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Biallelic mutations in the dysferlin gene cause limb-girdle
muscular dystrophy 2B or Miyoshi distal myopathy. We found
that nonsense mutations are the most common mutation type
among Korean patients with dysferlinopathy; more than half of
the patients have at least one nonsense allele, which may be
amenable to readthrough therapy. We generated a knockin
mouse, dqx, harboring DYSF p.Q832* mutation. Homozygous
dqx mice lacked dysferlin in skeletal muscle, while 2 weeks of
oral ataluren restored dysferlin expression and ameliorated
skeletal muscle pathology. Their physical performance
improved, and protection against eccentric contractions was
noted. The improvement was most evident in mice treated
with oral ataluren of 0.9mg/mL. These improvements were sus-
tained for 8 weeks in ataluren-treated dqx mice, while the pa-
rameters of A/J mice treated with ataluren over the same period
did not improve. These results support that readthrough ther-
apy by oral ataluren may also be applicable to dysferlinopathy
patients with nonsense mutation.

INTRODUCTION
Dysferlin is a membrane-anchored protein expressed in skeletal mus-
cle, as well as in heart and monocytes. It participates in the process of
membrane repair, and its absence leads to dysferlinopathy either as
Miyoshi distal myopathy or limb-girdle muscular dystrophy 2B, or
to less frequent clinical forms such as asymptomatic hyperCKemia.
The limb weakness in typical dysferlinopathy starts in late adoles-
cence to early adulthood, followed by steady progression, leading to
loss of ambulation in a few decades.1

Inflammatory processes are frequently noted in addition to dystro-
phic changes in muscle pathology of dysferlinopathy. However, a
clinical trial with deflazacort failed to show therapeutic benefit, unlike
in Duchenne muscular dystrophy.2 Currently, no curative treatment
option exists, although many innovative approaches are under
investigation.

Dysferlinopathy is one of the most common among the late-onset in-
herited myopathies, although its exact incidence is not known. The
reported prevalence shows a wide difference between ethnic groups,
ranging from 0.13/100,000 in northern England3 to 1/1,300 among
Libyan Jews.4 Some ethnic groups have founder mutations in the
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dysferlin gene, and in Korean people, two common mutations ac-
count for a third of all mutant alleles.5,6 One of the alleles,
c.2494C>T, is a nonsense mutation resulting in a premature termina-
tion codon, and several other nonsense mutations have been docu-
mented either occurring homozygously or as compound heterozy-
gous mutations.

Ataluren is a small-molecule drug that promotes readthrough of a
premature termination codon.7 It was identified from a chemical li-
brary screen of orally bioavailable, non-toxic compounds.7 It showed
significant therapeutic effects in a subgroup of Duchenne muscular
dystrophy patients with nonsense mutation in the phase 3 clinical
trial.8 This endorses the prospect that ataluren may be beneficial to
other muscle diseases with nonsense mutation. Thus, we generated
a transgenic knockin mouse model, dqx, harboring DYSF
c.2494C>T (p.Q832*) variant and analyzed the therapeutic effect of
ataluren.
RESULTS
Deficiency of dysferlin in skeletal muscle of dqxDysf–/– mice

Humanized exon 24 of dysferlin with a nonsense mutation was intro-
duced into the homologous region of mouse dysferlin. All three
missense differences in exon 24 of dysferlin between mouse and hu-
man were predicted to be neutral by Provean9 and mutation taster.10

It was confirmed by direct sequencing of genomic DNA from
dqxDysf�/� mice (Figure 1).
Phenotype in 30-week-old dqxDysf–/– mice

The loss of dysferlin expression persisted at the age of 30 weeks (Fig-
ure 2A). These mice were weaker in grip force (Figure 2B), easier to
fall from rotarod (Figure 2C), and shorter in running distance on
treadmill (Figure 2D) compared with age-matched C57BL/6 control
mice. Specific force tends to decrease in dqxDysf�/� mice without sta-
tistical significance (Figures 2E–2G). Force drop on eccentric
021 ª 2021 The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtm.2021.04.015
mailto:shinzh@pusan.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2021.04.015&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Structure of dqxDysf–/– knockin mice

The nonsense mutation c.2494C>T, its exon, and each

300 bp of flanking introns from human dysferlin sequence

were introduced to the homologous region of mouse

dysferlin. The chromatogram reads the sequence around

the introduced nonsense mutation (shaded in blue).

