component 
of the transmembrane dystrophin-associated protein 
complex (DAPC) in all (cardiac, skeletal, and smooth) 
muscle cells [7–9]. The chronic degeneration–regenera-
tion cycles accompanied by accumulating damage and 
fibrosis described in the skeletal muscles of patients with 
DMD reportedly lead to global muscle atrophy [10, 11]. 
However, a precise understanding of the physiopatholog-
ical mechanisms underlying DMD genesis is still unclear, 
and the adverse effects of dystrophin deficiency in the 
skeletal muscle sarcolemma on patients’ functional defi-
cits warrant further clarification.

Although steroid-based drug treatments associated 
with physical therapy are the gold standard for patients 
with DMD [12, 13], their use merely delays disease pro-
gression and causes inconvenient side effects [14, 15]. 
Among emerging therapeutic strategies [16], the safety of 
gene therapy is yet to be proven [17]. Although antisense-
mediated exon-skipping restores dystrophin endogenous 
synthesis [18–21], it remains a personalized treatment 
due to DMD mutation variability [22]. Those two treat-
ments are not completely curative as they are based on 
the production of a functional but shortened dystrophin 
protein [13]. In addition, regenerative medicine, which 
aims to overcome these issues, has shown promising 
results in the past decades; cell transplantation studies 
using muscle progenitor cells with normal dystrophin 
expression, which are derived from human or mouse 
models, are notably on the rise [23, 24]. They reported 
successful supplementation of full-length dystrophin 
protein in DMD mouse model muscles, as well as some 
improvements in muscle phenotype at the histological 
and/or functional levels [25–29]. Nevertheless, only a few 

studies have reported the beneficial effects of transplan-
tation therapies on muscle functional properties [30]. 
Therefore, this animal study aims to reliably demonstrate 
cell therapy-mediated dystrophin supplementation effi-
cacy in DMD motor function.

The primary issue in previous studies lies in the meth-
ods used for muscle function assessment, which are 
diverse, such as ex vivo [25, 26, 28, 31] or in situ [32, 33] 
measurement of muscle tension, in vivo measurement of 
muscle contraction torque provoked by electrical stimu-
lation [29], or more functional strength or exhaustion 
tests [28, 34]. Indeed, the major assessment scale used 
in ambulatory patients with DMD in clinical practice, 
the NorthStar Ambulatory Assessment (NSAA), not 
only considers muscular strength but also the functional 
aspects of patients’ motor abilities, that is, outcomes 
that reflect DMD patients’ functional abilities during 
their activities of daily living (ADL) [35]. Thus, to assess 
the effects of cell therapy on DMD motor function, the 
evaluation method should be specific to the analyzed 
muscle, repeatable in the same individual for time-course 
and disease progression assessment, reflect DMD mus-
cle functional needs in ADL, and be suitable for clini-
cal application. However, none of the above-mentioned 
methods, which have been reported thus far, could sat-
isfy the required conditions simultaneously. Second, 
muscular strength and endurance tolerance functions 
work under distinct molecular mechanisms and endow 
each skeletal muscle with its role in the musculoskeletal 
system (for instance, most endurant muscles participate 
in posture or the respiratory system, while the strong-
est muscles participate in locomotion or prehension). 
However, the reported methods generally focus on mus-
cle function without drawing a sufficient distinction 
between muscular strength, muscle fatigue tolerance, or 
the reasons for each assessment effect. Finally, although 
this is a well-known necessity for clinical applications, 
we underscored the absence of standardized, long-term 
functional evaluation protocols. Thus, considering the 
need for a novel, validated protocol to assess motor func-
tion abilities in a DMD mouse model before studying 
cell transplantation effects, we first conducted long-term 
experiments that combined the advantages of each exist-
ing method to establish an accurate and clinically rel-
evant evaluation method for mouse muscle functions. To 
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this end, we also developed an effective transplantation 
method that supplements dystrophin protein in DMD 
mouse muscles. More precisely, we performed multi-
ple intramuscular transplantations of human immortal-
ized myoblasts (Hu5/KD3) [36] into the gastrocnemius 
muscles of a young immunodeficient NOD.Cg-Prkdcscid 
 Il2rgtm1Wjl/SzJ (NSG) mouse model of DMD (Dmd-null/
NSG) [29, 37].

Thereafter, we applied our newly established method to 
evaluate cell therapy-mediated dystrophin supplementa-
tion efficiency in DMD motor functions (maximal mus-
cular strength and muscle fatigue tolerance). Although no 
significant improvement in maximal muscular strength 
was detected in this study, we found the minimal thresh-
old required for the dystrophin supplementation rate to 
achieve a therapeutic effect. Furthermore, functional 
evaluations demonstrated a significant and long-term 
amelioration of muscle fatigue tolerance in dystrophin 
supplemented-DMD muscles. This functional enhance-
ment was associated with the preferential regeneration of 
damage-resistant and oxidative myofibers with increased 
mitochondrial activity after cell therapy. These findings 
not only validate the treatment efficacy but further clarify 
the biomolecular pathogenic mechanisms that lead to 
DMD skeletal muscle functional phenotype.

Methods
Animal models
To prevent the immunological rejection of the human 
cell transplant, severely immunodeficient NOD.Cg-Prk-
dcscid  Il2rgtm1Wjl/SzJ (NSG) mice were used. Immunode-
ficient wild type (WT)/NSG mice were purchased from 
Charles River Laboratories. The mice were mated with 
Dmd-null mice [37] to generate immunodeficient Dmd-
null/NSG mice, as previously described by Zhao et  al. 

[29]. These mice were used as the DMD disease mouse 
model in this study. All WT and DMD mice were housed 
and bred under the same environmental conditions.

For the adenosine triphosphate (ATP) dynamics study, 
we used GO-ATeam2 transgenic C57BL/6  J male mice 
(paper under preparation), which enable ATP-level mon-
itoring in living animals [38]. GO-ATeam2 is a fluores-
cent ATP probe developed by Nakano et al. [39], which 
uses green and orange fluorescent proteins as Förster 
resonance energy transfer (FRET) pairs. GO-ATeam2 
heterozygous male mice were mated with immunodefi-
cient NSG homozygous Dmd-null heterozygous female 
mice to create Dmd-null heterozygous females and WT 
male mice (both heterozygous for GO-ATeam2 and 
NSG), which were subsequently mated to create the 
GO-ATeam2 homozygous NSG homozygous Dmd-null 
(ATPtg Dmd-null/NSG) and WT (ATPtg WT/NSG) 
male mice used in further experiments. For genotyp-
ing, genomic DNA was extracted from mouse tails, and 
genomic PCR was performed using the Fw-Rv primer 
pairs listed in Table  1. We analyzed ATP levels in GO-
ATeam2 transgenic mice after mouse generation and cell 
transplantation.

All animal experiments were reported in line with the 
ARRIVE (Animal Research: Reporting of In Vivo Experi-
ments) guidelines 2.0.

Immortalized human myoblasts culture
Immortalized human Hu5/KD3 myoblasts [36] were pro-
vided by Dr. Naohiro Hashimoto (National Center for 
Geriatrics and Gerontology, Japan). They were cultured 
under 37  °C and 10%  CO2 conditions on 100 mm colla-
gen type I-coated culture dishes (4020-010, Iwaki). The 
culture medium was Dulbecco’s Modified Eagle Medium 
(DMEM; 08488-55, Nacalai Tesque) supplemented with 

Table 1 List of primers used for genotyping

Target Primer pairs Predicted 
product size 
(base pairs)

Dmd Wild type Fw TGG GCA AGA GTG AAT TTT CC 437

Rv ACC ACC CAC TTC AGG TTG AG

Knock-out Fw GAA TTC AGC GAG AGC CTG AC 453

Rv GAT GTT GGC GAC CTC GTA TT

NSG Fw GTG GGT AGC CAG CTC TTC AG

Wild type Rv CCT GGA GCT GGA CAA CAA AT 269

Knock-out Rv GCC AGA GGC CAC TTG TGT AG 349

GO-ATeam2 Wild type Fw ATT CTG CTT ACA TAG TCT AAC TCG C 330

Rv TGG GCA GGC TTA AAG GCT AA

Transgenic Fw AGA GCC TCT GCT AAC CAT GTT CAT GCC TTC 342

Rv GTG ACA CTA AGT CAA ACG CGAAA 
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0.5% penicillin–streptomycin mixed solution (09367-
34, Nacalai Tesque), 1% L-glutamine (16948-04, Nacalai 
Tesque), 20% fetal bovine serum (554-02155 then 556-
33865, Biosera), and 2% Ultroser G (15950-017, Sar-
torius). Cells were passaged when they reached full 
confluence according to the following protocol: Cells 
were rinsed with Dulbecco’s phosphate-buffered saline 
(D-PBS; 14249-24, Nacalai Tesque), detached, and dis-
sociated into single cells by adding 2  mL of 2.5  g/L-
trypsin/1  mmol/L-EDTA solution (35554-64, Nacalai 
Tesque) per dish, then centrifugated (190×g, 5 min, 4 °C), 
resuspended, counted, and seeded at density of 3–5 ×  105 
cells per dish. Frozen stocks were created in a Bambanker 
serum-free cryopreservation medium for long-term cell 
storage (CS-02–001, Nippon Genetics) to ensure experi-
mental reproducibility.

Cell transplantation in DMD mouse model
After cell passages, cell suspensions containing 
8–10 ×  106 Hu5/KD3 cells (average) were centrifuged 
(200×g, 5  min, 4  °C), resuspended into 80–100  μL of 
fresh DMEM, and transferred in 1  mL  27Gx½ syringes 
(Myjector SS-10M2713, Terumo). Five-week-old Dmd-
null/NSG mice were anesthetized by inhalation of 5% 
isoflurane (1119701G1084, AbbVie, M090AEC, MSD 
Animal Health K.K.). Their calves were shaved and 
cleaned with 70% ethanol. The transplantation protocol 
consisted of two longitudinal intramuscular injections 
of the Hu5/KD3 cell suspension parallel to the mouse 
calcaneal tendon in the middle third of each head of the 
right and left gastrocnemius muscles. Cell transplanta-
tion procedures were repeated twice weekly for 3 weeks, 
with a total of either five or six transplantation sessions, 
such that the average number of transplanted cells per 
muscle was adjusted to 50 ×  106 cells. To prepare DMD 
mouse muscles in a regeneration-favorable environ-
ment and to maximize cell engraftment potential (paper 
under preparation), a muscle pre-conditioning exercise 
was conducted the day before one in two transplantation 
experiments. The protocol is described in detail in the 
following section.

