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Abstract Muscular dystrophies are among the most severe
inherited muscle diseases. The genetic defect is a mutation
in the gene for dystrophin, a cytoskeletal protein which
protects muscle cells from mechanical damage. Mechanical
stress, applied as osmotic shock, elicits an abnormal surge
of Ca2+ spark-like events in skeletal muscle fibers from
dystrophin deficient (mdx) mice. Previous studies suggested
a link between changes in the intracellular redox environ-
ment and appearance of Ca2+ sparks in normal mammalian
skeletal muscle. Here, we tested whether the exaggerated
Ca2+ responses in mdx fibers are related to oxidative stress.
Localized intracellular and mitochondrial Ca2+ transients,
as well as ROS production, were assessed with confocal
microscopy. The rate of basal cellular but not mitochondrial
ROS generation was significantly higher in mdx cells. This
difference was abolished by pre-incubation of mdx fibers
with an inhibitor of NAD(P)H oxidase. In addition,
immunoblotting showed a significantly stronger expression

of NAD(P)H oxidase in mdx muscle, suggesting a major
contribution of this enzyme to oxidative stress in mdx
fibers. Osmotic shock produced an abnormal and persistent
Ca2+ spark activity, which was suppressed by ROS-
reducing agents and by inhibitors of NAD(P)H oxidase.
These Ca2+ signals resulted in mitochondrial Ca2+ accumu-
lation in mdx fibers and an additional boost in cellular and
mitochondrial ROS production. Taken together, our results
indicate that the excessive ROS production and the
simultaneous activation of abnormal Ca2+ signals amplify
each other, finally culminating in a vicious cycle of
damaging events, which may contribute to the abnormal
stress sensitivity in dystrophic skeletal muscle.
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Introduction

Dystrophinopathies are a category of muscle diseases that
result from mutations of the dystrophin gene. This gene is
located on chromosome Xp21 and encodes the protein
dystrophin, which links the cytoskeleton with the extracel-
lular matrix. The lack of dystrophin is thought to make the
sarcolemma of skeletal muscle fibers and cardiac myocytes
more fragile and more vulnerable to mechanical stress
during contraction or eccentric stretch [19, 23]. Duchenne
Muscular Dystrophy (DMD) is the most common muscular
dystrophy. It is characterized by progressive muscle
weakness, deterioration of skeletal and cardiac muscle
function, and premature death. mdx mice completely lack
dystrophin and recapitulate several of the pathophysiological
features of DMD. Skeletal muscle from mdx mice shows
signs of extensive muscle degeneration at the age of
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4–12 weeks. The skeletal muscle performance is later
improved, at least to some extent, in older animals,
presumably because of the upregulation and redistribution
of utrophin, another cytoskeletal protein which can partly
substitute for dystrophin [13]. The cardiac manifestations of
the disease, however, become progressively more severe
with age, finally resulting in dilated cardiac hypertrophy in
∼10–12 month old animals [37]. mdx mice are widely used
to elucidate the cellular mechanisms underlying the devel-
opment of skeletal and cardiac muscle dysfunction in DMD
and also to test possible therapeutic approaches to treat the
disease [9, 32, 51, 52].

Several studies on muscle fibers from mdx mice
indicated a disproportionate stretch-induced Ca2+ influx
and abnormal intracellular Ca2+ homeostasis. It has been
suggested that the lack of dystrophin results in an
exaggerated fragility of the sarcolemma and in excessive
Ca2+ influx via a number of voltage-independent pathways,
such as “leak” channels” [31], stretch-activated channels
(SAC, [53]), store operated channels (SOC, [49]) and
microruptures [52]. However, although stretch-induced
Ca2+ influx is greater in mdx cells than in cells from wild-
type mice, it is still relatively small [12, 26]. This modest
Ca2+ influx by itself does not appear to be sufficient to
explain the excessive and potentially damaging intracellular
Ca2+ signals evoked by mechanical stress, applied as
osmotic shock in both mdx skeletal muscle fibers and in
mdx ventricular cardiac myocytes [26, 49]. Therefore, it is
likely that additional mechanisms are involved in the
generation and further amplification of intracellular Ca2+