Reference human and mouse sequences are aligned

below the chromatogram.
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contraction was steeper in dqxDysf�/� mice compared with age-
matched C57BL/6 (Figure 2H).

Dysferlin restoration and functional improvement at different

ataluren dosage

The expression of dysferlin in the skeletal muscle of untreated
dqxDysf�/� mice was as low as 5.6% ± 5% of the amount from
C57BL/6 mice when measured with dysferlin C-terminal antibody
(Figure 3A). The amount of expression was highest in mice treated
with 0.9 mg/mL concentration of ataluren (38.0% ± 5% of C57BL/6).

Grip strength improved significantly in groups treated with 0.9 and
3.0mg/mL ataluren for 2weeks (Figure 3B). Latencies to fall improved
in groups treated with 0.3 and 0.9 mg/mL (Figure 3C). The endurance
measured by running on the treadmill improved remarkably in all the
treated groups (Figure 3D). Neither C57BL/6 mice treated with
0.9 mg/mL nor untreated dqxDysf�/� mice made significant changes
in the functional parameters over the same 2 weeks (Figures 3B–3D).

Mice treated with ataluren were protected from the injury by eccen-
tric contractions (Figure 3E). All three treated groups performed bet-
ter than the untreated dqxDysf�/� mice, and the effect on the mice
treated with 0.9 mg/mL was most remarkable. Force at the 10th
contraction was 41.7% of the baseline in the untreated group, while
the values in the treated mice were 56.1% in the 0.3 mg/mL group,
70.7% in the 0.9 mg/mL group, and 64.3% in the 3.0 mg/mL group.
There was no significant difference in eccentric force pattern between
treated and untreated C57BL/6 control mice.

Serial effect of ataluren in comparison with other dysferlin-

deficient mice

The effect of ataluren on the dqxDysf�/� mice was compared with that
on the A/J mice up to 8 weeks with a fixed dose of 0.9 mg/mL ataluren.
Dysferlin expression persisted to the end of study in dqxDysf�/� mice
treated with ataluren, while A/J mice failed to restore dysferlin over
the same dose and period (Figure 4A).

Treated dqxDysf�/� mice gained strength and endurance, shown by
grip strength, latency to fall in rotarod, and treadmill running
distance (Figures 4B–4D). In contrast, untreated dqxDysf�/� and A/J
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mice treated with ataluren did not improve
over time but tended to decline in functional
measurements.
Protection from the eccentric contraction was significant at all time
points through the eighth week of the study (Figure 4E). The effect
was most prominent at 2 weeks of treatment. Force at the 10th
contraction was 37.0% of the baseline before treatment, while the
values were 51.6%, 60.8%, 54.8%, and 57.0% after 1, 2, 4, and 8 weeks
of treatments, respectively.

Restored pathology by ataluren

Loss of dysferlin did not make a marked pathologic change on H&E
stain (Figure 5A, top row). Two weeks of oral ataluren treatment at
the dose of 0.9 mg/mL restored the sarcolemmal expression of
dysferlin in 9-week-old dqxDysf�/� mice (Figure 5A, middle row).
However, deposition of immunoglobulin was detected in fibers in
the tibialis anterior (TA) muscles of untreated dqxDysf�/� mice.
The number of immunoglobulin G (IgG)-positive fibers decreased
significantly in dqxDysf�/� mice treated with ataluren for 2 weeks
(Figures 5A, bottom row, and 5B). The number of fibers with cen-
tral nuclei was higher in dqxDysf�/� mice whether they were treated
with ataluren or not, while both are higher than that of C57BL/6
mice (Figure 5C).

Change in dysferlin transcript and creatine kinase (CK)

Dysferlin transcript was mildly reduced in muscle tissue of dqxDysf�/�

mice (Figure 5B). It tended to increase by 2 weeks of 0.9 mg/mL ata-
luren treatment, but without statistical significance (Figure 5B). CK in
serum tends to be higher in the untreated dqxDysf�/� mice compared
with C57BL/6 and ataluren-treated dqxDysf�/�mice, but we could not
find statistical significance with any combinations (Figure 5E).

