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N-Acetylcysteine ameliorates skeletal muscle

pathophysiology in mdx mice

Nicholas P. Whitehead, Catherine Pham, Othon L. Gervasio and David G. Allen

Bosch Institute, School of Medical Sciences, University of Sydney F13, Sydney, NSW 2006, Australia

Duchenne muscular dystrophy (DMD) is a severe degenerative muscle disease caused by a
mutation in the gene encoding dystrophin, a protein linking the cytoskeleton to the extracellular
matrix. In this study we investigated whether the antioxidant N-acetylcysteine (NAC) provided
protection against dystrophic muscle damage in the mdx mouse, an animal model of DMD. In
isolated mdx muscles, NAC prevented the increased membrane permeability and reduced the
force deficit associated with stretch-induced muscle damage. Three-week-old mdx mice were
treated with NAC in the drinking water for 6 weeks. Dihydroethidium staining showed that NAC
treatment reduced the concentration of reactive oxygen species (ROS) in mdx muscles. This was
accompanied by a significant decrease in centrally nucleated fibres in muscles from NAC-treated
mdx mice. Immunoblotting showed that NAC treatment decreased the nuclear protein expression
of NF-kB, a transcription factor involved in pro-inflammatory cytokine expression. Finally, we
show that NAC treatment reduced caveolin-3 protein levels and increased the sarcolemmal
expression of 3-dystroglycan and the dystrophin homologue, utrophin. Taken together, our
findings suggest that ROS play an important role in the dystrophic pathogenesis, both in terms
of activating damage pathways and in regulating the expression of some dystrophin-associated
membrane proteins. These results offer the prospect that antioxidants such as NAC could have
therapeutic potential for DMD patients.
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Duchenne muscular dystrophy (DMD) is the most
common and devastating form of muscular dystrophy,
with an incidence of 1 in every 3500 male births. It
is characterized by progressive muscle degeneration as
a result of ongoing muscle damage and incomplete
regeneration. This causes profound muscle weakness and
thus affected individuals are often wheelchair bound by
the age of 10-12 and usually die as a result of respiratory
and/or cardiac complications by about the age of 20. It
has been known for 20 years that DMD is caused by an
X-chromosome mutation leading to the absence of the
protein dystrophin from muscle (Hoffman et al. 1987).
Dystrophin is a large protein (427 kDa), which links the
cytoskeleton to a group of membrane-bound proteins,
the dystrophin-associated glycoprotein (DAG) complex.
The DAG, in turn, binds to the extracellular matrix and
therefore dystrophin provides a structural link between the
cytoskeleton and the extracellular matrix.

The mdx mouse also lacks dystrophin and is the
most widely used animal model of DMD. Muscles
from mdx mice undergo periods of muscle degeneration
and regeneration, which is most extensive from about
3-8 weeks of age. Although it has a milder phenotype than
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DMD patients, the mdx mouse has provided researchers
with a much greater understanding of the mechanisms that
cause muscle degeneration in DMD and has also played
a pivotal role in testing potential therapeutic strategies
(Khurana & Davies, 2003).

In recent years, our laboratory has focused on a
class of ion channels, known as mechanosensitive or
stretch-activated channels (SACs), which we have shown
contributes to muscle damage in mdx mice (Yeung et al.
2005; Whitehead et al. 2006a). It is well established
that mdx muscles are more susceptible to damage from
stretched (eccentric) contractions than normal muscles
(Petrof et al. 1993). We have found that calcium
entry through SACs is an important cause of muscle
damage, since three SAC blockers prevented the rise in
intracellular Ca’" and significantly improved force after
stretched contractions in mdx muscle (Yeung et al.
2005). More recently, we have also shown that the SAC
blocker streptomycin reduced membrane permeability
and improved muscle force in mdx mice following
stretched contractions, both in isolated muscles and
in intact mice subjected to downhill treadmill exercise
(Whitehead et al. 2006a). From a mechanistic point of
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view, these experiments suggested that the stretch-induced
increased membrane permeability in dystrophic muscle
was not due to mechanical tears but rather the result of a
damage pathway dependent on Ca** entry through SACs.

In skeletal muscle, increased intracellular Ca®>*T can
enhance the production of reactive oxygen species (ROS)
bymitochondria (Nethery etal. 2000) and NADPH oxidase
(Martins et al. 2008). ROS such as the hydroxyl radical have
also been shown to increase membrane permeability in
muscle fibres due to elevated intracellular Ca®*, most likely
through lipid peroxidation (Howl & Publicover, 1990).
Therefore, stretch-induced Ca** influx through SACs
might enhance ROS generation and increase membrane
permeability in mdx muscle. ROS have been postulated
as a possible cause of dystrophic muscle damage for a
number of years (Rando, 2002; Whitehead et al. 2006b;
Tidball & Wehling-Henricks, 2007). Work carried out by
Rando and colleagues has shown that myotubes from mdx
muscles are much more susceptible to ROS-induced cell
death than wild-type muscles (Rando et al. 1998). This
group has also shown that in 3-week-old mdx mice, an
age where there are no overt signs of muscle damage,
there is evidence of oxidative stress, as shown by increased
lipid oxidation products and increased production of
antioxidant enzymes (Disatnik et al. 1998). This important
finding suggested that increased ROS production was a
primary feature of dystrophic muscle damage and not a
secondary effect of muscle degeneration caused by other
mechanisms. Another ROS-mediated effect on dystrophic
muscles is increased protein oxidation, both in mdx mice
(Hauser et al. 1995) and DMD patients (Haycock et al.
1996), which can cause a wide range of deleterious effects
on muscle contractile function (Smith & Reid, 2006).