signals which ultimately lead to activation of Ca2+

dependent proteases and cell death (reviewed in [2]).
There are indications that oxidative stress (alone or in

combination with mechanical load) can contribute to
dystrophinopathy (reviewed in [46]). In both muscle fibers
from DMD patients and mdx mice, the levels of most
antioxidant enzymes and antioxidants are significantly
elevated [4, 16]. Basal or background generation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
seem to be elevated as well [51]. Oxidative stress is already
present in young animals when muscle damage cannot yet
be detected [14], suggesting that oxidative stress precedes
the development of the disease. In addition, in vivo
treatment of mdx mice with antioxidants, such as green
tea extract [9] or N-acetylcysteine [51], improves skeletal
muscle pathology and partially restores muscle force
production.

Ca2+ entry via any of the suspected pathways mentioned
above may stimulate production of ROS and RNS by
several cellular mechanisms, including mitochondria [34],
NAD(P)H oxidase [30], nitric oxide syntase (NOS) etc.
Undue ROS production and accumulation may in turn lead
to additional Ca2+ influx by increasing sarcolemmal Ca2+

permeability via lipid peroxidation, or by oxidation of
proteins involved in other Ca2+ influx pathways, such as
TRP channels (possible constituents of SAC and SOC [2,
21, 48]. ROS/RNS can also promote the release of Ca2+

from the sarcoplasmic reticulum (SR) via Ca2+ release
channels (ryanodine receptors, RyRs), which are subject to
oxidative/nitrositive modifications [29, 45]. Ca2+ released
from the SR can subsequently further amplify the produc-
tion of ROS thus establishing another intracellular positive
feedback loop for damaging Ca2+ and ROS signals.

Our recent studies indicate that ROS contribute to the
development of intracellular Ca2+ signals (reminiscent of Ca2+

sparks) induced by osmotic stress in normal mammalian
skeletal muscle [30]. Ca2+ sparks are highly localized signals
that are created by the opening and closing of a small group
of RyRs. They are believed to reflect activation of RyRs by
Ca2+, and therefore represent “elementary events” of Ca2+-
induced Ca2+ release [35]. Unlike many other muscle types,
mammalian skeletal muscle does not generate spontaneous
Ca2+ sparks under physiological conditions [42]. The release
of Ca2+ from the SR during excitation–contraction coupling
(ECC) appears to be exclusively under the control of the
voltage sensors (a.k.a., dihydropyridine receptors, DHPRs).
Pathophysiological stimuli, however, such as strenuous
exercise or mechanical stretch of the sarcolemma caused by
osmotic shock, uncover spontaneous Ca2+ signals reminiscent
of Ca2+ sparks. Compared to cells from healthy control
animals, this activity seems to be abnormally augmented in
muscle fibers dissected from mdx mice [49]. Here, we
addressed the following questions: (1) is excessive “Ca2+

spark” activity in dystrophic mdx muscle fibers associated
with, and possibly caused by, an enhanced ROS/RNS
production? (2) Can ROS scavengers inhibit stress-induced
“Ca2+ sparks”? (3) What are the sources of ROS/RNS in mdx
skeletal muscle fibers?

Preliminary results of these studies have been published
as an abstract [43].

Materials and methods

Fiber preparation

Male mdx (C57BL/10ScSn-mdx) mice at 4–8 weeks of age
were purchased from Jackson Laboratory (Bar Harbor,
Main, USA) or were provided by Drs. M. Rüegg
(Biozentrum, University of Basel, Switzerland) and U.
Rüegg (University of Geneva, Switzerland). Muscle fibers
were enzymatically isolated from flexor digitorium brevis
(FDB) muscle as previously described [30]. Briefly, mice
were killed by cervical dislocation under deep anesthesia
induced by intra-peritoneal injection of sodium pentobarbital
(100 mg kg body weight−1). FDB muscle was mechanically
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dissected and incubated in a modified Tyrode solution (in
mM, 145 NaCl, 5 KCl, 1 CaCl2, 10 HEPES, 10 glucose,
pH=7.0) supplemented with 2 mg ml−1 collagenase (Type I,
Sigma, St. Louis, MO, USA) at 37°C for 40 min. Single
fibers were obtained by gentle trituration of the digested
muscles. They were plated on laminin-coated coverslips and
studied 2–8 h after isolation. The procedure conforms with
the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).