DISCUSSION
Our results demonstrate the functional improvement in dysferlin-
deficient mouse by facilitation of nonsense readthrough. Our novel
dqxDysf�/� knockin mouse harbors a nonsense mutation frequently
found in dysferlinopathy patients5 and may serve as an alternative
model of dysferlinopathy to test experimental therapies. It showed
mild phenotype and pathology up to our longest observation at the
age of 30 weeks (Figure 2). Physical parameters tended to be better
at the age of 9 weeks than at the age of 30 weeks without statistical
significance (data not shown). We chose the age of 9 weeks for all
our experiments with ataluren because it corresponds to the human
Clinical Development Vol. 21 June 2021 703
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Figure 2. Histopathology and physiology of

untreated 30-week-old dqxDysf–/– mice

(A) Hematoxylin and eosin staining (top row, original

magnification�400) and immunofluorescence of dysferlin

(bottom row, TA; third row, quadriceps; green, dysferlin;

blue, DAPI; magnification �400) of C57BL/6 (left column)

and untreated dqxDysf�/� (right column) mice. (B) Grip

strength. (C) Latency to fall from rotarod. (D) Running

distance on treadmill. (E) Specific tetanic tension. (F)

Cross-sectional area of EDL muscles. (G) Absolute force

on tetanic contraction. (H) Eccentric force measurements.

(B–H) n = 4–5 for each group. *p < 0.05, **p < 0.01, ***p <

0.001, compared with C57BL/6; error bar, standard error.
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age of late adolescence to early adulthood, when the symptom starts
in many of the dysferlinopathy patients.

Nonsense mutations are estimated to comprise around 12% of all
pathogenic mutations.11 Facilitation of nonsense readthrough had
been investigated with aminoglycosides,12 while the toxicity and
need for parenteral administration precluded its usage. Ataluren,
despite the controversies on its efficacy,13–15 is the only medicine
approved for enhancing the readthrough of premature termination
codon. Its readthrough activity has been demonstrated in several an-
imal models with nonsense mutations, including cystic fibrosis16 and
Duchenne muscular dystrophy,7 as well as in rarer disorders, such as
aniridia, Hurler syndrome, and Usher syndrome.

Aphase 3 clinical trial of atalurenonDuchennemuscular dystrophyhas
shown efficacy in a subgroup of moderately affected boys.8 Ataluren
has also been tested in dysferlin-deficient human myotube, which
harbors the stop codon UGA by the mutation GenBank:
NM_003494.4:c.5713C>T (p.R1905*).17 The myotube, when treated
with ataluren, produced dysferlin in up to 15% of the unaffected myo-
tube and achieved bleb formation that requires dysferlin.18

In our study, we could detect a substantial restoration of dysferlin
expression in skeletal muscle of our novel dysferlin-deficient mice
704 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021
model. Its stop codon is UAG, of which basal
readthrough of 1% was reported in the mamma-
lian cell system.19 The readthrough of UAG stop
codon by ataluren is more effective than that of
UAA but less than that of UGA.7 Glutamine is
expected to be the amino acid inserted in place
of stop codon in more than half of the cases,20

restoring the original sequence in our dqx
mice. The nucleotide next to the stop codon
may potentially affect the readthrough
activity.21

Among the three different oral concentrations of
ataluren, the responsewas optimal at the concen-
tration of 0.9 mg/mL in terms of biochemistry
(Figure 3A) and physiology (Figures 3B–3E). It
is calculated to be about 94.3 mg/kg/day for a mouse, which converts
to 7.7 mg/kg/day of human equivalent dose.22 The dosage of ataluren
currently approved for Duchenne muscular dystrophy is 40 mg/kg/
day, while the clinical trial failed to show benefit at the higher dose
of 80mg/kg/day.23 Our results reenact the bell-shaped response of ata-
luren and warrant the need to refine the optimal dosage for human
application. It is supposed to be due to reduced readthrough activity
in higher concentration, which has also been documented in cell and
mouse models treated with aminoglycosides.24

Serial measurements of physical function were compared with A/J
mice, another dysferlin-deficient mouse model.25 A/J mice are not
supposed to benefit from readthrough because it produces a truncated
dysferlin by aberrant splicing to a unique ETn retrotransposon in-
serted in intron 4. Physical performances were measured in each
group treated over different durations. The treated dqxDysf�/� mice
remarkably improved compared with baseline, while untreated
dqxDysf�/� and treated A/J mice tended to decline in function (Figures
4B–4D). This supports that ataluren works through the facilitation of
nonsense readthrough on dqxDysf�/� mice.