Further evidence in support of oxidative stress as a
cause of the dystrophic pathophysiology comes from
in vivo studies in which mdx mice fed antioxidants
derived from green tea (Buetler et al. 2002) or a low
iron diet, which reduces hydroxyl radicals (Bornman
et al. 1998), showed reduced signs of muscle damage.
A recent study has also shown that a synthetic vitamin
E analogue, IRFI-042, which has strong antioxidant
properties, improved mdx muscle function and reduced
the activation of the transcription factor nuclear factor-« B
(NF-«B), which can be activated by ROS (Messina et al.
2006). NE-« B regulates transcription of a plethora of genes
but of particular relevance in dystrophic muscles are the
pro-inflammatory cytokines such as TNF-« (Hodgetts
et al. 2006) and matrix metalloproteinases (Hnia et al.
2007), which have been shown to contribute to muscle
damage in mdx muscles. Moreover Kumar & Boriek (2003)
showed that cyclic, passive stretch of mdx diaphragm
increased activation of NF-kB, which was attenuated by
the antioxidant N-acetylcysteine (NAC).

In this paper, we use NAC to investigate the effects
of ROS on muscle damage in mdx mice. NAC was
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chosen because it is an effective antioxidant in skeletal
muscle. In isolated muscle preparations it protects against
contraction-induced oxidative stress (Sandstrom et al.
2006) and reduces muscle fatigue (Smith & Reid, 2006).
Furthermore, following oral administration, NAC has
been shown to inhibit NF-«B activation in unloaded
mouse muscle (Farid et al. 2005) and to delay muscle
fatigue in humans (McKenna et al. 2006). Here, we
used two experimental approaches: (1) stretched contra-
ctions of isolated mdx muscles with or without NAC
and (2) young mdx mice given NAC orally for 6 weeks.
Specifically, we tested three main hypotheses through these
experiments. (1) Do ROS contribute to the decreased
muscle force and increased membrane permeability
following stretched contractions in isolated mdx muscle?
(2) Can NAC reduce intracellular ROS levels and offer
protection against mdx muscle damage in vivo? (3) Can
NAC treatment reduce NF-« B activation and regulate the
sarcolemmal expression of key proteins associated with the
dystrophin complex?

Methods
Animals

Male mdx and wild-type (C57 BL/10 ScSn) mice at
either 3 or 8weeks of age were supplied by Animal
Resources Centre, Perth, WA, Australia. The experiments
were approved by the Animal Ethics Committee of the
University of Sydney.

Isolated muscle experiments

Mice were killed with an 1.p. injection of pentobarbitone
sodium (163 mgkg™'). The extensor digitorum longus
(EDL) muscles were dissected from 8- to 10-week-old mdx
and wild-type mice. Aluminium foil clips were attached to
the tendons at both ends of the muscle. The muscle was
then placed in a Perspex chamber and the aluminium clips
were positioned on metal hooks that were attached to a
force transducer and thelever ofamotor (high speed length
controller, model 300B-LC, Aurora Scientific Inc., Ontario,
Canada). Two platinum electrodes, parallel to the muscle,
provided stimulation. The muscle was perfused with a
standard solution containing (mm): NaCl (121), KCI (5),
CaClz (18), MgCIZ (05), NaH2PO4 (04), NaHCO3 (24)
and glucose (5.5). The solution was continually bubbled
with 95% O,—5% CO, (pH 7.4). Experiments were carried
out at both room temperature (~22°C) and 35°C, as
described below.

Stretched contractions on isolated muscles

In these experiments, the muscle was perfused with
either standard control solution (con) or standard
solution containing 20 mm N-acetylcysteine (NAC). This
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concentration of NAC has previously been shown to have
little effect on the isometric force produced by skeletal
muscle (Khawli & Reid, 1994). Initially, the muscle was
stimulated two or three times at 120 Hz to determine
the supramaximal stimulus voltage and was then rested
for 30 min at room temperature. The length—tension
relationship for maximal tetani was determined by
stimulating the muscle (120 Hz, 300 ms) at 60 s intervals
over a range of muscle lengths. The muscle was then
set at its optimum length (L,). At this time, 0.02%
(w/v) Evans Blue Dye (EBD) and 0.5% bovine serum
albumin (BSA) were added to the perfusate, either with
or without NAC, for the remainder of the experiment.
EBD is a membrane-impermeant fluorescent dye, and
is a commonly used marker of membrane disruptions
in skeletal muscle (Hamer et al. 2002). BSA was added
to the solution, since EBD is known to bind to serum
albumin in vivo and we have shown that it prevents drug
interactions with a similar membrane-impermeant dye,
procion orange (Whitehead et al. 2006a).