Transcutaneous electrical stimulations on mouse skeletal 
muscles
Under 5% isoflurane (1119701G1084, AbbVie, M090AEC, 
MSD Animal Health K.K.) inhalation, calf-shaved mice 
were placed in the lateral decubitus position. The entire 
lower limb was blocked (knee joint at 60° and ankle joint 
at 90°), and the foot was fixed on a foot pressure sensor. 
One electrode (EK-1510SUS, Bio Research Center and 
PHT2R, Physio-Tech) was placed at the proximal extrem-
ity of the calcaneal tendon, and the other was placed 
4.5  mm above, on the fleshy part of the gastrocnemius 

muscle. Electrodes were connected to a biphasic elec-
tronic stimulator and an isolator (SEN-3401 and SS-203J, 
Nihon Kohden) according to the system designed by Itoh 
et  al. [40], such that electrical stimulation resulted in 
tetanic isometric contraction of the triceps surae mus-
cle. The ankle plantar flexion torque was transmitted 
from the sensor to a data logger (Midi Logger GL240, 
Graphtec Corporation) and analyzed using the associated 
software. 5  V stimuli were used for maximal contrac-
tions, and parameters were chosen following the results 
of Itoh et al. (100 Hz frequency, 1.0 ms duration, 650 ms 
train duration, and 5.0  mA current). The muscle pre-
conditioning exercise before transplantation consisted of 
one set of 50 repeated isometric contractions (one con-
traction per second) at 40% of the maximal contraction 
torque, which was conducted by adjusting the stimulus 
current value. The parameters were set as follows: 40 Hz 
frequency, 2.0 ms duration, and 250 ms train duration.

Exercises to generate skeletal muscle fatigue in DMD mice
Two methods were used to induce muscle fatigue in the 
mouse triceps surae muscles. The first was chosen to 
be functional, using a 6-lane rodent treadmill (47300-
001, Ugo Basile srl), and consisted of a 15 min horizon-
tal constraint treadmill running at 9 m/min speed. The 
second was an electrical stimulation method used for 
the ATP imaging study. One set of 50 repeated isomet-
ric contractions (one contraction per second) at 10% of 
the maximal contraction torque to accustom the mus-
cle to repeated contractions, followed by one set of 50 
repeated isometric contractions (one contraction per 
second) at 40% of the maximal contraction torque to 
generate muscle fatigue, was performed on the gastroc-
nemius muscles of mice under anesthesia.

In vivo skeletal muscle function assessment outcomes
Muscle maximal-strength function was evaluated using 
electrically stimulated ankle plantar flexion maximal 
isometric contraction torque (MCT) assessment at rest. 
The average of two or three MCT values was used for a 
more accurate analysis.

Muscle fatigue function was evaluated by generat-
ing muscle fatigue according to the previous paragraph 
and by calculating the muscle fatigue ratio as follows: 
MCT after muscle fatigue

MCT at rest  . As it required anesthesia, MCT at 
rest was assessed 1–2 days before the treadmill running 
session or the electrically stimulated repeated isomet-
ric contraction session, whereas “MCT after muscle 
fatigue” outcome was assessed right after the muscle-
fatigue session. Mice that stopped running before 
15  min because of dyspnea were excluded from the 
analysis.
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Muscle harvest and muscle tissue sample preparation
Mice were euthanized by carbon dioxide gas inhalation 
right after the last functional evaluation.

For histological analysis, triceps surae muscles were 
harvested and fixed on cork stands using tragacanth 
gum (206-02242, Fujifilm Wako). They underwent 
quick deep freeze in 2-methylbutane (isopentane; 166-
00615, Fujifilm Wako) cooled by liquid nitrogen for 
1 min and were stored at − 80 °C for long-term preser-
vation. Muscle samples were sectioned from proximal 
to distal in a cryostat (Leica CM 1850 and Leica CM 
1950, Leica) to obtain 10–14-µm-thick slices on adhe-
sive glass slides (APS-02, APS-03, APS-04, and APS-05, 
Matsunami). The central part of the muscle, character-
ized by the largest diameter, was visually identified; a 
1.0–1.8  mm muscle portion was sectioned proximally, 
and a 300–400 µm was sectioned distally. Sample slides 
were stored at − 80 °C.

In view of electron microscopy analysis, mice triceps 
surae muscles were roughly sectioned with a blade and 
incubated at 4 °C in the fixation liquid provided by Tokai 
Electron Microscopy Inc., which contained 2% paraform-
aldehyde, 2% glutaraldehyde in 0.1  M phosphate buffer 
(PB; pH 7.4). After overnight incubation at 4  °C, sam-
ples were sent to Tokai Electron Microscopy Inc., which 
conducted further sample preparation steps, observa-
tion, imaging, and analysis. According to their protocol 
description, samples were rinsed, then secondary fixed 
with 2% osmium tetroxide in 0.1 M phosphate buffer for 
2  h at 4  °C. After dehydration in graded ethanol from 
50 to 100%, the samples were placed twice in propylene 
oxide (PO) for 30 min at room temperature and then in 
a 7:3 mixture of PO and resin (Quetol-812, Nissin EM 
Co) for 1 h at room temperature. The day after, samples 
were embedded in fresh resin and heated for 48  h at 
60 °C. Ultrathin 70 nm sections were prepared by ultra-
microtomy (Ultracut UCT, Leica) with diamond knives 
and copper grids.

To proceed to western blot analysis, mice triceps surae 
muscles were lysed in radioimmunoprecipitation assay 
(RIPA) buffer (08714-04, Nacalai Tesque) with protease 
inhibitor cocktail (25955-11, Nacalai Tesque) diluted in 
Milli-Q® ultrapure water (IQ 7005, Merck KGaA). First, 
muscle samples were quickly and carefully homogenized 
with Bio-Gen PRO2000 (PRO Scientific), then SDS solu-
tion (from the RIPA buffer set) was added, and sonica-
tion was applied during 4 min 30 s (15 s intervals) at 4 °C 
(Bioruptor, Cosmo Bio Co). Muscle lysates were collected 
from supernatants after 15 min centrifugation (20,400×g) 
at 4  °C and protein quantification was assessed using 
Pierce BCA assay kit (23227, Thermo Fisher Scientific) 
using an EnVision multilabel plate reader (2104, Perkin 
Elmer).

Fluorescent immunohistochemistry analysis
After muscle tissue sample preparation, the cryosec-
tions were stained according to the following protocol. 
After air-drying, they were fixed with acetone (00310-
95, Nacalai Tesque) for 7  min at − 30  °C, washed twice 
with D-PBS (11482–15, Nacalai Tesque) for 5 min each, 
blocked with Blocking One solution (03953-95, Nacalai 
Tesque) for 1 h at room temperature, and incubated with 
the appropriate primary antibodies diluted in Can Get 
Signal immunostain Solution B (NKB-601, Toyobo) as 
referenced in Table  2. Primary antibodies were washed 
with D-PBS supplemented by 0.2% Triton X-100 (PBS-T; 
35501-15, Nacalai Tesque) for 10  min for 3 times, then 
muscle tissue samples were incubated with the appropri-
ate secondary antibodies and with DAPI (4’,6-Diamidino-
2-Phenylindole, Dihydrochloride) diluted in Can Get 
Signal immunostain Solution B (NKB-601, Toyobo) as 
referenced in Table 2. Secondary antibodies were washed 
once with PBS-T for 5  min and then twice with D-PBS 
for 5  min. Finally, muscle tissue samples were mounted 
with Vectashield antifade mounting medium with DAPI 
(H-1200, Vector Laboratories) under a protective micro-
cover glass (No.1, Matsunami) and temporarily stored at 
4 °C under a light shield until analysis.

Myosin heavy chain type IIB was stained combining 
conventional immunohistochemistry with alkaline phos-
phatase (AP) enzyme-based coloration systems, accord-
ing to the following steps: fixed muscle tissue samples 
underwent 15 min blocking with 10% normal goat serum 
(NGS) in PBS-T, overnight incubation with primary anti-
body diluted in 15% NGS in PBS-T (Table  2), washing, 
45 min incubation with biotinylated secondary antibody, 
washing, 30  min incubation with Vectastain ABC-AP 
reagent (AK-50000, Vector Laboratories), washing, and a 
final 7-min incubation with ImmPact Vector Red AP sub-
strate working solution (SK-5105, Vector Laboratories). 
For the last step, the red coloring reaction was monitored 
under a microscope and stopped by plunging the sam-
ple slides into Milli-Q® ultrapure water (IQ 7005, Merck 
KGaA). The previously described fluorescent immu-
nostaining protocol was used to detect and analyze other 
proteins in the same samples.

Other histochemistry analysis
To study skeletal muscle damage, Evans blue dye (EBD; 
E2129-10G, Sigma-Aldrich) was dissolved in D-PBS 
(11482-15, Nacalai Tesque) to prepare a 10 mg EBD/mL 
D-PBS solution. Under 5% isoflurane (1119701G1084, 
AbbVie, M090AEC, MSD Animal Health K.K.) inhala-
tion, 100 µL of EBD solution were intravenously injected 
in the mouse penile vein using 1  mL 27Gx½ syringe 
(Myjector SS-10M2713, Terumo), one day before the 
last functional evaluation and muscle harvest. EBD 



Page 6 of 24Bourgeois Yoshioka et al. Stem Cell Research & Therapy          (2024) 15:313 

macroscopically stains the damaged myofibers in blue 
[41]. To localize EBD at the cellular level, cryosec-
tions were observed under a fluorescence microscope 
equipped with 568  nm activation filters, as EBD emits 

reddish fluorescence when exposed to green light. Thus, 
because damaged myofibers can be detected microscopi-
cally using red fluorescence, they could be studied in 
combination with other immunohistochemical protocols.

Table 2 List of antibodies and dyes used for immunohistochemistry (IHC) and western blot (WB)

Target molecule Host species and 
isotype (clonality)

Dilution ratio Incubation 
conditions

Reference

Primary antibodies Human and mouse 
dystrophin

Rabbit IgG (polyclonal) 1: 200 (IHC) or 1: 500 
(WB)

4 °C, 1 (IHC, WB) or 2 
overnight (IHC)

ab15277, abcam

Human and mouse 
Laminin-2 (α-2-chain)

Rat IgG1 (monoclonal) 1: 50 (IHC) 4 °C, 1 or 2 overnight 
(IHC)

ALX-804-190, Alexis

Human and mouse 
myosin heavy chain 
type I

Mouse IgG2b (mono-
clonal)

1: 200 (IHC) 4 °C, overnight (IHC) BA-D5, Developmental 
Studies Hybridoma Bank

Human and mouse 
myosin heavy chain 
type IIA

Mouse IgG1 (mono-
clonal)

1: 200 (IHC) 4 °C, overnight (IHC) SC-71, Developmental 
Studies Hybridoma Bank

Mouse myosin heavy 
chain type IIB

Mouse IgM (mono-
clonal)

1: 200 (IHC) 4 °C, overnight (IHC) BF-F3, Developmental 
Studies Hybridoma Bank

Human, mouse and rat 
mitochondrial OXPHOS 
complexes (① anti-CI 
subunit NDUFB8; ② 
anti-CII-30 kDa; ③ 
anti- CIII-Core protein 2; 
④ anti-CIV subunit I; ⑤ 
anti-CV alpha subunit)

① Mouse IgG1 (mono-
clonal)
② Mouse IgG2a 
(monoclonal)
③ Mouse IgG1 (mono-
clonal)
④ Mouse IgG2a 
(monoclonal)
⑤ Mouse IgG2b 
(monoclonal)

1: 1000 (WB) 4 °C, overnight (WB) ab110413, abcam
① ab110242
② ab14714
③ ab14745
④ ab14705
⑤ ab14748