Solutions

The isotonic external solution contained in mM, 140 NaCl,
5 KCl, 2.5 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose. Its
osmolality was ∼300 mosmol kg-1 and pH of 7.0. The
hypotonic solution contained in mM: 70 NaCl, 5 KCl, 2.5
CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, with osmolality of
∼170 mosmol kg−1, and pH of 7.0. Most chemicals were
obtained from Sigma (St. Louis, MO, USA). MnTBAP and
Mn-cpx3, and NAD(P)H oxidase inhibitor diphenyleneio-
donium (DPI) were from Calbiochem (EMD Chemicals,
Gibbstown, NJ, USA).

Confocal imaging

To monitor microscopic intracellular Ca2+ transients, fibers
were loaded with 10 μM fluorescent Ca2+ indicator fluo-
4 AM (acetoxymethyl form of fluo-4) for 40 min. To follow
local changes in intracellular and/or mitochondrial ROS/
RNS production, cells were loaded with either 10 μM CM-
H2DCFDA (5-(and-6)-chloromethyl-2′,7′-dichlorodihydro-
fluorescein diacetate) or 5 μM MitoSOX red for 30 min.
To examine changes in mitochondrial Ca2+ load, fibers
were incubated with 10 μM mag-rhod-2 for 30 min.
Voltage-sensitive indicators JC-1 (2 μM, 60 min) and
TMRE (100 nM, 30 min) were used to monitor mitochondrial
membrane potential. All probes were obtained fromMolecular
Probes (Invitrogen, Carlsbad, CA, USA). The fluorescence
images (X–Y scans) were acquired with a laser-scanning
confocal microscope (Radiance 2000; BioRad) connected to
a Zeiss Axiovert 100 inverted microscope equipped with a
63x, 1.2 N.A. water immersion lens (Zeiss Inc., Oberkochen,
Germany). Fluo-4, CM-H2DCFDA and JC-1 were excited
with the 488 nm and MitoSOX with the 514 nm lines of an
Argon laser. Fluorescence emission was collected with 500
LP and 590/70 BP filters for fluo-4 and CM-H2DCFDA,
respectively. The relative contribution of red (aggregated) and
green (monomeric) forms of JC-1 was determined as a ratio
of fluorescence signals detected with 515/30 BP and 570 LP
emission filters. Mag-rhod-2 and TMRE were excited with a
HeNe laser at 543 nm. The emitted light was collected above
570 nm. In all experiments, the laser power was minimized

and detection sensitivity was maximized in order to reduce
the laser-light-induced production of ROS. In most experi-
ments, 100 or 150 images (102.8 μm by 102.8 μm) were
collected from the same spatial locus within a fiber at 0.1 Hz.
Even though X–Y imaging does not provide sufficient
information about the temporal properties of discrete events
of Ca2+ release, we referred to them as Ca2+ sparks.

Sample preparation and Western blotting

Protein expression studies were conducted on explanted
striated muscles from control and mdx mice as described
previously [17]. Samples were snap-frozen in liquid
nitrogen. After mechanical homogenization, tissue samples
were lysed in SB20 (0.1 M Tris–HCl, pH 6.8, 20% SDS,
10 mM EDTA) and sonicated. Protein content was assayed
using the Micro BCA protein assay kit (Pierce Biotechnology,
Rockford, IL, USA). All samples were stored at −20°C. For
immunoblotting, 20 μg of total protein were loaded per lane.
Samples were run on 10% SDS-polyacrylamide gels
and electrophoretically transferred to PVDF membranes
(0.45 μM, Immobilon-P, Millipore, Bedford, MA, USA).
Membranes were blocked in 5% non-fat dry milk in Tris-
buffered saline-Tween 20, and then incubated with primary
antibody against human NAD(P)H oxidase (rabbit anti-
human gp91-phox, 1:200, Millipore, Bedford, MA, USA).
Horseradish peroxidase (HRP) conjugated goat anti-rabbit
IgG (1:1,000, Millipore, Bedford, MA, USA) was used as
secondary antibody. Immunoreactivity of blots was detected
using enhanced chemiluminescence (BioRad, Hercules, CA,
USA). Immunoreaction against actin (goat polyclonal IgG,
sc-1615, 1:2000, and HRP-conjugated donkey anti-goat IgG,
sc-2020, 1:2000, Santa Cruz Biotechnology, CA, USA)
served as internal control for protein expression levels.
Quantification of Western blots was done by densitometric
analysis of the membranes. Data are expressed as the mean
signal ratio of NAD(P)H oxidase and actin in control andmdx
tissue.