A single tetanic contraction was performed 30 min after
the length—tension measurements, in order to confirm
that the preparation was stable and to establish the
baseline force before the stretched contractions. The
muscle chamber temperature was then switched to 35°C.
This was achieved by heating the solution in a water bath
and directing it through a custom-designed aluminium
heat exchanger, which provided a constant temperature in
the chamber. After 1 min at 35°C, the muscle was subjected
to three stretched contractions, 30 s apart. Each stretched
contraction involved a 300 ms tetani with a stretch from
L, to L,+ 30%, beginning 150 ms after the start of
stimulation and lasting for 100 ms (stretching velocity,
3 x L,s7!). At 60 min after the stretched contractions,
the length—tension relationship was again measured and
maximum isometric force was determined. The muscle
was frozen in isopentane cooled in liquid nitrogen and
stored at —80°C. Frozen EDL cross-sections (10 pm)
were placed on poly r-lysine coated slides, fixed in
ice-cold methanol (—22°C) for 5 min and then air-dried
at room temperature (~22-25°C). To quantify the uptake
of EBD into muscle fibres, sections were viewed under
a fluorescence microscope (Zeiss Axioplan 2), with an
excitation range of 545/30 nm and 570 nm long pass filter.
Digital images were captured with a CCD camera attached
to the microscope (Zeiss AxioCam HRm). All sections
were imaged using identical optical settings. EBD positive
muscle fibres with a fluorescence intensity that exceeded a
specified threshold were included in the analysis. The area
of EBD positive fibres was calculated as a percentage of the
entire muscle cross-sectional area.

For in vivo experiments mdx mice at 3 weeks of age
were divided into two groups, control mice receiving
normal drinking water (con) and the treated mice receiving
drinking water containing 1% (~60 mm) N-acetylcysteine
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(NAC) (Farid et al. 2005). After 6 weeks of treatment
(9 weeks of age), mice were killed and the EDL and tibialis
anterior (TA) muscles were removed. The EDL muscles
were mounted in tissue-tek and frozen in isopentane
cooled inliquid nitrogen. The TA muscles were snap frozen
in liquid nitrogen.

Immunostaining and central nuclei detection

EDL cross-sections (10 um) from control and NAC
treated mdx mice, and age-matched wild-type mice, were
mounted on slides and were used for both immunostaining
of dystrophin-associated proteins and visualization of
central nuclei. Details of the immunostaining procedures
have been previously described (Yeung et al. 2005). Firstly,
cross-sections were incubated with AffiniPure Fab and
Fc fragments (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) at a concentration of 60 ugl™!
in 2% BSA for 30 min, washed in phosphate-buffered
saline (PBS) and then blocked in 2% BSA for 15 min.
We have previously shown that this procedure prevents
non-specific binding of antimouse secondary antibodies
to endogenous mouse immunoglobulins in the tissue
section. The primary antibodies used were mouse mono-
clonal antibodies against: caveolin-3, diluted 1:50 (BD
Transduction Laboratories, USA), B-dystroglycan, diluted
1:20 (NCL-b-DG, Novocastra Laboratories, Newcastle
upon Tyne, UK) and Utrophin, diluted 1 : 20 (NCL-DRP2,
Novocastra Laboratories). The secondary antibody was
a goat antimouse conjugated with Cy3, diluted 1:200
(Jackson ImmunoResearch Laboratories). For detecting
nuclei, the secondary antibody solution also contained the
fluorescent nuclear stain 4',6-diamidino-2-phenylindole
(DAPI; Sigma, St Louis, MO, USA), which was diluted
1:100. Fluorescence images of cross-sections were taken
with 5 x or 20 x (Zeiss Plan Neola) objectives and the
number of muscle fibres with central nuclei was calculated
as a percentage of the total number of fibres with visible
nuclei (i.e. both central and peripheral).

Dihydroethidium staining for ROS detection

Dihydroethidium (DHE) is a commonly used indicator
of ROS production both in vitro (Benov et al. 1998)
and in vivo (Robinson et al. 2006). It is oxidized by
ROS, particularly superoxide (O,7), forming ethidium
bromide, which fluoresces red when intercalated with
DNA (Benov et al. 1998). Therefore the intensity of
fluorescence localized in cell nuclei is a measure of the ROS
production in that cell. ROS production was measured by
incubating EDL cross-sections with 5 um DHE in PBS at
37°Cfor 30 min. DHE intensity was quantified by counting
the number of pixels exceeding a specified threshold, which
was set in order to eliminate interference from any back-
ground fluorescence.
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Western blotting techniques