Human, mouse and rat 
glyceraldehyde 3-phos-
phate dehydrogenase 
(GAPDH)

Mouse IgG1 (mono-
clonal)

1: 5000 (WB) 4 °C, overnight (WB) MAB374, Millipore

Secondary antibodies Rabbit IgG (H + L), Alexa 
 Fluor® 488 conjugated

Goat IgG (polyclonal) 1: 500 (IHC) Room temperature, 
1 h (IHC)

A11034, Thermo Fisher 
Scientific

Rabbit IgG (H + L), Alexa 
 Fluor® 568 conjugated

Goat IgG (polyclonal) 1: 500 (IHC) Room temperature, 
1 h (IHC)

A11036, Thermo Fisher 
Scientific

Rabbit IgG (H + L), per-
oxidase conjugated

Goat IgG (polyclonal) 1: 20,000 (WB) Room temperature, 
1 h (WB)

PI-1000, Vector Labo-
ratories

Rabbit IgG, biotinylated Goat IgG (polyclonal) 1: 500 (IHC) Room temperature, 
1 h (IHC)

BA-1000, Vector Labo-
ratories

Rat IgG (H + L), Alexa 
 Fluor® 647 conjugated

Goat IgG (polyclonal) 1: 500 (IHC) Room temperature, 
1 h (IHC)

A21247, Thermo Fisher 
Scientific

Rat IgG (H + L), Alexa 
 Fluor® 568 conjugated

Goat IgG (polyclonal) 1: 500 (IHC) Room temperature, 
1 h (IHC)

A11077, Thermo Fisher 
Scientific

Rat IgG (H + L), Alexa 
 Fluor® 488 conjugated

Goat IgG (polyclonal) 1: 500 (IHC) Room temperature, 
1 h (IHC)

A-11006, Thermo Fisher 
Scientific

Mouse IgG2b (γ2b), 
Alexa  Fluor® 488 con-
jugated

Goat IgG (polyclonal) 1: 500 (IHC) Room temperature, 
1 h (IHC)

A21141, Thermo Fisher 
Scientific

Mouse IgG1 (γ1), Alexa 
 Fluor® 488 conjugated

Goat IgG (polyclonal) 1: 500 (IHC) Room temperature, 
1 h (IHC)

A21121, Thermo Fisher 
Scientific

Mouse IgM (mu chain 
specific), biotinylated

Goat IgG (polyclonal) 1: 100 (IHC) Room temperature, 
45 min (IHC)

BA-2020, Vector Labo-
ratories

Mouse IgG, peroxidase 
conjugated

Horse 1: 20,000 (WB) Room temperature, 
1 h (WB)

PI-2000, Vector Labo-
ratories

DAPI Adenine–thymine-rich 
regions in DNA

– 1: 5000 (IHC) Room temperature, 
1 h (IHC)

D1306 Thermo Fisher 
Scientific
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Muscle tissue samples were stained with hematoxy-
lin (purple nuclei) and eosin (pink cytoplasm) for his-
tological analysis. The fixed sample slides were plunged 
into Mayer’s hemalum solution (1.09249.0500, Sigma-
Aldrich) for 3  min, rinsed under a continuous water 
stream for 20  min, immersed in a 0.5% aqueous eosin 
Y solution (1.09844.1000, Sigma-Aldrich) for 6  min, 
and finally rinsed under a continuous water stream for 
3  min. After 15  min air-drying, samples were mounted 
on a clean bench with one drop of Mount Quick (Daigo 
Sangyo) and protected using a micro-cover glass (No.1, 
Matsunami).

Fibrosis was studied by collagen type I and II staining 
under the following protocol: after 30 min of air-drying, 
the fixed samples were mounted with Picrosirius Red 
F3BA (Solution B; 24901B-250, Polysciences Inc.) for 
90 min, followed by 0.1 N hydrochloride acid (Solution C; 
24901C-250, Polysciences Inc.) twice for 1 min. Thereaf-
ter, the slides were plunged into Milli-Q® ultrapure water 
(IQ 7005, Merck KGaA) for 1  s and into 70% ethanol 
(14712-05, Nacalai Tesque) in Milli-Q® ultrapure water 
for 30  s. After an additional 20  min of air-drying, the 
samples were mounted on a clean bench using one drop 
of Mount Quick (Daigo Sangyo) and protected using a 
micro-cover glass (No. 1, Matsunami).

Muscle samples were sent to Tokai Electron Micros-
copy Inc. for mitochondria observation using trans-
mission electron microscopy (TEM). According to the 
manufacturer’s protocol, ultrathin muscle samples sec-
tioned by ultramicrotomy were placed in 2% uranyl ace-
tate for 15 min at room temperature and stained with a 
lead stain solution (Sigma-Aldrich) for 3  min at room 
temperature.

Mitochondrial activity was analyzed in muscle tis-
sue samples using reduced nicotinamide adenine dinu-
cleotide-tetrazolium reductase (NADH-TR) oxidative 
enzyme staining, complementary to dystrophin staining. 
After air-drying, muscle tissue samples were incubated 
for 30 min at 37 °C with β-nicotinamide adenine dinucle-
otide (N8129, Sigma-Aldrich) and nitro blue tetrazolium 
(D0844, Tokyo Chemical Industry) diluted in 0.05  M 
Tris–HCl buffer (35436-01, Nacalai Tesque). The reaction 
was stopped by successive quick immersion in 60%, 90%, 
60%, and 0% acetone (00310-95, Nacalai Tesque) in Milli-
Q® ultrapure water (IQ 7005, Merck KGaA). Dystrophin 
was then stained using the AP enzyme-based colora-
tion method to detect red fluorescence, as described in 
the previous paragraph. Finally, after washing for 5 min 
and air-drying for 5 min, the samples were mounted with 
Aqua-Poly/Mount solution (18606-20, Polysciences Inc.) 
under a protective micro-cover glass (No. 1, Matsunami) 
and stored at room temperature until analysis.

Western blot analysis
For western blot analysis, proteins from muscle lysates 
(preparation described in previous paragraph; 100  μg 
for dystrophin detection, 20  μg for mitochondrial com-
plexes) were mixed with 10% NuPAGE sample reduc-
ing agent (10×; NP0004, Thermo Fisher Scientific), 25% 
NuPAGE LDS sample buffer (4x; NP0007, Thermo Fisher 
Scientific), and Milli-Q® ultrapure water (IQ 7005, Merck 
KGaA). After protein denaturation (except for mitochon-
drial complexes), muscle lysates were loaded with Protein 
Ladder One Plus (19,593–25, Nacalai Tesque) in NuPAGE 
3–8% Tris–Acetate gels (NW04122BOX, Thermo Fisher 
Scientific) for dystrophin detection or in Bolt 4–12% Bis–
Tris Plus gels (EA0375BOX, Thermo Fisher Scientific) 
for mitochondrial complex detection. A mitochondrial 
extract from rat heart tissue lysate (ab110341, Abcam) 
was used as a positive control (1/50 was loaded compared 
to other samples lanes) and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was selected as a housekeep-
ing protein for mitochondrial complex detection. Protein 
separation by electrophoresis was conducted in mini-gel 
tanks (A25977, Thermo Fisher Scientific) with the corre-
sponding SDS running buffer (LA0041 or B0002, Thermo 
Fisher Scientific) under the following settings: 150  V, 
300 mA, 60 min. Dry transfer was performed on PVDF 
membranes (IB401002, Thermo Fisher Scientific) using 
an iBlot gel transfer device (IB1001 or IB21001, Thermo 
Fisher Scientific). After rinsing with Tris-buffered saline 
(TBS; 12748-31, Nacalai Tesque) supplemented with 
0.05% Triton X-100 (TBS-T; 35501-15, Nacalai Tesque), 
the membranes were blocked with Blocking One solution 
(03953-95, Nacalai Tesque) for 1 h at room temperature 
and incubated with the appropriate primary antibod-
ies diluted in Can Get Signal immunoreaction enhancer 
solution 1 (NKB-101, Toyobo) as referenced in Table  2. 
Primary antibodies were washed with TBS-T for 10 min 
3 times, then the membranes were incubated with the 
appropriate secondary antibodies diluted in Can Get Sig-
nal immunoreaction enhancer solution 2 (NKB-301, Toy-
obo), as shown in Table 2, and washed again with TBS-T 
for 10  min 3 times. Membranes were mounted with 
SuperSignal West Femto Maximum Sensitivity Substrate 
(34094 or 34095, Thermo Fisher Scientific), and proteins 
were detected using Amersham ImageQuant 800 (IG800, 
Cytiva) in chemiluminescence mode. After imaging, 
membranes were washed and stained with Coomassie 
brilliant blue staining (CBB; 11642-31, Nacalai Tesque) 
for 5  min, rewashed with Milli-Q® ultrapure water (IQ 
7005, Merck KGaA), and dried. A second detection in 
colorimetric mode was performed to evaluate the total 
protein amount per lane. Quantitative analysis after 
western blot experiments was conducted using ImageJ 
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software, and the ratios of the proteins of interest were 
normalized to the ratios of the total detected proteins.

In vivo live imaging of ATP levels
ATP imaging experiments were performed in the Yama-
moto Laboratory (National Cerebral and Cardiovascu-
lar Center, Osaka, Japan) equipped with a fluorescence 
macro-microscope for live imaging, as described by 
Choi et  al. [42]. Under anesthesia, one leg of the mice 
was attached to a home-made foot holder connected to 
a force transducer. Thereafter, gastrocnemius muscle 
was exposed, placed under the objective lens, and elec-
trically stimulated via skin electrodes attached parallelly 
to the muscle long axis. Ten images per second of ATPtg 
Dmd-null/NSG (randomly transplanted into the right 
or left leg) and ATPtg WT/NSG mouse gastrocnemius 
muscles were captured while undergoing muscle fatigue 
created by electrically stimulated repeated isometric con-
tractions. The detailed protocol for repeated contractions 
and electrical stimulation parameters has been described 
in the previous paragraphs.