Statistical analysis

Data analysis is presented as mean±SEM. Statistical
significance was determined by using Student’s t test. In
the figures * indicates p<0.05, ** indicates p<0.01. n and
N indicate number of cells and animals studied in each
group of experiments.

Results

Dystrophic skeletal muscle exhibits more pronounced
intracellular Ca2+ signals in response to osmotic shock than
muscle from control animals. Our previous results had
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suggested a close link between the intracellular level of
ROS and the development of Ca2+ sparks in both
permeabilized and intact skeletal muscle fibers isolated
from normal animals [24, 25, 30]. Here, we tested the
hypothesis that sustained and/or transient oxidative stress in
mdx muscle fibers underlies their more prominent intracel-
lular Ca2+ responses triggered by mechanical challenges
involving osmotic shocks. We also determined possible
sources responsible for the increased generation of ROS,
and possibly RNS, in mdx muscle fibers.

Stress-induced sparks often propagate inside the mdx
muscle fibers

Wang et al. [49] recently reported that both hypo- and
hyper-osmotic shock produced a long-lasting surge of Ca2+

sparks in skeletal muscle fibers from mdx mice. In contrast

to the general responses observed in normal (a.k.a., wild
type, WT) cells, where Ca2+ sparks were mostly restricted
to a narrow space ∼10 μm beneath the sarcolemma,
response in mdx fibers propagated gradually throughout
the entire cytosol. Figure 1a illustrates images from an mdx
fiber before (image at 1.1 min), during (image at 2.6 min)
and after (images at 4.0, 4.7, 6.3, and 21.3 min) a hypo-
osmotic shock was applied. In 97% of mdx fibers (33 out of
34 fibers from N=11 animals) studied in this group, the
osmotic shock triggered Ca2+ sparks. In nine cells (or in
38% of the responding cells), Ca2+ sparks rapidly propa-
gated inside the fiber, reaching the center on average within
34.4±8.5 s (as seen on panel a). This is significantly
different from the responses obtained in wild-type cells,
where Ca2+ sparks were mostly localized to the sub-
sarcolemmal region ([30] and Fig. 1c). It should be
mentioned, that the pattern of intracellular Ca2+ responses
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Fig. 1 Cytosolic Ca2+ signals
elicited by hyposmotic shock in
mdx and normal (WT) muscle
fibers. Selected images of fluo-4
fluorescence in mdx (a) and WT
(c) fiber before (images at 1.1
and 0.2 min, respectively)
during (images at 2.6 and
2.3 min) and after osmotic shock
was applied. Boxes indicate the
regions where the average
fluorescence was determined.
b, d Averaged sub-sarcolemmal
(black circles) and cytosolic
(white circles) Ca2+ responses
of 34 mdx and nine WT cells
to osmotic shock
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to stress (propagation or no propagation) varied in mdx
fibers isolated from the same animal, probably because
fibers are heterogeneously affected by the disease. To
quantify and compare data obtained in different cells, we
determined the spatial average fluorescence within 10 µm
under the sarcolemma (yellow dashed box in panel a) or
inside the fiber (white box) for each image in a series (F(t)).
Then we normalized these signals to the average signal
recorded before the osmotic shock was applied (F(t)/F0).
The corresponding F(t)/F0 function represents the time
dependence of changes in fluorescence in the selected
region of interest. Figure 1b and d illustrate the averaged
Ca2+ responses in the sub-sarcolemmal region (black
circles) and in the center (white circles) of 34 mdx and
nine WT muscle fibers studied in this series.