Frozen TA muscles were lysed with a polytron PT 1200
homogenizer (Kinematica, Littau/Lucerne, Switzerland)
using ice cold lysis buffers for either total lysate or
nuclear fractions. For total lysate, muscles were lysed in
a buffer containing: 50 mm Tris pH 7.5, 150 mm NaCl,
25mm EDTA, 25 mm EGTA, 1% Triton X-100, protease
inhibitor cocktail, calpain 1 inhibitor and phosphatase
inhibitor (Sigma). After 30 min of incubation on ice,
homogenates were centrifuged at 15 800g for 30 minat4°C
and the supernatant was removed. For nuclear fractions,
two buffers were used. Firstly, muscles were lysed in a
buffer containing 10 mm Hepes, 1.5 mm MgCl,, 10 mm
KCI, 0.5 mm DTT, 0.05% NP40, protease, calpain 1 and
phospatase inhibitors. Muscle lysates were kept on ice
for 10min and then centrifuged at 800g for 10 min
at 4°C. The supernatant was removed and the pellet,
containing the nuclear proteins, was then re-suspended in
buffer used for the total lysate. After 30 min, homogenates
were centrifuged at 15800g for 30 min at 4°C and the
supernatant removed. Protein concentration in the super-
natant was determined using the Bradford assay (Bio-Rad,
Hercules, CA, USA).

A total of 20 ug protein per well was loaded into
a 4% (stacking)-12% (resolving) polyacrylamide gel.
Proteins were separated by SDS-PAGE and transferred to
a nitrocellulose membrane using a Mini Trans-Blot Trans-
fer Cell (Bio-Rad). Membranes were blocked for 30 min
with 5% skim milk powder in PBS-Tween20 at room
temperature. For total lysate, membranes were incubated
with a primary antibody against caveolin-3 diluted 1 : 1000
in blocking buffer for 1 hat room temperature. For nuclear
fractions, membranes were incubated with a primary anti-
body for NF-«B (p65 phospho S276, Abcam, Cambridge,
UK), which was diluted 1 : 500 in blocking buffer overnight
at 4°C. After rinsing with PBS-T, membranes were probed
for 1h at room temperature with an HRP-conjugated
anti-mouse (for caveolin-3) or anti-rabbit (for NF-«B)
secondary antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at a dilution of 1:1000. A mouse
monoclonal B-actin antibody (Sigma) was used as a
control to ensure equal loading between wells. The protein
bands were developed using an ECL Plus detection kit
(Amersham Pharmacia Biotech, UK) and visualized with
an Alpha Innotech (San Leandro, CA, USA) FluoChem SP
Imaging System. Protein band quantification was obtained
by multiplying the area and intensity of each band using
Image J (National Institutes of Health, USA). mdx values
were normalized to wild-type in each gel.

Statistics

All data are presented as the mean £ s.e.M. A significant
difference between groups was determined through the use
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of Student’s ¢ test for unpaired data or two-factor ANOVA.
The significance level was set at P < 0.05.

Results

NAC improves mdx muscle force after stretched
contractions

Stretched contractions were performed at 35°C rather
than at room temperature, since ROS production in
isolated contracting skeletal muscle is known to increase
significantly over this temperature range (Arbogast &
Reid, 2004). In preliminary experiments, we found that
the force reduction in mdx muscles from three stretched
contractions at 35°C was comparable (~35% of prestretch
values) to that measured after 10 stretched contractions at
room temperature (Whitehead et al. 2006a). Therefore, we
decided to use three stretched contractions in this current
series of experiments.

As shown in Fig. 14, the force reduction caused by
stretched contractions was considerably greater in mdx
muscles than wild-type. In comparison, NAC treated
muscles showed significantly less force loss than mdx
control (con) muscles. At 60 min after the stretched contra-
ctions (Fig. 1B), the mean force was 35 &= 3% (of prestretch
values) for mdx control muscles (n=9), which was
significantly less than that of mdx NAC muscles, where the
valuewas51 £ 2% (P < 0.001, n=11). Wild-type muscles
had a mean force of 69 &= 4% (n = 4), significantly greater
than both mdx con and mdx NAC (P < 0.001). In order
to establish that the NAC-induced protection against the
stretch-induced force loss was specific to mdx muscle,
we also carried out some experiments with NAC treated
wild-type muscles. NAC had no significant effect on force
reduction in wild-type mice (72 & 1%, n=6).