Image analysis
Stained muscle tissue samples were examined under a 
confocal laser scanning microscope (LSM710, Zeiss) and 
then imaged with a 10 × objective for quantitative analy-
sis (HS All-in-one fluorescence microscope BZ-X700 or 
BZ-X710, Keyence) and a 20 × objective to obtain higher 
quality images for qualitative analysis (LSM900, Zeiss 
and BZ-X800, Keyence). Quantitative analysis was per-
formed using the BZ-X Analyzer software (Keyence). 
For dystrophin and EBD analyses, 2 slides were selected 
for each DMD muscle (1 for WT muscles) at less than 
50  µm proximo-distal from the middle of the muscle. 
The number of dystrophin-supplemented myofibers and 
EBD-positive muscle cross-sectional area (CSA) were 
analyzed, and the maximal value was retained as meas-
urement. Myosin heavy chain staining for myofiber-type 
analysis was performed on slides that were proximodis-
tally close to the slide with the highest number of dystro-
phin-positive fibers out of the two previously counted. 
Laminin analysis was performed to study single myofiber 
CSA, minor axis, number, whole muscle tissue CSA, total 
muscle CSA, and ratio calculations. The staining inten-
sity of NADH-TR was analyzed using BZ-X Analyzer 
software (Keyence). For electron microscopy analysis, 
lead-stained muscle tissue samples were imaged using a 
transmission electron microscope (100  kV of accelera-
tion voltage; JEM-1400Plus, JEOL Ltd.) equipped with 
a CDD camera (EM-14830RUBY2, JEOL Ltd.) by Tokai 
Electron Microscopy, Inc. ATP imaging was performed 
using MetaMorph software (Molecular Devices, USA), 
as described by Choi et  al. [38, 42]. The time-point for 

ATP-level evaluation at rest was chosen just before the 
start of repeated muscle contractions, while the time-
point for ATP-level evaluation after muscle fatigue was 
chosen after the stop of the contraction session, just 
before “MCT after muscle fatigue” was evaluated. The 
ATP level ratio was calculated as follows:

Statistical analysis
Data are presented as the mean ± standard error of the 
mean (SEM). In the column graphs, the number indi-
cated at the top and bottom of the columns represent 
the data value and sample size, respectively. Statisti-
cal comparison between three groups (mostly for WT, 
untreated DMD, and dystrophin supplemented-DMD 
mice) or more was performed by one-way analysis of 
variance (ANOVA) followed by a multiple comparisons 
test using post-hoc Tukey honestly significant difference 
test on Prism 9 or Prism 10 software (GraphPad). Sta-
tistical comparisons between the two groups were per-
formed using the Student’s t-test. Spearman’s correlation 
test, Shapiro–Wilk normality test, and receiver operat-
ing characteristic (ROC) curve analysis were performed 
using modified R Commander software (EZR version 
from Jichi Medical University Saitama Medical Center, 
Japan) to clarify the link between the number of dystro-
phin-supplemented fibers and functional outcomes. A 
p-value of less than 5% was considered statistically signifi-
cant for all statistical analyses. In the figures, “*” indicates 
0.01 ≤ p < 0.05, “**”0.001 ≤ p < 0.01, “***”0.0001 ≤ p < 0.001, 
and “****”p < 0.0001; “N.S.” indicates that the difference 
was not statistically significant.

Results
Differences in the long‑term functional effects of cell 
therapy‑mediated dystrophin supplementation
To study the effects of dystrophin supplementation on 
DMD motor function in a murine model, an average 
of 4.107/6.107 Hu5/KD3 cells with normal dystrophin 
expression were transplanted into the gastrocnemius 
muscles (half in each head) of 5–7-week-old (wo) Dmd-
null/NSG mice (Fig. S1A). A long-term comparative 
study of two types of muscle functions was conducted 
with three mice groups: untreated DMD, dystrophin 
supplemented-DMD, and WT mice. The first type of 
evaluated function was muscular strength. Electrically 
stimulated plantar flexion MCT at rest was assessed 
in mice once every four weeks from 13 to 33  weeks of 
age. Statistically significant decline of MCT was accu-
rately reflected in DMD mice from 13 to 33  weeks of 

ATP level after muscle fatigue

ATP level at rest
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age (6.19  mNm ± 0.15 and 5.13 mNm ± 0.12 respec-
tively) compared to WT mice (7.41  mNm ± 0.19 and 
7.42  mNm ± 0.19 respectively). However, MCT at rest 
was comparable in untreated DMD and dystrophin 
supplemented-DMD mice groups from 13 to 33  weeks 
of age (6.46  mNm ± 0.16 and 5.20  mNm ± 0.29, respec-
tively; Fig. 1A). MCT normalized to mouse body weight 
(MCT/BW ratio) revealed comparable results (Fig.  1B). 
Since the data did not change with or without weight 
normalization, further results were described without 
normalization.

The second type of evaluated function was muscle 
fatigue, which is defined as a weakness that occurs upon 
repetitive muscle use. The treadmill running (TMR) 
method was chosen to induce muscle fatigue in the mouse 
legs, and MCT was measured again immediately after 
running. This muscle fatigue assessment was repeated 
once every four weeks from 13 to 21 weeks of age. Sev-
eral running speeds and duration parameters were con-
sidered: 15 min horizontal TMR at 9 m/min (method A; 
Fig. 1C), 15 min horizontal TMR at 5 m/min (method B), 
and 8 min horizontal TMR at 9 m/min (method C). As 
method B did not accurately reflect DMD muscle fatigue 
phenotype compared to WT mice (Fig. S1B) and as 
method C did not detect any amelioration in dystrophin 
supplemented-DMD muscles compared to untreated 
DMD muscles (Fig. S1C), they were not adopted for fur-
ther study. As for method A, MCT after TMR was signifi-
cantly lower in untreated DMD mice from 13 to 21 weeks 
of age (5.09  mNm ± 0.26 and 4.86  mNm ± 0.18 respec-
tively) compared to WT mice (6.12  mNm ± 0.26 and 
7.63  mNm ± 0.21 respectively), and significantly higher 
in 17- and 21-wo dystrophin supplemented-DMD mice 
(5.81  mNm ± 0.30 and 5.96  mNm ± 0.30 respectively) 
compared to untreated DMD mice (4.81  mNm ± 0.23 
and 4.86 mNm ± 0.18 respectively; Fig. 1D). Likewise, the 

ratio between MCT after TMR and MCT at rest (fur-
ther named “muscle fatigue ratio”), which has the advan-
tage of eliminating individual differences between mice, 
was significantly lower in 21-wo untreated DMD mice 
(0.84 ± 0.03) compared to WT mice (1.07 ± 0.04), and 
significantly higher in 21-wo dystrophin supplemented-
DMD mice (1.11 ± 0.08) compared to untreated DMD 
mice (Fig.  1E). In addition, no statistical difference was 
observed between WT and dystrophin supplemented-
DMD mice at 21 weeks of age (Fig. 1E). To validate these 
results in the even longer term, MCT after TMR and 
muscle fatigue ratio were measured in 33-wo mice and 
were found significantly lower in untreated DMD mice 
compared to WT; a trend of amelioration was observed 
in dystrophin supplemented-DMD mice compared to 
untreated DMD mice (Fig. S1D, E). Furthermore, to verify 
that TMR evaluation itself had no influence on functional 
results, the previous functional outcomes were compared 
between mice that ran once every four weeks between 9 
and 21 weeks of age and mice control, which were sed-
entary until evaluation at 21  weeks of age (Fig.  1F). In 
both the WT and DMD groups, no statistical difference 
was found between running and control mouse muscle 
functions, either for MCT after TMR (Fig. 1G) or mus-
cle fatigue ratio (Fig. 1H). These results demonstrate that 
TMR evaluation itself did not affect muscle functional 
outcomes; therefore, the transplantation of dystrophin-
expressing cells directly resulted in the amelioration of 
muscle fatigue tolerance in DMD mice.

Severe DMD muscle weakness phenotype prevented 
by cell therapy‑mediated dystrophin supplementation
To confirm the successful supplementation of dystrophin 
protein in DMD skeletal muscles after cell transplanta-
tion and to proceed to quantitative analysis, mouse mus-
cles were harvested after the last functional evaluation, 

(See figure on next page.)
Fig. 1 Long-term effects of cell therapy-mediated dystrophin supplementation on DMD motor functions. A Plantar flexion maximal isometric 
contraction torque (MCT) of 13–33-week-old (wo) wild type (WT), untreated DMD (DMD) and dystrophin supplemented-DMD (DMD + Dys) 
mouse gastrocnemius assessed at rest. 13-wo: n = 72 (WT), n = 83 (DMD), n = 33 (DMD + Dys). 17-wo: n = 83 (WT), n = 83 (DMD), n = 39 (DMD + Dys). 
21-wo: n = 100 (WT), n = 105 (DMD), n = 43 (DMD + Dys). 25-wo: n = 55 (WT), n = 55 (DMD), n = 25 (DMD + Dys). 29-wo: n = 44 (WT), n = 54 (DMD), 
n = 18 (DMD + Dys). 33-wo: n = 60 (WT), n = 64 (DMD), n = 20 (DMD + Dys). B MCT normalized to body weight (BW) of 13–33-week-old WT, 
DMD and DMD + Dys mouse gastrocnemius assessed at rest. Sample sizes: cf. A except for 33-wo, n = 62 (DMD). C Schematic representation 
of the time-course comparative study between 13 and 21-wo WT, DMD and DMD + Dys mice. Lower panels represent functional and molecular 
analyses procedures. D MCT of 13–21-wo WT, DMD and DMD + Dys mouse gastrocnemius assessed after treadmill running (TMR). 13-wo: n = 33 
(WT), n = 37 (DMD), n = 12 (DMD + Dys). 17-wo: n = 29 (WT), n = 32 (DMD), n = 14 (DMD + Dys). 21-wo: n = 41 (WT), n = 47 (DMD), n = 17 (DMD + Dys). 
E Muscle fatigue ratio of 13–21-wo WT, DMD and DMD + Dys mouse gastrocnemius assessed after TMR. Sample sizes: cf. D. F Schematic 
representation of the study of repeated functional assessments effects on DMD muscle functions. WT (WT + 4TMR) and DMD (DMD + 4TMR) 
mice that ran 4 times from 9 to 21-wo were compared to WT (WT + 1TMR) and DMD (DMD + 1TMR) mice that underwent only one assessment 
at 21-wo. G MCT of 21-wo WT + 1TMR, WT + 4TMR, DMD + 1TMR, DMD + 4TMR mouse gastrocnemius assessed after TMR. n = 24 (WT + 1TMR), n = 13 
(WT + 4TMR), n = 19 (DMD + 1TMR), n = 14 (DMD + 4TMR). H Muscle fatigue ratio of 21-wo WT + 1TMR, WT + 4TMR, DMD + 1TMR, DMD + 4TMR mouse 
gastrocnemius assessed after TMR. Sample sizes: cf. G. Data are shown as mean ± SEM. *0.01 ≤ p < 0.05, **0.001 ≤ p < 0.01, ***0.0001 ≤ p < 0.001, 
****p < 0.0001, N.S. not significant
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and cross-sectional muscle tissue samples were prepared 
for immunohistochemistry (Fig. 2A) or muscle lysates for 
protein detection by western blotting (Figs. 2B, S2A, B). 
The number of dystrophin-supplemented fibers in 21-wo 
mice muscle samples (1213 ± 234 average) and their per-
centage in the total number of myofibers (10.6% ± 2.1 
average), here named “dystrophin supplementation rate” 
were calculated from stained sample images of whole 
gastrocnemius muscles (Fig. S2C). Statistical correlation 

analyses were performed with data from over 21-wo 
mice in order to explain the differences previously dis-
covered in the functional effects of dystrophin supple-
mentation on DMD muscles (no impact on MCT but full 
recovery of muscle fatigue ratio). Spearman’s rank-order 
correlation coefficient showed a significant positive cor-
relation (r = 0.54) between the number of dystrophin-
supplemented myofibers and mice MCT at rest (Fig. 2C). 
After confirming that MCT values were normally 