ROS/RNS generation is greater in mdx cells

In the literature, there are several reports of sustained
oxidative stress in mdx skeletal muscle [16, 46, 51]. In
addition, our previous data suggest that osmotic shock

increases ROS production in wild-type cells [30]. Here, we
tested (1) whether the “basal” production of ROS/RNS is
elevated in dystrophic muscle fibers in mdx, compared with
wild-type cells, and (2) whether an osmotic shock further
increased ROS/RNS generation.

Fibers were loaded with CM-H2DCFDA and imaged
while being subjected to an osmotic shock. Inside the cell,
CM-H2DCFDA is hydrolysed to DCFH, which is oxidized
by hydrogen peroxide or peroxynitrite to form the highly
fluorescent compound DCF. Therefore, changes (i.e.,
increases) in DCF fluorescence are directly related to
elevations in ROS/RNS concentration within a cell.
Figure 2a shows images of DCF fluorescence in an mdx
muscle fiber before (image at 1 min), during (image at
6 min) and after a hypo-osmotic (images at 8, 9, 10 and
12 min) shock was applied. Please note that the increase in
fluorescence was initially mostly visible in the sub-
sarcolemmal regions (images at 8 and 9 min) but later
became more pronounced inside the fiber. Figure 2b
represents averaged normalized changes in DCF signals in
seven mdx fibers (N=3) subjected to osmotic shock (gray
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Fig. 2 Basal and stress-induced
generation of ROS/RNS in
skeletal muscle. a Selected
images of DCF fluorescence in
mdx fiber before (image at
1 min), during (image at 6 min)
and after (images at 8, 9, 10, and
12 min) osmotic shock was
applied. b Averaged DCF
fluorescence from seven mdx
cells (gray circles) and eight
fibers from WT mice (black
circles). c Averaged slopes of
DCF signals before and after
osmotic shock in mdx (gray
bars) and WT cells (black bars).
Steeper slopes indicate larger
production of ROS/RNS in mdx
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circles). Black circles represent changes in DCF fluores-
cence in eight cells from normal mice (N=4) studied in
parallel with the same experimental protocol and confocal
microscope settings. During these experiments, the DCF
signal increased in both types of cells. The slope of the
DCF fluorescence before the shock was applied reflects the
rate of basal or endogenous generation of free radicals that
lead to the oxidation of the indicator. The slope was
significantly steeper after the shock suggesting an additional
increase in ROS/RNS production. For each cell, the DCF
recordings were fitted with linear functions before and after
the osmotic shock was applied. The results are summarized
in Fig. 2c. On average, the steepness before the shock was
significantly (P<0.01) larger in mdx (gray bars) compared
with WT (black bars) cells (0.06±0.01 and 0.02±0.003,
respectively). The steepness significantly increased fol-
lowing the shock (0.13±0.02 and 0.04±0.01 in mdx and
WT cells, respectively). The change of slope was some-
what more pronounced in mdx fibers (the slope ratios
after/before were 2.16±0.01 and 2.00±0.01 in mdx and
control cells, respectively). Because the slope of the DCF
signal reflects the rate of generation of ROS/RNS, these
results suggest (1) increased basal generation of free
radicals and (2) greater increase in ROS/RNS production
caused by osmotic challenge in mdx fibers compared with
normal cells.

ROS/RNS scavengers inhibit intracellular Ca2+ responses
to osmotic shock

As already mentioned, our previous studies suggested a link
between ROS and the development of Ca2+ sparks in both
permeabilized and intact mammalian muscle fibers [24, 25,
30]. The findings described above indicate a higher level of
background and inducible ROS/RNS generation in mdx
skeletal muscle fibers. Since ROS/RNS can make the RyRs
more Ca2+ sensitive, they may be responsible for the
excessive intracellular Ca2+ responses in mdx fibers. Here, we
tested whether pre-incubation of mdx fibers with exogenous
ROS/RNS scavengers or SOD mimetics suppresses Ca2+

sparks induced by osmotic shock in mdx muscle.
Changes in sub-sarcolemmal fluo-4 fluorescence were

monitored in a control group of mdx fibers (no scavengers
added), in fibers following 30 and 60 min incubation with
MnTBAP (50 µM), Mn-cpx 3 (4 µM) and TIRON (10 mM)
and in cells 30 min after wash out of drugs. Previously [30],
we showed that incubation of fibers from normal mice with
MnTBAP significantly reduced the basal ROS/RNS levels
and decreased ROS/RNS production following osmotic
stress. Here, we used three different compounds with
distinct chemical structures and scavenging profiles to
ensure that the results obtained are not associated with
possible non-specific actions of these scavengers.