NAC prevents EBD uptake in mdx muscle
after stretched contractions

EBD uptake into muscle fibres was used to assess the
increased membrane permeability in mdx and wild-type
muscles following stretched contractions. EDL muscles
were frozen 60 min after the stretched contractions and
cross-sections taken from the middle of the muscle
belly were used for EBD quantification. In Fig. 24,
representative cross-sections show that mdx con muscles
had significantly more dye-positive fibres than wild-type,
while NAC largely prevented the increased dye uptake in
mdx muscles. When the data were pooled (Fig. 2B), mdx
control muscleshad 8.6 &= 1.8% (n = 8) EBD positive fibres
compared to 1.8 +0.7% for wild-type muscles (n=15;
P < 0.05) and to 2.6 &= 0.8% for mdx NAC muscles (n=7;
P < 0.05). These data suggest that ROS contribute to most
of the increased stretch-induced membrane permeability
in mdx muscle at 35°C.
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Figure 1. The effect of NAC on mdx muscle force after stretched contractions
A, force records measured during the 1st (continuous line) and 3rd (dotted line) stretched contractions for wild-type,
mdx con and mdx NAC muscles. Note the smaller drop in isometric force (arrow) for mdx NAC compared with
mdx con. B, the mean = s.e.m. isometric force measured 60 min after stretched contractions for wild-type and mdx
muscles with NAC or without (con). ***Significant difference at P < 0.001.
NAC treatment reduces central nuclei in intact A wild type con mdx con madx NAC
mdx mice iy
Muscle fibre regeneration following a period of necrosis
can be quantified by the presence of central nuclei in
muscle cross-sections. In these experiments, mdx mice
were treated with 1% NAC in their drinking water from
3 to 9 weeks of age, which is the period of most extensive
damage and regeneration. Muscle cross-sections from mdx B g 12
con mice at 9 weeks of age had a large number of fibres =
that contained central nuclei, and there were noticeably £ 104 {
less in NAC treated mdx muscles (Fig.3A). The mean o
Z 8-
number of centrally nucleated fibres was 70 £ 3% for mdx »
con muscles (n=6) and this was significantly reduced to o 6-
46 + 3% in mdx NAC treated muscles (n=6, P < 0.001, a .
Fig. 3B). Given that wild-type muscles had no central g 47 #
nuclei (Fig.3), this result indicates that muscles from Ll‘:, 2 T
NAC treated mdx mice had approximately one-third less T _
. @ |
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Figure 2. The effect of NAC on membrane permeability after
stretched contractions

A, EDL cross-sections showing the uptake of Evans Blue Dye (EBD) into
muscle fibres, as measured 60 min after stretched contractions for
wild-type, mdx con and mdx NAC. B, the mean =+ s.e.Mm. area of EBD

NAC treatment protects against force loss
from stretched contractions

In the isolated muscle experiments (as described earlier),
NAC provided protection against the force reduction in
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positive fibres after stretched contractions, expressed as a percentage
of the entire muscle cross-section, as shown in A.
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Figure 3. Central nuclei in NAC treated and control mdx mice

A, a region of EDL cross-sections from a wild-type, mdx con and mdx
NAC treated mouse, which are immunostained with a caveolin-3
antibody (surface membrane) and counterstained with DAPI (nuclei).
B, the mean = s.e.M. percentage of centrally nucleated muscle fibres in
cross-sections from wild-type, mdx con and mdx NAC treated mice.
***Significant difference between mdx con and mdx NAC (P < 0.001).

mdx muscles. Therefore, we wanted to investigate if in
vivo treatment of NAC in mdx mice also protected against
stretch-induced damage. The first series of experiments
were carried out at room temperature. EDL muscles
isolated from control or NAC treated mice underwent a
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series of four stretched contractions, and muscle force was
measured 60 min later. At this time, the mean force for the
mdx con muscles was 53 &= 2% of prestretch values (n = 6)
whereas muscles from NAC treated mice had a significantly
greater force value of 60+ 1% (n=4; P<0.05). In a
second series of experiments at 35°C, force following
the stretched contractions was not significantly different
between mdx con and mdx NAC treated mice (data not
shown). These results suggest that the concentration of
NAC in muscles of treated mice was sufficient to protect
against stretch-induced ROS at room temperature but
not at 35°C, where ROS production is much greater (see
Discussion).

NAC treatment prevents excessive ROS production
in muscles from mdx mice

In order to test whether the NAC treatment was reducing
levels of ROS in mdx muscles, we used the ROS-sensitive
dye DHE. EDL cross-sections were incubated with 5 um
DHE at 37°C and the fluorescence intensity above
a specified threshold was measured from fluorescence
images. As shown in Fig. 4A, mdx con muscles had much
more widespread and intense nuclear staining than either
mdx NAC treated or wild-type muscles. It can also be
seen that the brightest staining in mdx con muscle occurs
in densely packed areas, which would be consistent with
infiltrating inflammatory cells since these cells can produce
significant amounts of ROS (Nguyen & Tidball, 2003). As
shown in Fig. 4B, the area of DHE staining in mdx con
muscles was 24.3 £ 4.4% (n=9), which was significantly
less (P < 0.05) in mdx NAC muscles (7.5 + 4.4%; n = 6;

mdx NAC

Figure 4. ROS production in muscles from
NAC-treated and control mdx mice

A, EDL cross-sections showing DHE
fluorescence from wild-type, mdx con and mdx
NAC treated mice. Intense staining in the mdx
con section is possibly due to ROS production
by inflammatory cells. B, the mean =+ s.e.m. DHE
fluorescence, as measured for wild-type, mdx
con and mdx NAC treated mice. Values
represent the area of fluorescence, above a
specified threshold, expressed as a percentage
of the total area of the muscle cross-section.
**Significant difference between wild-type and
mdx con (P < 0.01); *significant difference
between mdx con and mdx NAC (P < 0.05).
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P <0.05) and wild-type muscles (3.8 +1.4%; n=>5;
P <0.01).