Protection from eccentric contraction was most prominent after
2 weeks of ataluren treatment (Figure 4E). However, clear protective
effect persisted up to 8 weeks of treatment. We may need a longer



Figure 3. Dose response of dqxDysf–/– mice to 2 weeks of ataluren treatment

(A) Western blot of dysferlin and quantification (***p < 0.001 between C57BL/6 and untreated dqxDysf�/�; ##p < 0.01 between untreated dqxDysf�/� and dqxDysf�/� treated

with 0.9 mg/mL ataluren; error bar, standard error; n = 3–4 for each group). (B) Grip strength. (C) Latency to fall from rotarod. (D) Running distance on treadmill. (B–D) Blank

bar, before treatment at the age of 9 weeks; solid bar, after 2 weeks of ataluren treatment (*p < 0.05, ***p < 0.001; error bar, standard error; n = 6–7 for each group). (E)

Eccentric contraction force in percentage of the initial force (open circle, untreated C57BL/6; open square, C57BL/6 with ataluren treatment; solid diamond, untreated

dqxDysf�/�, n = 10; solid square, dqxDysf�/� treated with 0.3 mg/mL ataluren, n = 5; solid triangle, dqxDysf�/� treated with 0.9 mg/mL ataluren, n = 11; solid circle, dqxDysf�/�

treated with 3.0 mg/mL ataluren, n = 5; *p < 0.05, **p < 0.01, ***p < 0.001 compared with untreated dqxDysf�/� mice; error bar, standard error).

www.moleculartherapy.org
observation to determine how long ataluren can prevent the progres-
sion of dysferlinopathy.

The decreased number of IgG-deposited fibers indicates restoration of
sarcolemmal integrity26 by 2 weeks of ataluren treatment (Figure 5B).
However, the number of IgG-deposited fibers is much less than those
of untreatedmdxmice. In contrast, ataluren treatment failed to reduce
the numberoffiberswith central nuclei. Fiberswith a central nucleus are
Molecul
supposed tobe fromregenerativeprocesses. They arenot supposed tobe
abolishedby successful therapy, aswe learned from the studieswithmdx
mice. We may get a difference with earlier and longer treatment.

The transcript level of dysferlin was slightly less in untreated dqxDysf�/�

mice, most likely because of nonsense-mediated decay (Figure 5D). It
tended to revert with ataluren treatment, but we could not observe sta-
tistical significance. The average serum activity of CK was higher in
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 705
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Figure 4. Serial response of dqxDysf–/– and A/J mice treated with 0.9 mg/mL oral ataluren

(A) Western blot of dysferlin and quantification (***p < 0.0001 between C57BL/6 and untreated dqxDysf�/�; #p < 0.05, ##p < 0.01 compared with untreated dqxDysf�/�). (B) Grip
strength (n = 3–8 for each group). (C) Latency to fall from rotarod (n = 3–6 for each group). (D) Running distance on treadmill (n = 3–5 for each group). (B–D) Serial mea-

surement of physical function from 0 to 8 weeks of ataluren treatment (blank bar, untreated dqxDysf�/�; solid bar, dqxDysf�/� treated with 0.9 mg/mL ataluren; gray bar, A/J

mice treated with 0.9 mg/mL ataluren; *p < 0.05, **p < 0.01 compared with the baseline of each mouse group; error bar, standard error). (E) Eccentric contraction force of

dqxDysf�/� after ataluren treatment, in percentage of the initial force (diamond, baseline; square, 1 week of treatment; triangle, 2 weeks of treatment; circle, 4 weeks of

treatment; asterisk, 8 weeks of treatment; *p < 0.05, **p < 0.01, ***p < 0.001 compared with untreated dqxDysf�/� mice; error bar, standard error).
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untreated dqxDysf�/�mice, although the difference did not reach statis-
tical significance (Figure 5E). The increase in serum CK activity is re-
ported to be less marked in dysferlin null mice than in dystrophin
null mice.27
706 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
Our result is the first evidence of physical functional recovery by facil-
itation of nonsense readthrough in the dysferlin-deficient mouse
model. It is still unclear what amount of dysferlin is required to revert
the phenotype of dysferlinopathy. Human carriers of heterozygous
021



Figure 5. Histopathology of dqxDysf–/– mice and expression of dysferlin transcript after 2 weeks of 0.9 mg/mL ataluren treatment