Fig. 1 (See legend on previous page.)
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Fig. 2 Severe DMD muscle weakness phenotype prevented by cell therapy-mediated dystrophin supplementation. A Sectional immunostaining 
images of 21-week-old (wo) wild type (WT + TMR), untreated DMD (DMD + TMR) and dystrophin supplemented-DMD (DMD + Dys + TMR) 
mouse gastrocnemius collected after treadmill running (TMR) assessment. WT (WTcon) and DMD (DMDcon) control mice did not undergo 
functional assessment. Dystrophin (green) and laminin-2 (white) were stained to analyze dystrophin supplementation in DMD muscles after cell 
transplantation. Scale bars: 50 µm. B Cropped western blot of dystrophin in 21-wo DMD + Dys + TMR mouse gastrocnemius samples collected 
after TMR assessment. WTcon (positive control) and DMDcon (negative control) are samples from mice that did not undergo functional assessment. 
The full-length blot and Coomassie brilliant blue-stained blot used as control are presented in Supplementary Fig. 2. C Spearman’s correlation 
between the number of dystrophin-supplemented fibers in DMD mouse gastrocnemius and plantar flexion maximal isometric contraction 
torque (MCT) assessed at rest. r = 0.54. **p = 0.003. n = 28. D Threshold of 921 dystrophin-supplemented DMD fibers revealed by the receiver 
operating characteristic (ROC) curve analysis. Area under the curve, AUC = 0.72. n = 28. E Spearman’s correlation between the number 
of dystrophin-supplemented fibers in 33-wo DMD mouse gastrocnemius and MCT assessed at rest. r = 0.77. **p = 0.009. n = 10. F Threshold of 920 
dystrophin-supplemented DMD fibers revealed by the ROC curve analysis in 33-wo mice samples. AUC = 1.00. n = 10. G Sectional immunostaining 
images of 21-wo wild type (WT), untreated DMD (DMD) and dystrophin supplemented-DMD (DMD + Dys) mouse gastrocnemius collected 
after TMR assessment. Laminin-2 (white) was stained to detect myofiber basal lamina. Scale bars: 100 µm. H Quantification of the number of single 
fibers from images in G. n = 10 (WT), n = 10 (DMD), n = 14 (DMD + Dys). I Quantification of single fiber cross-sectional area (CSA) from images in G. 
Sample sizes: cf. H. J Quantification of single fiber minor axis from images in G. Sample sizes: cf. H. Data are shown as mean ± SEM. *0.01 ≤ p < 0.05, 
**0.001 ≤ p < 0.01, ***0.0001 ≤ p < 0.001, ****p < 0.0001
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distributed (p-value > 0.05) in the WT mouse popula-
tion at each time-point by applying the Shapiro–Wilk 
normality test (Fig. S2D), 95% of WT mice MCT values 
were found > 4.47  mNm, > 3.50  mNm, and > 4.49  mNm 
at 21, 29, and 33 weeks of age, respectively. To establish 
the lower limit to consider a DMD mouse MCT value 
as normal, we set even higher thresholds: we calculated 
that 68% of WT mice MCT values were > 5.97  mNm at 
21-wo, > 5.43  mNm at 29-wo and > 5.96  mNm at 33-wo. 
Using these thresholds for strength normality, further 
analysis of the ROC curve successfully indicated that 
921 dystrophin-positive myofibers, corresponding to less 
than 10.6% supplementation, were sufficient for a DMD 
mouse to display a normal MCT value (area under the 
curve, AUC = 0.72; Fig. 2D).

The absence of functional improvement in the dystro-
phin supplemented-DMD mice group was first attributed 
to the lack of highly dystrophin-supplemented samples 
in this study. To confirm this hypothesis, analysis of 
maximal muscular strength at rest was performed again, 
with the exclusive inclusion of samples with more than 
1000 (Fig. S2E), 1500 (Fig. S2F), or 2000 (Fig. S2G) dys-
trophin-supplemented myofibers after transplantation. 
Results tended to show a higher MCT at rest in dystro-
phin supplemented-DMD mice compared to untreated 
DMD mice, reaching WT mice levels; however, the 
p-value could not confirm statistically significant results 
due to the small number of samples (for instance, no 
sample with more than 1500 dystrophin-supplemented 
fibers remained at 33  weeks of age). Spearman’s rank-
order correlation analysis was then performed with the 
exclusive inclusion of 33-wo mice samples, revealing 
that the number of dystrophin-supplemented myofib-
ers and mice MCT at rest were not only significantly but 
also more strongly correlated (r = 0.77; Fig. 2E). In addi-
tion, ROC curve analysis performed with MCT values of 
33-wo mice indicated a higher AUC (Fig. 2F), supporting 
a stronger probability that comparable 920 dystrophin-
supplemented fibers threshold was sufficient to prevent 
DMD low values of MCT and thus severe weakness 
phenotype.

In addition, as myofiber strength is related to myofiber 
diameter [43], immunofluorescent staining analysis of 
laminin protein subunit alpha 2 (laminin-2) was per-
formed on cross-sectional muscle tissue samples from 
21-wo mice (Fig.  2G). Results indicated that myofibers 
were more numerous in dystrophin supplemented-DMD 
muscles (11,856 ± 639) than in both WT (8771 ± 260) and 
untreated DMD (9895 ± 316) muscles (Fig. 2H). However, 
the CSA of each single fiber was smaller in both untreated 
and supplemented DMD muscles (1173  μm2 ± 66 
and 1167  μm2 ± 126, respectively) compared to WT 
(1800  μm2 ± 69; Fig.  2I). The small size of myofibers in 

both DMD groups muscles was confirmed by the analy-
sis of their minor diameter, respectively 29.10 μm ± 0.74 
and 28.79 μm ± 1.33 in untreated and transplanted DMD 
muscles (Fig. 2J). These results suggested that in addition 
to the number of dystrophin-supplemented DMD fibers, 
the small size of these regenerating fibers could also play 
a part in the absence of functional improvement of DMD 
muscular strength.

DMD muscle fatigue amelioration after dystrophin 
supplementation, favored by the protective role 
of dystrophin against muscle damage
The previous Spearman correlation test was performed 
again between the number of dystrophin-supplemented 
myofibers and muscle fatigue outcomes. Contrary to 
MCT at rest, the number of dystrophin-supplemented 
myofibers was not correlated with MCT after TMR or 
with muscle fatigue ratio (Fig.  3A, B). Therefore, mus-
cle tissue structure was observed to investigate other 
biomolecular mechanisms that could account for the 
amelioration of DMD muscle-fatigue tolerance after cell 
transplantation-mediated dystrophin supplementation. 
Qualitative image analysis of hematoxylin and eosin-
stained cross-sectional samples suggested that muscle 
degeneration was reduced in DMD muscles after dys-
trophin supplementation compared to that in untreated 
DMD muscles, as a decrease in necrotic fibers was 
observed (Fig.  3C). Moreover, the ratio of total myofib-
ers CSA in total muscle CSA tended to be higher in dys-
trophin supplemented-DMD myofibers (65.6% ± 1.4) 
than in untreated DMD myofibers (61.0% ± 2.6; Fig. 3D). 
Along with these results, Picrosirius red staining brought 
similar results concerning muscle fibrosis that was signif-
icantly reduced in dystrophin supplemented-DMD mus-
cles (2,256,314  μm2 ± 391,633) compared to untreated 
DMD muscles (4,232,720 μm2 ± 434,569; Fig. 3E).

These findings led to a more detailed study of the 
damage in DMD skeletal muscles that have undergone 
muscle fatigue by TMR. EBD was systemically injected 
into the mouse penile vein the day before the last TMR 
evaluation and muscle harvest to study degenerating 
myofibers (Fig.  S3A). On the one hand, muscle tissue 
cross-sectional samples analysis revealed that EBD-pos-
itive CSA was significantly higher in DMD muscles 
after TMR (1,325,645 μm2 ± 197,782) than in DMD sed-
entary control muscles (586,687  μm2 ± 99,780; Fig.  3F). 
However, it was comparable in both running and sed-
entary control WT muscles (10,192  μm2 ± 4681 and 
6419  μm2 ± 1762, respectively), indicating that TMR 
caused myofiber damage only in DMD muscles. On the 
other hand, EBD-positive CSA after TMR was signifi-
cantly reduced in dystrophin supplemented-DMD mus-
cles (625,619  μm2 ± 110,484) compared to untreated 
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Fig. 3 Dystrophin protective role against muscle damage. A No correlation between the number of dystrophin-supplemented fibers 
in 21-week-old (wo) DMD mouse gastrocnemius and plantar flexion maximal isometric contraction torque (MCT) assessed after treadmill running 
(TMR). r = − 0.25. p = 0.31. n = 18. B No correlation between the number of dystrophin-supplemented fibers in 21-wo DMD mouse gastrocnemius 
and muscle fatigue ratio assessed after TMR. r = − 0.28. p = 0.26. n = 18. C Sectional images of gastrocnemius of 21-wo wild type (WT), untreated 
DMD (DMD) and dystrophin supplemented-DMD (DMD + Dys) mice collected after TMR assessment, stained with hematoxylin (purple nuclei) 
and eosin (pink cytoplasm). Scale bars: 50 µm. D Total fiber per total muscle cross-sectional area (CSA) ratio, reflecting the proportion of the muscle 
tissue. p = 0.1. n = 10 (DMD), n = 14 (DMD + Dys). E Sectional images of gastrocnemius of 21-wo WT, DMD and DMD + Dys mice collected after TMR 
assessment, stained with Picrosirius red. Scale bars: 50 µm. Quantitative graph shows fibrosis CSA. n = 3. F Sectional images of gastrocnemius 
of 21-wo wild type (WT + TMR), untreated DMD (DMD + TMR) and dystrophin supplemented-DMD (DMD + Dys + TMR) mice collected after TMR 
assessment. WT (WTcon) and DMD (DMDcon) control mice did not undergo functional assessment. Myofiber damage was stained by Evans blue 
dye (EBD; white) and laminin-2 (green) detected basal lamina. Scale bars: 50 µm. Quantitative graph shows EBD-positive CSA (EBD + CSA). n = 8 
(WTcon), n = 10 (WT + TMR), n = 6 (DMDcon), n = 10 (DMD + TMR), n = 10 (DMD + Dys + TMR). G Spearman’s correlation between EBD + CSA and MCT 
of 21-wo mouse gastrocnemius assessed after TMR. r = − 0.7. ****p < 0.0001. n = 30. H Spearman’s correlation between EBD + CSA and muscle fatigue 
ratio of 21-wo mouse gastrocnemius assessed after TMR. r = − 0.4. *p = 0.03. n = 30. I Sectional images of gastrocnemius of 21-wo DMD + Dys mice 
collected after TMR assessment. Fibers positive for both EBD (white CSA) and dystrophin (red membrane) were evaluated. Scale bars: 50 µm. Data 
are shown as mean ± SEM. *0.01 ≤ p < 0.05, **0.001 ≤ p < 0.01, ***0.0001 ≤ p < 0.001, ****p < 0.0001
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DMD muscles (1,325,645 μm2 ± 197,782; Fig. 3F). Spear-
man’s correlation analysis was also performed between 
the EBD-positive CSA and muscle fatigue outcomes in all 
groups combined. Significant negative correlation coef-
ficients were found for both MCT after TMR (r = − 0.7; 
Fig. 3G) and muscle fatigue ratio (r = − 0.4; Fig. 3H), sup-
porting that the decrease of damaged myofibers corre-
lated with the amelioration of muscle fatigue tolerance 
of dystrophin supplemented-DMD muscles after cell 
transplantation.