NAC treatment reduces nuclear NF-xB protein
expression in mdx mice

NF-« B normally resides in the cytosol but when activated
by certain stimuli, including ROS, it translocates to the
nucleus and binds to DNA to regulate gene expression.
Therefore, we were interested to see if NAC could
reduce the activation of NF-«B in mdx muscles. In these
experiments, we used Western blotting to quantify the
nuclear translocation of the NF-xB protein subunit p65.
As shown in Fig. 54, p65 levels were much greater for mdx
con muscles than for wild-type, while NAC considerably
reduced protein expression in mdx muscles. This was
confirmed by the pooled data in which, normalized to
wild-type, the p65 protein levels in mdx con muscles
were 5.1 & 1.3 times higher (n = 5), while NAC treatment
significantly reduced this to 1.6 & 0.5 (P < 0.05; n=>5).

NAC treatment reduces caveolin-3 and increases
(B-dystroglycan and utrophin sarcolemmal expression
in mdx mice

In these experiments, we wanted to determine if
ROS were involved in regulating the expression of
dystrophin-associated proteins. Western blotting showed
that caveolin-3 protein levels in mdx con mice were

A
wt mdx con mdx NAC

" -
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(nuclear fraction)

MNF-xB p65 (normalised to wild type)
I
1

L 7

wild type mdx con mdx NAC
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about double that of wild-type, and NAC treatment
reduced levels in mdx mice (Fig. 5B). When the pooled
data were normalized to wild-type, mdx con muscles
were 1.9+ 0.2 times greater (n=6) and this value was
significantly reduced by NAC treatment to 1.34+0.2
(P <0.05; n=5). EDL cross-sections from wild-type,
mdx con and mdx NAC-treated mice were immuno-
stained with antibodies for caveolin-3, B-dystroglycan
and utrophin. Confirming the Western blotting results,
muscle sections from NAC-treated mdx mice showed less
intense caveolin-3 staining at the membrane compared
to mdx con mice (see Fig.3A). We also found that the
sarcolemmal staining of both B-dystroglycan and utrophin
was increased for muscles from NAC-treated mdx mice
compared to mdx con mice (Fig. 6). As expected, utrophin
staining was negligible in wild-type muscles.

Discussion

There is considerable evidence of oxidative damage to
dystrophic muscles as well as positive benefits provided
by antioxidant treatments (Messina et al. 2006; Hnia et al.
2007). Dystrophin-deficient muscle cells are more sensitive
to ROS-induced damage (Rando ef al. 1998) and there
is evidence of up-regulation of endogenous antioxidant
defence systems, suggestive of increased ROS production
(Tidball & Wehling-Henricks, 2007). In the current study,
we used the antioxidant NAC to provide novel data
that increased ROS production contributes to both acute
muscle damage, caused by stretched contractions, and to
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Figure 5. Protein expression of NF-xB and caveolin-3 in NAC-treated and control mdx mice

Upper panels, Western blots showing muscle protein levels of NF-«B p65 (nuclear fraction) (4) and caveolin-3
(total lysate) (B) for wild-type, mdx con and mdx NAC mice. Lower panels, pooled data showing the mean =+ s.e.m.
protein levels for NF-«B p65 and caveolin-3. *Significant difference between mdx con and mdx NAC (P < 0.05).
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the ongoing degenerative process that occurs naturally in
muscles of intact mdx mice. We also found that ROS play a
rolein the dysregulation of dystrophin-associated proteins,
which could be reversed by NAC treatment. Our inter-
pretation of these findings is summarized in Fig. 7. The
data presented in this paper are consistent with recent
results from our laboratory, in which NAC was shown
to improve left ventricular muscle function and reduce
signs of cardiac damage and degeneration in mdx mice
(Williams & Allen, 2007).

NAC prevents the stretch-induced membrane
permeability in mdx muscle

It is widely thought that the surface membrane of
dystrophic muscles is more fragile than that of normal
muscles, thereby making it more susceptible to developing
micro tears during muscle contraction, particularly when
stretched contractions are involved (Moens et al. 1993;
Petrof et al. 1993). However, we recently reported that
most of the increased membrane permeability following
stretched contractions of mdx muscle at room temperature
could be prevented by the SAC blockers streptomycin and
GsMTx4 (Whitehead et al. 2006a). Given that these drugs
also prevent the stretch-induced rise in intracellular Ca**
in mdx fibres (Yeung et al. 2005), we postulated that a
Ca**-dependent damage pathway was the most likely cause
of the increased membrane permeability. In the current
study, the results from the isolated muscle experiments
indicate that NAC prevents the increased membrane
permeability associated with stretched contractions in mdx
muscle at 35°C. Therefore, this provides further evidence
showing that the stretch-induced increase in membrane
permeability in mdx muscle is not a primary consequence

wild type

Utrophin
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of mechanical tears but rather due to the effects of ROS
and/or Ca?* influx through SACs (Whitehead etal. 20064).
While the number of EBD positive fibres in the current
study is relatively small compared to the large force deficit,
they are both reliable indicators of damage. EBD uptake
reflects a large increase in membrane permeability by a
small population of severely damaged, prenecrotic fibres
(Hamer et al. 2002; Whitehead et al. 2006a), whereas most
fibres can exclude EBD and remain excitable but are still
damaged and have a large force deficit (Yeung et al. 2005).