(A) Hematoxylin and eosin staining (top row, original magnification�400) and immunofluorescence of dysferlin (middle row; green, dysferlin; blue, DAPI; original magnification

�400) of TA muscle from C57BL/6 (left column), untreated dqxDysf�/� (middle column), and ataluren-treated dqxDysf�/� (right column) mice. (B) Proportion of IgG-positive

muscle fibers was more frequent in untreated dqxDysf�/� mice but reduced after ataluren treatment (**p < 0.01 between C57BL/6 and dqxDysf�/� mice; #p < 0.05 between

treated and untreated dqxDysf�/� mice; error bar, standard error; n = 5 for C57BL/6, n = 3 for each treated and untreated dqxDysf�/� group). (C) Fibers with central nucleus

were more frequent in dqxDysf�/� mice (*p < 0.05 compared with C57BL/6) regardless of ataluren treatment (error bar, standard error; n = 5–7 for each group). (D) The

expression of dysferlin transcript is reduced in the untreated mouse (*p < 0.05), which was reverted insignificantly by ataluren treatment (error bar, standard error; n = 4–5 for

each group). (E) Serum creatine kinase activity of C57BL/6 (n = 3), dqxDysf�/�(n = 10), and dqxDysf�/�mice treated with ataluren for 2 weeks (n = 4). No statistical significance

was noted (error bar, standard error).
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dysferlin mutation do not show overt muscle weakness. In studies
with dystrophin null mice, less than half the amount of dystrophin
was beneficial,28 which is compatible with our results. Further phys-
ical assessments and in vitro studies on dynamics of rescued dysferlin
should follow.

Several therapeutic approaches to mitigate dysferlinopathy are under
investigation. Modified steroid29 and intermittent glucocorticoid
regimen30 showed promising results. Exon skipping31,32 and gene
replacement therapy33 are following the unfinished success in
Duchenne muscular dystrophy. In addition to these, nonsense read-
through by ataluren may give us a unique opportunity to treat a
considerable proportion of dysferlinopathy patients.

MATERIALS AND METHODS
Generation of a transgenic knockin mouse with the nonsense

dysferlin mutation

The dqx transgenic knockin mice were generated by homologous
recombination technique (Cyagen Biosciences, Guangzhou, China).
The human dysferlin sequences, GenBank: NG_008694.1 and
GenBank: NM_003494.4, were used as genomic and transcriptional
reference, respectively. Exon 24 containing c.2494C>T (p.Q832*) was
cloned from human dysferlin genomic DNA with 300 bp of flanking
introns at each side (Figure 1A). To engineer the targeting vector, we
amplified 50 and 30 homology arms from BAC DNA clones, RP11-
1035E8, RP23-100I21, and RP23-345G16. The cloned human dysferlin
sequence replaced the homologousmouse dysferlin region in the vector
with Neo cassette flanked by Frt sites. Neo cassette was removed by
interbreeding with Flp mice. The resulting heterozygous knockin
Molecul
mice, in the background strain of C57BL/6, were again backcrossed
with C57BL/6 mice through five generations. Then homozygous
dqxDysf�/� mice were generated by the mating between heterozygotes.

Animal experimental design

All mice were aged 9 weeks at the start of dosing experiments. Atalu-
ren (PTC Therapeutics, South Plainfield, NJ, USA) was dissolved in
DMSO and diluted in drinking water. For dose-response experi-
ments, ataluren was prepared in three concentrations: 0.3, 0.9, and
3.0 mg/mL. Mice ingested the ataluren-mixed water ad libitum for
2 weeks. For the serial measurements with the fixed concentration
(0.9 mg/mL) of ataluren, A/J mice (The Jackson Laboratory, Bar Har-
bor, ME, USA) were used as a dysferlin-deficient control without a
nonsense mutation. Both dqx and A/J mice groups ingested ataluren
in the drinking water ad libitum for 1, 2, 4, and 8 weeks according to
the experimental scheme. One group of dqx and C57BL/6 mice went
through functional measurements at the age of 30 weeks without ata-
luren treatment. All animal procedures complied with the Guide for
the Care and Use of Laboratory Animals published by the National
Institutes of Health. The experimental protocol was approved by
the Pusan National University Institutional Animal Care and Use
Committee (PNU-2017-1757).