Furthermore, the percentage of dystrophin and EBD 
double-positive myofibers (0.02% ± 0.02 of total dystro-
phin-positive fibers) confirmed that almost no dystro-
phin-supplemented myofiber was damaged after TMR 
(Fig.  3I), supporting that dystrophin protein has a pro-
tective role against myofiber damage created by TMR 
muscle fatigue. To confirm the conclusions in the even 
longer term, we performed the histological analysis of 
muscle damage using the EBD marker again in 33-wo 
mice (Fig. S3A). Likewise, the significant damage induced 
by TMR on DMD muscles compared to WT muscles 
tended to decrease in dystrophin supplemented-DMD 
muscles (Fig. S3B). The quasi-absence of dystrophin and 
EBD double-positive myofibers in the dystrophin-supple-
mented DMD muscles confirmed as well their stronger 
resistance against TMR-induced muscle damage even 
in 33-wo mice (Fig. S3C). Nevertheless, although previ-
ous muscle function evaluation in 21-wo mice revealed 
full recovery of muscle fatigue ratio after dystrophin sup-
plementation (Fig. 1E), EBD-positive CSA still showed a 
significant difference between dystrophin supplemented-
DMD muscles (625,619 μm2 ± 110,484) and WT muscles 
(10,192 μm2 ± 4681; Fig. 3F). These results indicate that a 
reduction in muscle damage alone cannot explain the full 
amelioration of muscle fatigue tolerance after dystrophin 
supplementation in DMD muscles.

DMD muscle fatigue amelioration after dystrophin 
supplementation, explained by a preferential regeneration 
of oxidative myofibers after cell transplantation
To further investigate the characteristics of the amelio-
ration of DMD muscle fatigue tolerance after dystrophin 
supplementation, the myofiber types were studied in 
cross-sectional muscle tissue samples using immunohis-
tochemistry. Firstly, myosin heavy chains type I (MHC-
I) positive CSA was comparable in sedentary mice and 
in mice after TMR for both WT (276,791 μm2 ± 31,452 
and 233,709  μm2 ± 55,753, respectively; Fig.  S4A) and 
DMD (575,048  μm2 ± 98,517 and 525,082  μm2 ± 40,727, 
respectively) genotypes (Fig.  S4B). The same applied 
to myosin heavy chain type IIA (MHC-IIA)-positive 
CSA (Fig.  S4C, D). This confirmed that the myofiber 

type had no relevance to the TMR. Of note, MHC-I 
positive CSA was significantly increased in dystrophin 
supplemented-DMD muscles (1,473,036 μm2 ± 134,127) 
compared to untreated DMD (525,082  μm2 ± 40,727) 
and WT (233,709  μm2 ± 55,753) muscles (Fig.  4A). As 
for type IIA fibers, the disease phenotype of prefer-
ential degeneration of fast fibers [44] was correctly 
reflected as MHC-IIA positive CSA in untreated DMD 
(1,398,446  μm2 ± 153,213) was significantly lower than 
in WT muscles (2,177,655  μm2 ± 185,167). In compari-
son, the phenotype was ameliorated after cell trans-
plantation as MHC-IIA positive CSA in dystrophin 
supplemented-DMD muscles (2,429,107 μm2 ± 148,435) 
significantly regained WT levels (Fig.  4B). This par-
ticular balance between myofibers formed by MHC-I 
and MHC-IIA in DMD muscles after dystrophin sup-
plementation was verified to remain the same in older, 
33-wo mice (Fig. S4E, F). Observation of cross-sectional 
samples stained with an anti-myosin heavy chain type 
IIB (MHC-IIB) antibody qualitatively confirmed that 
myofibers negative for MHC-I and MHC-IIA were likely 
mouse type IIB fibers (Fig. S4G). These results suggested 
that dystrophin supplemented-DMD fibers were prefer-
entially type I or type IIA in transplanted DMD muscles. 
To confirm this hypothesis, dystrophin- and MHC-I/
IIA double-positive fibers were analyzed. 49.9% ± 4.3 
of dystrophin-supplemented DMD fibers were positive 
for MHC-I, and 35.5% ± 1.9 were positive for MHC-
IIA (Fig.  4C, D). As these two types of myosin chains 
are known to form oxidative type fibers [45, 46], these 
results indicated that an average of 85.4% of dystrophin-
supplemented DMD myofibers preferentially used oxi-
dative metabolism after cell transplantation, and the 
same experiments reconducted with 33-wo mice con-
firmed a percentage of 82.2% (Fig.  S4H). Furthermore, 
as some reports have described type I myofibers as 
more resistant to damage than other fiber types [47], 
EBD and MHC-I double-positive fiber analyses were 
undertaken. Less than 0.4% ± 0.2 of MHC-I positive fib-
ers were EBD-positive in untreated DMD muscles after 
TMR, pointing out that type I fibers were indeed likely 
to manifest resistance toward muscle damage created by 
TMR muscle fatigue (Fig. 4E). Finally, the same analysis 
conducted in dystrophin-supplemented DMD muscles 
revealed a similar phenomenon at 21 (Fig.  4F) to that 
at 33 weeks of age (Fig. S4I) with almost no fiber, being 
concurrently positive for dystrophin, MHC-I, and EBD. 
These results attested that the vast majority of newly 
formed dystrophin-supplemented DMD fibers after cell 
transplantation were both oxidative and damage-resist-
ant, and remained so over time.
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Fig. 4 Preferential regeneration of oxidative myofibers in DMD muscles after cell transplantation. A Sectional immunostaining images of whole 
gastrocnemius of 21-weeks old (wo) wild type (WT), untreated DMD (DMD) and dystrophin supplemented-DMD (DMD + Dys) mice collected 
after of treadmill running (TMR) assessment. Myosin heavy chains type I (MHC-I; green) were stained to evaluate the proportion of type I 
fibers in mouse gastrocnemius muscles. Scale bars: 500 µm. Quantitative graph shows type I fiber cross-sectional area (CSA). n = 4. B Sectional 
immunostaining images of whole gastrocnemius of 21-wo WT, DMD and DMD + Dys mice collected after TMR assessment. Myosin heavy 
chains type IIA (MHC-IIA; green) were stained to evaluate the proportion of type IIA fibers in mouse gastrocnemius muscles. Scale bars: 500 µm. 
Quantitative graph shows type IIA fiber CSA. n = 4. C Sectional immunostaining images of gastrocnemius muscles of 21-wo DMD + Dys mice 
collected after TMR assessment. Dystrophin and laminin-2 were stained with myosin heavy chains types I/IIA/IIB to evaluate the predominant fiber 
type among dystrophin-supplemented DMD fibers after cell transplantation. Scale bars: 50 µm. D Quantitative analysis of myosin heavy chain types 
showing predominance of oxidative fibers in dystrophin-supplemented DMD fibers after cell transplantation. n = 4. E Sectional immunostaining 
images of gastrocnemius of 21-wo DMD mice collected after TMR assessment. No fiber were both positive for EBD (CSA stained in white) and MHC-I 
(green). Scale bars: 100 µm. F Sectional immunostaining images of gastrocnemius of 21-wo DMD + Dys mice collected after TMR assessment. 
No fiber were concurrently positive for dystrophin (red), EBD (CSA stained in white) and MHC-I (green). Scale bars: 100 µm. Data are shown 
as mean ± SEM. *0.01 ≤ p < 0.05, **0.001 ≤ p < 0.01, ****p < 0.0001
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DMD muscle fatigue amelioration after dystrophin 
supplementation, ascribed to higher mitochondrial 
activity in dystrophin supplemented‑DMD muscles
Myofibers are characterized by different metabolic prop-
erties. Glycolytic fibers primarily use anaerobic glycolysis 
as an ATP source and generate quick and strong contrac-
tions but are easily fatigable [45, 48]. In contrast, oxida-
tive fibers create ATP from oxygen and glucose through 
aerobic respiration, have a slower speed and shortening 
tension, but are highly resistant to fatigue [45, 48]. Based 
on this knowledge, animal experiments were conducted 
to confirm the changes in metabolic functions caused by 
dystrophin supplementation in the DMD muscle. Thus, 
a novel GO-ATeam2 transgenic (ATPtg) Dmd-null/NSG 
mouse model that allows real-time in  vivo ATP level 
monitoring was generated for the first time (Fig. S5A). 
Using these ATPtg DMD mice, live ATP imaging was 
conducted so that 10 images per second of 20-wo mouse 
gastrocnemius muscles were taken while undergoing 
muscle fatigue created by electrically stimulated repeated 
isometric contractions (RIC) at 40% of maximal con-
traction strength (Fig.  5A). Qualitative analysis of suc-
cessive images showed lower ATP levels in ATPtg DMD 
mouse muscles than in ATPtg WT mice, which displayed 
high ATP levels in their entire gastrocnemius muscles 
(Fig. 5B). Compared to untreated ATPtg DMD mice, dys-
trophin supplemented-ATPtg DMD muscles exhibited an 
increased ATP activity despite not as remarkable as that 
in ATPtg WT mice. Then, averages of 10 images were cal-
culated from quantitative data to study the relative ATP 
level time-course evolution during repeated contrac-
tions (Fig.  5C). The ATPtg WT mouse curve showed a 
decrease in ATP level at the beginning of the contraction 
session, followed by an increase that widely surpassed 
the starting level until the cessation of contractions. 

Conversely, the ATPtg DMD mouse curve only pre-
sented a slow and mild increase during all repeated con-
tractions. As for the dystrophin supplemented-ATPtg 
DMD mice curve, even if the ATP starting decrease was 
greater than in ATPtg WT mice muscles, the ATP level 
increase afterward was much more noticeable than that 
of ATPtg DMD mice (Fig. 5C). ATP level after the stop 
of repeated contractions was confirmed lower in ATPtg 
DMD muscles (3.11 ± 0.24) compared to ATPtg WT 
(3.99 ± 0.25; significant statistical Student’s t-test result 
between the two groups; Fig. 5D). Of note, a higher level 
trend was observed in dystrophin supplemented-ATPtg 
DMD muscles (3.38 ± 0.26) compared to untreated ATPtg 
DMD muscles (3.11 ± 0.24), even though statistical signif-
icance could not be proven (by one-way ANOVA in the 
three studied groups) likely due to the reduced sample 
size (Fig. 5D). The analysis of the ATP level ratio before 
and after the contraction session revealed similar results 
(Fig.  5E). Moreover, functional results were analyzed to 
confirm that the muscular work induced by RIC had the 
same functional effects as the previously tested TMR. 
Despite the absence of statistical significance, ATPtg 
DMD mice muscle fatigue ratio outcome was predictably 
reduced compared to both ATPtg WT and dystrophin 
supplemented-ATPtg DMD mice muscles (Fig. S5B).