ROS contribute to the stretch-induced force reduction
in mdx muscle

A distinguishing feature of the damage associated with
stretched contractions in normal muscles is that the
reduction in force persists for several days (Morgan
& Allen, 1999). As expected, the reduction in force
was considerably greater for mdx muscles compared
to wild-type (Moens et al. 1993; Whitehead et al.
20064a). Importantly, NAC provided significant protection
against the force reduction in mdx muscles but not
wild-type. This suggests that excessive ROS production
and oxidative damage during stretched contractions is not
an inherent feature of normal skeletal muscle but rather
an abnormality associated with dystrophic muscle. While
it is unclear how the increased ROS caused a decrease in
muscle force in our experiments, it is well known that ROS
can oxidize contractile and excitation—contraction (E-C)
coupling proteins and that skeletal muscle redox balance
affects muscle force production (Reid, 2001). In addition,
the ROS mediated increase in membrane permeability
could also contribute to the loss of force in mdx muscle

_—

mdx NAC

100 pm

Figure 6. Immunostaining of 3-dystroglycan and utrophin in NAC-treated and control mdx mice
Immunostaining of muscle cross-sections from wild-type, mdx con and mdx NAC mice, showing the sarcolemmal

expression of B-dystroglycan (8-dys), and utrophin.
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via an influx of Na't, which would cause membrane
depolarization and reduce muscle fibre excitability.

NAC treatment reduces mdx muscle damage in vivo

After 6 weeks of oral NAC administration, muscles
from mdx mice showed a marked reduction in muscle
damage. The presence of central nuclei in muscle fibres
is a well-established indicator of regeneration following
muscle damage (McGeachie ef al. 1993). NAC treatment
significantly reduced the number of mdx muscle fibres
with central nuclei, implying that the progression of
muscle damage was slowed. ROS levels were substantially
increased in mdx muscles and greatly attenuated by
NAC treatment (see Fig. 4). This suggests that increased
oxidative damage is an important factor during this
extensive period (3—9 weeks of age) of muscle degeneration
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in mdx mice. The DHE-stained muscle sections from
mdx control mice also revealed areas of densely packed,
intensely stained cells, which are possibly inflammatory
cells such as macrophages and neutrophils. These cells are
known to produce substantial concentrations of ROS from
NADPH oxidase, which can cause muscle cell membrane
lysis during inflammatory cascades (Nguyen & Tidball,
2003). Therefore, inflammatory cells might provide an
additional source of ROS in mdx muscles, which serves to
exacerbate the pre-existing damage caused by intracellular
ROS-mediated pathways.

NAC treatment inhibits NF-<B nuclear expression
in mdx mice

NF-«B activation is caused by a variety of cellular

stimuli, including ROS. On activation, NF-«xB
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Figure 7. Schematic diagram showing the deleterious effects of ROS on mdx muscle, which were
ameliorated by NAC

The figure also highlights the increased number of caveolae and caveolin-3 in mdx muscle compared to wild-type.
Abbreviations: 8-dg, 8-dystroglycan; P, phosphorylation; SR, sarcoplasmic reticulum.
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translocates to the nucleus and regulates transcription of
many genes (Kumar et al. 2004). NF-xB DNA binding
has been shown to be increased many fold in muscles
from DMD patients (Monici et al. 2003) and mdx mice
(Messina et al. 2006), even at a young age (15 days), well
before the onset of measurable muscle damage (Kumar
& Boriek, 2003). This is consistent with the increased
oxidative stress in young mdx muscles (Disatnik et al.
1998) and therefore ROS-induced activation of NF-«B
is likely to be a contributing factor to the extensive wave
of muscle damage which follows this dormant stage.
Amongst the genes regulated by NF-«B, a number have
been shown to be involved in the dystrophic disease
process including pro-inflammatory cytokines such as
TNFa (Grounds & Torrisi, 2004; Hodgetts et al. 2006),
and matrix metalloproteinases, which cause cleavage of
B-dystroglycan (Hnia et al. 2007). Our results showing
that NAC treatment significantly reduced nuclear NF-x B
P65 protein expression suggests that ROS are an important
mediator of NF-«B activation and translocation to the
nucleus. Our results are also consistent with recent papers
showing that NF-x B DNA binding activity is significantly
reduced in mdx mice receiving antioxidant treatments
(Messina et al. 2006; Hnia et al. 2007) and in normal mice
receiving NAC (Farid et al. 2005).