Western blot analysis

For western blotting, tissue lysate was isolated from quadriceps mus-
cle tissue, and equal amounts of protein were separated on 10%–12%
polyacrylamide gel under reducing conditions, which was transferred
onto Immobilon-FL polyvinylidene fluoride (PVDF) membranes
(Merck Millipore, Germany). Membranes were blocked with 5%
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 707
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skim milk in TBST, followed by overnight incubation with dysferlin
antibody (SAB4200388, SAB4503260; Sigma, St. Louis, MO, USA).
Blots were washed with TBST, followed by 1-h incubation with the
IRDye-conjugated secondary antibody (LI-COR Bioscience, Lincoln,
NE, USA). The immunoblot was visualized by Odyssey Imaging Sys-
tems (LI-COR). GAPDH (Bioworld Technology, St. Louis Park, MN,
USA) was used as an internal control. Band intensity was quantified
using ImageJ software. Each band was manually selected and sub-
tracted with the background. The dysferlin expression level was
normalized with that of GAPDH.

Immunofluorescence

To visualize dysferlin expression, we isolated and fixed TA and
quadriceps muscle with acetone in �20�C for 30 min; each muscle
was sectioned by 10-mm thickness. The sample was washed with
PBS, and nonspecific binding sites were blocked with 3% BSA in
PBS for 30 min. The fixed muscle was incubated with specific dys-
ferlin antibody (NCL-Hamlet; Leica Biosystems,Lincolnshire, IL,
USA) for overnight. Muscle was washed with PBS and then incu-
bated with fluorescein isothiocyanate (FITC)-conjugated IgG (Invi-
trogen, San Jose, CA, USA). For IgG staining, muscle section was
incubated with Alexa Fluor 488 anti-mouse IgG (Invitrogen, San
Jose, CA, USA) antibody in 3% BSA for 2 h. After washing muscle
sections with PBS, the stained muscle was mounted and visualized
by immunofluorescent microscope (Eclipse 80i; Nikon Corporation,
Japan).

CK activity assay

Blood was drawn by a cardiac puncture. Serum was separated by
centrifugation (1,500 rpm, 5 min) and stored at �80�C. The serum
CK activity was measured with CK-Nac reagent (Beckman Coulter,
Brea, CA, USA) using automated chemistry analyzer (AU5812; Beck-
man Coulter).

Forelimb grip strength

Forelimb grip strength was assessed using a grip strength meter
with horizontal mesh (San Diego Instrument, San Diego, CA,
USA). Each mouse was held 2 cm from the base of the tail and
was allowed to grip the metal mesh attached to the apparatus
with their forepaws and pulled gently until they released their
grip. The measurement was repeated 10 times for each mouse.
The maximum force values of each measurement were averaged af-
ter removing the largest and the smallest one and were normalized
with the body weights.

Rotarod test

For the rotarod test, each mouse was placed in a separate compart-
ment on the rotating rod. All mice were initially trained to stay on
the rod at a constant rotation speed before the test. For the recording,
the start speed was adjusted to 4 rpm and then accelerated at a rate of
2 rpm/min. Maximum speed was set at 40 rpm, and each mouse was
given 10 trials. Each mouse was run on the rod, and the latency to fall
in seconds was recorded automatically. Values excluding maximum
and minimum were averaged.
708 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
Treadmill running

Treadmill (EXER-6M; Columbus Instruments) endurance capacity
test was executed to determine exercise capacity. Mice were placed
to move slowly at first (5 m/min, 5 min), and then the running speed
was increased by 2 m/min every minute until the mouse was ex-
hausted. We considered the mouse was exhausted if it bumped to
the electric pad at the end of the track five times. Total distance of
running was recorded in meters.

Ex vivo evaluation of single muscle force

Contractile properties were measured using extensor digitorum lon-
gus (EDL) muscles from anesthetized mice. Dynamic Muscle Data
Acquisition and Analysis System (Aurora Scientific, ON, Canada)
was used as previously described.34 In brief, cross-sectional area
was calculated from muscle mass. Tetanic force was measured at
130 Hz. A series of 10 eccentric contractions paused by 3-min inter-
vals was applied to record force drop.

Statistical analysis

All data were expressed as means ± standard error. Differences in the
means between untreated control and treated groups were analyzed
by Student’s t test. Differences of p < 0.05 were considered statistically
significant.
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