Oxidative phosphorylation (OXPHOS) activity in skel-
etal muscle mitochondria, known to produce ATP, was 
further investigated after TMR  by western blot analy-
sis of the electron transport chain complex subunits 
(Figs.  5F, S5C, D, E). The abundance of mitochondrial 
OXPHOS complexes II, III, IV, and V was lower in DMD 
muscles than in WT muscles. More importantly, an 
increase of these complexes was detected in dystrophin 
supplemented-DMD muscles compared to untreated 
DMD muscles (Figs.  5F, S5C, D, E), suggesting higher 

(See figure on next page.)
Fig. 5 High mitochondrial activity in dystrophin supplemented-DMD muscles after cell transplantation. A Schematic representation of in vivo live 
ATP imaging in 20-weeks old (wo) GO-ATeam2 transgenic wild type (ATPtg WT), untreated DMD (ATPtg DMD) and dystrophin supplemented-DMD 
(ATPtg DMD + Dys) mouse gastrocnemius during fatigue induced by repeated isometric contractions (RIC). B ATP images of 20-wo ATPtg WT, 
DMD and DMD + Dys mouse gastrocnemius during RIC, showing low (blue) to high (red) ATP level. C Time-course ATP relative level (average/
second) in 20-wo ATPtg WT, DMD and DMD + Dys mouse gastrocnemius during RIC. n = 8 (ATPtg WT), n = 5 (ATPtg DMD), n = 5 (ATPtg DMD + Dys). 
D ATP level of 20-wo ATPtg WT, DMD and DMD + Dys mouse gastrocnemius assessed after RIC. Sample sizes: cf. C. E ATP level ratio of 20-wo 
ATPtg WT, DMD and DMD + Dys mouse gastrocnemius before and after RIC. Sample sizes: cf. C. F Cropped western blot of mitochondrial electron 
transport chain complexes and GAPDH in 21-wo wild type (WT), untreated DMD (DMD) and dystrophin supplemented-DMD (DMD + Dys) mouse 
gastrocnemius collected after treadmill running (TMR) assessment. From top to bottom: ATP synthase subunit-alpha of complex-V; cytochrome 
b-c1 complex subunit-2 of complex-III; cytochrome c oxidase subunit-1 of complex-IV; GAPDH; succinate dehydrogenase subunit-B of complex-II. 
The full-length blots and Coomassie brilliant blue-stained blot used as control are presented in Supplementary Fig. 5. n = 4. G Sectional electron 
microscopy images of 27-wo WT, DMD and DMD + Dys mouse gastrocnemius collected after TMR assessment. Image sizes: 22.3 μm × 16.7 μm 
(upper panel), 5.6 μm × 4.2 μm (lower panel). H Sectional electron microscopy images of 27-wo WT, DMD and DMD + Dys mouse gastrocnemius 
collected after TMR assessment. Image sizes: 1.9 μm × 1.4 μm. I Sectional images of 21-wo DMD + Dys mouse gastrocnemius collected after TMR 
assessment. Dystrophin (red) and NADH-TR (purple-blue) were stained to compare mitochondrial activity between dystrophin-positive/negative 
fibers. Scale bars: 50 µm. Quantitative graphs show range of intensity (0 black; 256 absence of signal) and staining intensity. n = 6. Data are shown 
as mean ± SEM. *0.01 ≤ p < 0.05
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mitochondrial activity in DMD skeletal muscles after dys-
trophin supplementation. Further study of mitochondrial 
organelles in 27-wo mice muscle tissue samples collected 

immediately after TMR evaluation was performed using 
TEM. Longitudinally sectioned-WT muscle samples 
contained numerous normally-shaped mitochondria 

Fig. 5 (See legend on previous page.)
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between myofibers sarcomeres (Fig.  5G), with a high 
density of cristae in their inner membrane (Fig.  5H). In 
untreated DMD muscle samples, the mitochondria were 
fewer, smaller, and sparser, while the mitochondrial inter-
nal structure appeared less dense and complex, with very 
few cristae compared to WT mitochondria (Fig. 5G, H). 
Dystrophin supplemented-DMD muscles contained 
more mitochondria than untreated DMD muscles, and 
in some parts of observed muscle samples, they visually 
resembled WT ones (Fig. 5G, H). These results indicate 
a reduction in mitochondrial impairment in the number 
and structure of DMD muscles following dystrophin sup-
plementation via cell transplantation. To confirm these 
data, nicotinamide adenine dinucleotide-tetrazolium 
reductase (NADH-TR) was stained in transplanted DMD 
mice muscle samples, and the range of intensity was 
compared between dystrophin-positive and -negative 
fibers within the same muscle sample sections (Figs.  5I, 
S5F). For each sample, average brightness was found 
to be significantly higher in dystrophin-negative fibers 
(128.7 ± 2.44 average range of intensity) compared to dys-
trophin supplemented-DMD fibers (120.0 ± 3.55 average 
range of intensity; Figs. 5I, S5F). The NADH-TR reaction 
studied in the muscles of 33-wo mice was conclusive as 
well and validated those findings in the even longer term 
(Figs.  S5G, H). Consistent with myofiber-type results, 
these data further supported that dystrophin supple-
mented-DMD fibers presented higher mitochondrial oxi-
dative activity than untreated DMD fibers.

Discussion
In this study, we established a novel method for the accu-
rate evaluation of DMD mouse motor function, overcom-
ing the different issues of previously reported methods. 
Notably, its application successfully demonstrated the 
beneficial effects of cell therapy-mediated dystrophin 
supplementation on DMD muscle fatigue tolerance. 
Investigations into the molecular mechanisms explained 
this functional amelioration by the preferential regen-
eration of damage-resistant and oxidative myofibers with 
high mitochondrial activity after cell transplantation.

First, our new functional evaluation method properly 
reflected DMD motor function deficiencies compared 
to the WT mouse model over a long period. Our large 
sample size permitted the validation of these functional 
results with high statistical significance. Different meth-
ods, with both advantages and disadvantages, have been 
reported regarding the assessment of cell therapy effi-
ciency in DMD motor function. Muscle tension meas-
urements have been performed ex  vivo (after animal 
sacrifice, muscle contractile properties are evaluated out-
side its physiological environment using in vitro systems) 
[25, 26, 28, 31, 34, 49] or in situ (under animal anesthesia, 

one tendon remains attached to the organism, while the 
other is exposed, sectioned, and attached to a force trans-
ducer) [32, 33]. Although these methods are specific to 
the targeted muscle, they only enable a one-time assess-
ment, and the need to harvest all or part of the muscle 
renders them far from any possible clinical application 
in patients with DMD. Additionally, an in  vivo method 
using transcutaneous electrical stimulation to generate 
tetanic muscle contractions under anesthesia has been 
reported [29]. This method overcomes the previously 
described disadvantages and allows multiple time-point 
evaluations of the same individual. However, our experi-
ments indicated that the MCT values resulting from 
transcutaneous electrical stimulations of the gastrocne-
mius could not accurately reflect the therapeutic effect 
of cell transplantation therapy on DMD muscles. On 
another note, some reported methods show more func-
tionality than electrical stimulation and are suitable for 
time-course evaluation; however, they remain disput-
able. For instance, the accuracy of the grip strength test 
[34, 49, 50] has been debated because of operator bias 
[51]. The test constrains the assessment of several limbs 
together and in their global flexion movement; moreover, 
the reproducibility of a stable evaluation position is lim-
ited. The same applies to the wire hang test [50] which 
is not muscle-specific, as it recruits whole animal mus-
cles as well as balance abilities to resist hanging fatigue. 
As for exhaustion tests using wheels or treadmills [28, 
52], although they appropriately reflect DMD functional 
ambulatory needs in daily living, the evaluation until 
exhaustion cannot be considered clinically. In addition, 
running tests have the disadvantage of taking the whole 
body into account, especially the cardiorespiratory sys-
tem [53] which deteriorates in DMD [54]. Considering 
each existing method, we aimed to combine their advan-
tages to create a novel and relevant evaluation protocol 
for DMD motor functions. Thus, in our approach, mus-
cle fatigue was created in live animals using a tread-
mill in a functional and clinically applicable way that 
could be replaced by a walking test usually used with 
patients, such as the six-minute walk test [55]. Addition-
ally, in  vivo, transcutaneous electrical stimulations were 
used to reflect strength decline, so that muscle specificity 
and functioning environment were maintained and that 
repeated assessments in the same individual were feasible 
to detect functional changes over time. Another advan-
tage was the establishment of the first functional evalua-
tion method for the Dmd-null/NSG mouse model, where 
most studies used an mdx mouse model, even though its 
dystrophic features are minimal during the 0–2  weeks 
and 3–6  weeks phases, with severe phenotypes only 
occurring at around 15 months of age [56]. Moreover, due 
to a nonsense mutation in the Dmd gene, mdx muscles 
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do not completely lack dystrophin protein, making the 
distinction between the effects of endogenous or supple-
mented dystrophin in cell transplantation studies difficult 
[57]. Finally, our method with the Dmd-null/NSG mouse 
model enabled the long-term evaluation of cell therapy 
efficiency, whereas most studies only focused on mice of 
a few weeks of age, which constitutes an essential crite-
rion considering future clinical application needs.

In addition to overcoming issues of the reported meth-
ods, the application of our novel method reliably demon-
strated significant and long-term amelioration of muscle 
fatigue tolerance after cell therapy-mediated dystrophin 
supplementation in DMD muscles. Among the animal 
studies that investigated dystrophic mouse muscle func-
tion after cell therapy, a few reported improvements in 
fatigue resistance. Earlier tests consist of ex vivo tests [31, 
49], in  situ tests [32, 33] and treadmill exhaustion tests 
[28, 52] which present the above-described numerous 
disadvantages. Therefore, for the first time, the present 
in  vivo study could validate the findings with high sig-
nificance without implementing invasive methods and 
strictly maintaining the assessed muscle in its molecu-
lar physiological environment. Furthermore, our study 
confirmed that cell therapy-mediated dystrophin sup-
plementation was responsible for the full recovery of 
DMD muscle fatigue tolerance at 21  weeks of age, as 
no statistical difference was observed between WT and 
dystrophin supplemented-DMD groups. In addition, the 
literature provides reviews exploring the effects of TMR 
on DMD mouse performance [58, 59]. However, the 
intensity (duration, speed, slope), acclimatization (accel-
eration, pre-training), and frequency of running sessions 
differed between studies, and we could not find gold-
standard protocols or investigations on Dmd-null/NSG 
mouse models. As no direct comparison was possible 
between our results and those in the literature, additional 
experiments were conducted to compare the muscle 
fatigue outcomes between sedentary mice and mice that 
had undergone several tests. Thus, we successfully con-
firmed that our treadmill evaluation method itself did 
not improve mouse performance and, consequently, 
that cell therapy-mediated dystrophin supplementa-
tion directly ameliorated DMD muscle fatigue tolerance. 
Finally, the functional results of 33-wo mice supported 
that this functional amelioration is likely to persist over 
time and in the very long term, even though the diffi-
culty in keeping our DMD mouse model alive limited 
our possibilities to statistically confirm that hypothesis. 
As the age-related muscle fatigue tolerance reduction 
also could be observed in the WT group, the absence of 
significant results at 33 weeks of age might not reflect a 
reduced treatment efficacy but could be explained by the 
unavoidable use of immunodeficient mouse models for 

transplantation studies using human cells. The dimin-
ished muscle functions observed in WT/NSG mice 
would be a consequence of the diabetic background as 
these animals are non-obese diabetic (NOD) mice.