NAC treatment regulates expression
of dystrophin-associated proteins

While most of the proteins of the DAG complex are
down-regulated in dystrophic muscles, caveolin-3 is a
notable exception, with levels approximately 2- to 3-fold
greater in both mdx (Vaghy et al. 1998) and DMD
muscles (Repetto et al. 1999). In our experiments, Western
blotting and immunostaining showed that caveolin-3
expression was decreased in NAC-treated mdx mice
and this was accompanied by an increased sarcolemmal
expression of B-dystroglycan and the dystrophin homo-
logue, utrophin (Fig. 6). This suggests that ROS-mediated
pathways contribute to the dysregulation of these
dystrophin-associated proteins in mdx muscle. Our
findings are consistent with a recent publication showing
increased B-dystroglycan protein levels in mdx mice
receiving an antioxidant treatment (Hnia et al. 2007).
We hypothesize that caveolin-3 might play an important
role in regulating this remodelling of the DAG complex
in dystrophic muscles. Transgenic overexpression of
caveolin-3 in mice leads to a down-regulation of
B-dystroglycan and dystrophin, and produces a DMD-like
muscle disease (Galbiati et al. 2000). Moreover caveolin-3
competes with dystrophin and utrophin for the same
binding site (C-terminal tail) on 8-dystroglycan (Sotgia
et al. 2000), suggesting that a normal balance between
caveolin-3 and dystrophin/utophin is necessary for pre-
venting muscle degeneration. Tyrosine phosphorylation
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of B-dystroglycan inhibits the binding of dystrophin and
utrophin, while caveolin-3 binding is unaffected (Ilsley
et al. 2002). This tyrosine phosphorylation, mediated by
src kinase, also leads to internalization of B-dystroglycan
from the membrane to intracellular vesicles (Sotgia
et al. 2003). Thus, given that src kinase is activated
by ROS (Chen et al. 2005), we hypothesize that NAC
inhibited ROS-induced src kinase activation, which
both increased B-dystroglycan membrane expression and
utrophin binding to pB-dystroglycan (see Fig.7). This
is an important finding since transgenic overexpression
of utrophin can prevent dystrophy equally as well as
dystrophin (Khurana & Davies, 2003). One implication is
that the effectiveness of pharmacological agents designed
to up-regulate endogenous utrophin would be enhanced
by antioxidant treatments.

Possible sources of increased ROS production
in stretched mdx muscles

Given the increased oxidative damage to mdx muscle it
is important to elucidate the source(s) of excessive ROS
production, particularly following stretched contractions.
The two most likely candidates are the mitochondria
and NADPH oxidase. It is known that mitochondrial
Ca’* overload can accelerate ROS production in
muscle (Brookes et al. 2004), possibly via increased
calcium-dependent phospholipase activity (Nethery et al.
2000). This would seem to be a likely source of ROS in
dystrophic muscle given that resting intracellular Ca**
is elevated in mdx fibres following stretched contra-
ctions (Yeung et al. 2005) and mitochondrial calcium
uptake is greater in mdx myotubes than wild-type (Robert
et al. 2001). However, it has been shown that activation
of NF-«kB by cyclic stretch in mdx diaphragm muscle
could be prevented by NAC but not by the SAC blocker
gadolinium (Kumar & Boriek, 2003). Therefore, it would
seem that under these conditions, the stretch-induced
increase in ROS occurred independently of Ca’t influx
through SACs and subsequent mitochondrial Ca®*
overload. NADPH oxidase contributes to the increased
ROS production following osmotic swelling in mdx
ventricular myocytes (Jung et al. 2008) and is activated
by both Ca’"-dependent and -independent pathways
in osmotically stretched skeletal muscle (Martins et al.
2008). Therefore, NADPH oxidase is a likely source of
stretch-induced ROS production in mdx muscle.

Antioxidants as a potential therapeutic approach
for DMD

Clinical trials of antioxidants in DMD patients, under-
taken two decades ago, proved to be disappointing (Rando,
2002). However, there are a number of factors which
could account for the negative outcome. Firstly, these
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trials commenced at an advanced stage of the disease,
when significant muscle fibre loss had already occurred.
Antioxidants would be expected to reduce or prevent
muscle damage and degeneration but not to replace lost
fibres. Secondly, the antioxidants used in these trials (SOD,
vitamin E and selenium) are not membrane permeant
and would be ineffective in scavenging intracellular ROS.
NAGC, on the other hand, is membrane permeant and can
both scavenge intracellular ROS as well as boost levels of
endogenous antioxidants such as GSH (Sandstrom et al.
2006) and increase Mg-SOD activity in septic diaphragm
muscle (Barreiro et al. 2005). Thus, based on our current
results with NAC and recent papers showing positive
effects of other antioxidants on mdx muscle, it is worth
reconsidering antioxidants as a therapeutic option for
DMD. Importantly, from a clinical point of view, NAC
has been approved for use in humans and has shown
benefits in a wide range of diseases (Arakawa & Ito, 2007).
It is clear that the dystrophic disease process is complex
and multifactorial, as evidenced by the ever-increasing
number of pharmacological approaches which provide
varying degrees of protection against muscle damage in
mdx mice (Khurana & Davies, 2003). Our data show
that NAC can provide considerable protection against
the ongoing muscle degeneration in intact mdx mice
and against damage resulting from stretched contra-
ctions. The logical extension of these findings is to
combine NAC, or other antioxidants, with blockers
of parallel damage pathways in mdx muscle, in order
to provide a more effective therapeutic approach for
DMD.
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