We investigated several possible mechanisms involved 
in the amelioration of DMD muscle fatigue tolerance 
following cell therapy-mediated dystrophin supplemen-
tation. Even though mouse muscles, including gastroc-
nemius, are highly composed of fast-twitch glycolytic 
fibers, contrary to human muscles [60], we have found 
that 85.4% of dystrophin-supplemented mice myofibers 
newly regenerated after cell transplantation were oxida-
tive type. The metabolism of oxidative fibers (composed 
of type I slow oxidative and type IIA fast oxidative fib-
ers) primarily involves aerobic respiration instead of gly-
colysis, which induces slow contractions but provides 
high resistance to fatigue [45]. Thus, the full ameliora-
tion of DMD muscle fatigue observed in our study was 
ascribed to the preferential regeneration of dystrophin-
positive oxidative myofibers after cell transplantation. 
These results are in accordance with a previous report 
that described the high expression of type I fibers after 
the transplantation of mouse myogenic progenitors in 
both dystrophic and healthy mouse skeletal muscles 
[61]. Furthermore, we confirmed for the first time that 
the transplantation of human cells expressing dystrophin 
ameliorates DMD motor functions through the pref-
erentially directed regeneration of dystrophin-positive 
oxidative myofibers. First, we hypothesized that dystro-
phin protein could somehow protect myofibers from 
muscle damage generated by the TMR load. Looking 
at our study results, several points were in favor of this 
statement: WT fibers were not damaged after TMR con-
trary to DMD fibers, damaged muscle area was reduced 
in dystrophin supplemented-DMD muscles compared to 
untreated DMD control, and almost none of dystrophin-
supplemented DMD fibers were damaged after TMR. 
Second, we hypothesized that the reduced damage after 
muscle fatigue loading could also originate from the high 
proportion of slow fibers found in the DMD muscles 
after dystrophin supplementation. Indeed, slow fibers 
are reported to be more resistant than other fiber types 
and, thus, are less easily damaged by muscle contraction 
exercises [47]. In dystrophic muscles, the myofiber-type 
balance is disturbed [46] due to the preferential degen-
eration of fast-twitch myofibers, such that slow degen-
eration-resistant fibers are the most spared [44]. This 
was verified in our DMD samples, and none of the type 
I fibers were damaged after TMR. Of note, we found no 
dystrophin-supplemented slow oxidative fiber that was 
damaged by TMR in DMD muscle after cell transplanta-
tion, which was consistent with one or the other of the 
previously two stated hypotheses.
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Furthermore, oxidative fibers contain large numbers 
of mitochondria with a dense cristae ultrastructure to 
produce ATP via a unique and self-sufficient synthe-
sis mechanism that involves mitochondrial oxidative 
phosphorylation [45, 62]. As expected, we also observed 
enhanced mitochondrial related-outcomes in dystrophin 
supplemented-DMD muscles compared to untreated 
DMD samples: more numerous mitochondrial orga-
nelles, ultrastructure with more densely packed cristae, 
more abundant electron transport chain complexes, and 
significantly higher NADH-TR activity. So far, in  vitro 
experiments on isolated mitochondria have widely 
assumed that low ATP synthesis is a result of mitochon-
drial dysfunction in DMD [63, 64]. Noninvasive spec-
troscopic methods have also emerged in the last decade 
for in  vivo assessment in animal models of DMD [63, 
65, 66]. Here, the creation of a novel GO-Ateam2 trans-
genic DMD mouse model goes further, leading to the 
first in  vivo, live, and direct demonstration of the ATP 
level-impaired phenotype in DMD skeletal muscles, 
especially during real-time muscle exercise. Moreover, 
we have observed trends of amelioration in ATP levels 
in dystrophin supplemented-DMD muscles. Although 
the limited sample size did not work in favor of statisti-
cal significance, these results were consistent in all tested 
types of analyses: qualitative analysis of ATP dynamics 
successive images, real-time quantification of ATP rela-
tive level during RIC, and calculation of the ATP level 
decrease ratio before and after the contraction session. 
Results suggested that as WT muscles, supplemented 
DMD muscles first displayed a decrease of ATP due to 
the start of contraction activity but had an increased abil-
ity to adapt and raise their ATP level in response to that 
demand compared to DMD muscles. Indeed, it has been 
reported that an imbalance in ATP dynamics in DMD 
may diminish muscle tolerance to repeated contractions 
and exercise [67]. Because ATP measurements were con-
ducted by imaging the surface of gastrocnemius muscles, 
it is probable that we detected enhanced ATP levels in 
the newly regenerated dystrophin-positive type IIA fib-
ers that were present near the muscle surface, as shown 
in histological immunostaining images. Furthermore, we 
have confirmed that even within the same transplanted 
DMD muscle sample, mitochondrial activity reflected 
by NADH-TR activity was significantly higher in dystro-
phin-positive fibers compared to dystrophin-negative fib-
ers, validating that dystrophin supplemented-DMD fibers 
were undoubtedly at the origin of muscle fatigue toler-
ance improvement. The similar results obtained after 
histological analysis performed at several time-points 
(i.e., 21 and 33 weeks of age) demonstrated the long-term 
validity of these findings. In addition, as only 10% sup-
plementation could fully ameliorate DMD muscle fatigue 

tolerance function, we prospected that dystrophin-posi-
tive fibers displaying higher mitochondrial activity could 
influence the surrounding fibers, increasing the global 
mitochondrial dynamics and the whole muscle tolerance 
toward muscle fatigue via some still unclear molecular 
mechanisms. It would be relevant to further investigate 
these mechanisms in future studies.

Regarding the above-mentioned dystrophin supple-
mentation efficiency, we confirmed dystrophin protein 
expression in the skeletal muscles of our DMD mouse 
model after conducting multiple local transplantations of 
healthy human myoblasts, which was the most effective 
way to obtain a large number of dystrophin-expressing 
cells and supplement DMD muscles. Extensive research 
using different approaches for supplementation investi-
gated the minimum number of dystrophin-supplemented 
fibers required to detect an amelioration in DMD func-
tion. Depending on the research groups, at least 15 to 
20% dystrophin-supplemented DMD fibers were found 
necessary in mouse experiments [68–71]. Those thresh-
olds represent key values from a clinical application per-
spective and future transplant experiments in human 
DMD patients as, so far, no clinical case has been spe-
cifically published concerning the correlation between 
dystrophin levels and DMD motor function outcome 
severity. We found that 10% of dystrophin-positive fib-
ers counted in transplanted DMD muscles were sufficient 
to ameliorate the two types of DMD muscle functions, 
indicating higher efficiency with a lower dystrophin sup-
plementation rate compared to that reported in previous 
studies. Indeed, we provided evidence that cell therapy-
mediated dystrophin supplementation was not only effi-
cient in DMD muscle fatigue tolerance but could also 
prevent severe DMD muscle weakness, as indicated by 
the ROC curve analysis results. A clinical study of Becker 
muscular dystrophy (BMD) validated the determinant 
limit of 10% dystrophin-expressing myofibers for BMD 
muscle function symptom onset and severity, inter alia, 
in the case of the maximal voluntary isometric contrac-
tion of the patients [72]. Therefore, 10% dystrophin sup-
plementation rate could be sufficient also in human 
patients with DMD at least to prevent severe cases, ena-
bling such patients to reach a BMD phenotype in terms of 
muscle functions. Interestingly, the functional evaluation 
of MCT values in our study did not detect any significant 
effect of dystrophin supplementation on the maximal 
strength function of DMD mice. Consistently with our 
metabolic studies, this must put forward the differences 
between anaerobic (as maximal contraction) and aerobic 
(as running) muscular exercises. A significant correlation 
was yet revealed between the number of dystrophin-sup-
plemented DMD fibers and MCT at rest. This correla-
tion was even stronger when analyzing samples from the 
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oldest 33-wo mice. A gradual increase in necrosis has 
been reported in the myofibers of DMD patients with 
aging, along with decreasing regenerative abilities due 
to the senescence of satellite cells [73]. Thus, progressive 
impairment of the surrounding non-supplemented DMD 
fibers with aging may have provided a stronger impact 
on the remaining dystrophin supplemented-DMD fib-
ers. We first speculated that our study’s functional results 
were limited by the absence of highly dystrophin supple-
mented-DMD samples. However, regenerating myofibers 
remained smaller than WT myofibers after transplanta-
tion. As the tension resulting from myofiber contraction 
is known to be proportional to its diameter [43], which 
is related to the number of recruitable neuromuscular 
junctions in the fiber, we concluded that even a higher 
number of dystrophin supplemented-DMD fibers might 
not be sufficient to regain as much strength as in WT 
mice, as long as they remain smaller. Therefore, we are 
currently investigating whether the therapeutic effect of 
cell therapy can be maximized by adding complementary 
interventions, such as muscle training exercises, to pro-
mote the regeneration of more hypertrophied dystrophin 
supplemented-DMD myofibers after cell transplantation.

Last but not least, the present literature in the DMD 
field left no doubt on our ability to supplement the lack-
ing dystrophin protein in DMD muscles, or even to 
improve resulting dystrophic histology or systemic fea-
tures. However, the novelty of this study could be high-
lighted as we are now able to affirm with certainty that 
cell therapy efficiently improves DMD motor functions. 
This result was achievable by the successful establish-
ment of accurate, reproducible, and reliable novel assess-
ment methods in  vivo that overcame the remaining 
technical difficulties and limitations of previous studies. 
Of note, we discovered that muscle fatigue tolerance is a 
relevant outcome to study cell therapy efficacy in DMD 
muscles. Moreover, our long-term study results are sig-
nificant in prospects of clinical trials as the low thresh-
old of 10% dystrophin supplementation rate was durably 
efficient to affect DMD motor functions. More than sole 
treatment efficacy, the regenerating oxidative myofiber 
increase after cell transplantation deepens our knowl-
edge on the molecular mechanisms that are still elusive 
and lead to DMD pathogenesis, providing the basis for 
establishing future therapeutic approaches for DMD.

Conclusions
Through a cell transplantation study in Dmd-null/NSG 
mouse model, we established novel evaluation methods 
that successfully demonstrated the long-term efficacy 
of cell therapy-mediated dystrophin supplementation 
on DMD motor functions. Thus, even low dystrophin 

supplementation rates prevented severe muscular weak-
ness and significantly, fully, and durably ameliorated 
muscle fatigue tolerance in DMD muscles. The latter 
functional improvement was explained by the preferen-
tial regeneration of dystrophin-positive myofibers with 
protective properties against muscle damage and oxi-
dative metabolic functioning with high mitochondrial 
activity after cell transplantation. Therefore, this research 
brought novel, valuable findings toward clinical applica-
tion as reliable measurement methods and validation of 
the long-term efficiency of cell therapy on DMD motor 
functions.
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