Figure 3a illustrates averaged changes in fluorescence in
mdx fibers studied in control (n=6, N=3), after 30 (n=7,
N=3) and 60 (n=5, N=3) min of incubation with 50 µM
MnTBAP, and 30 min after washout of the scavenger (n=6,
N=3). The mean fluorescence signal was determined during
the first 6 min after returning to the isotonic solution in
each group of fibers. As shown in Fig. 3b, the abnormal
Ca2+ activity was significantly (P<0.01) suppressed by the
drug (from F/F0 of 1.47±0.06 to 1.28±0.03 after 30 min
pre-incubation and further to 1.02±0.005 after 60 min of
pre-incubation), and was partially restored after washout of
MnTBAP (to 1.21±0.04), confirming reversibility of the
inhibition.

Qualitatively similar results were also obtained with the
two other scavengers. Figure 3c and d show that both Mn-
cpx3 and TIRON effectively and reversibly inhibited
cytosolic Ca2+ responses to osmotic shock in mdx muscle.

Contribution of NAD(P)H oxidase to elevated ROS/RNS
level and excessive intracellular Ca2+ responses to osmotic
shock in mdx muscle

There are several intracellular sources producing ROS/RNS
in skeletal muscle. Mitochondria, NAD(P)H oxidase
(NOX), xanthine oxidase (XO), and nitric oxide synthase
(NOS) are among them (reviewed in [40]). Our previous
studies suggested a pivotal role of NAD(P)H oxidase in the
increased ROS production after osmotic shock in WT
mammalian skeletal muscle fibers. They also suggested a
rather limited role of mitochondria, NOS and XO [30].

The larger ROS production in mdx cells seen in Fig. 2 can
be explained (1) by an increased activity and/or expression
of NAD(P)H oxidase, or (2) by the recruitment of additional
sources of ROS, which are of limited importance in wild-
type fibers. Our results support both possibilities.

First, we examined whether NAD(P)H oxidase expres-
sion is higher in mdx skeletal muscle. Western blotting was
performed on lysates of control and mdx skeletal muscle. At
equal protein loading, immunoreactivity of a protein with
an apparent molecular mass of 75 kDa corresponding to a
transmembrane subunit of the NAD(P)H oxidase (gp91phox,
or NOX2 in the most recent terminology) showed a
dramatic increase in expression levels and reached near
maximal reactivity in mdx compared with control samples.
To ascertain whether the increase in immunoreactivity of
this band of 75 kDa corresponded indeed to an increase in
the actual expression levels of the protein, we performed
simultaneous immunoprecipitation studies using anti-actin
antibody on the same protein lysates. Assuming that the
expression of actin, which precipitates at ∼42 kDa, is
unchanged in mdx when compared with control tissue, this
test served as an internal control for quantification of the
NAD(P)H oxidase signal responses. Signal ratios of
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background-subtracted band intensities for gp91phox (at
∼75 kDa) and actin (at ∼42 kDa) in each lane were used
for analysis. As shown in Fig. 4a, the expression of
gp91phox is increased more than three fold in mdx skeletal
muscle (N=7) when compared with control (N=3, P<0.01).

In skeletal muscle NAD(P)H oxidase is localized to the
sarcolemma and T-tubular membrane and can be activated
in a Ca2+-dependent and Ca2+-independent manner [22,
30]. Thus, NAD(P)H oxidase may be exposed to a
microdomain of high [Ca2+], which is established under
the cell membrane by abnormal Ca2+ influx during regular
mechanical activity of dystrophic muscle as well as during
eccentric stretch. Therefore, ROS production by this enzyme
can contribute to both the elevated basal level of ROS and
the enhanced generation of free radicals following more
severe mechanical challenges such as osmotic shock. Using
CM-H2DCFDA, we examined the rate of basal and stress-
induced ROS generation in mdx cells pre-incubated for
30 min with 0.5 mM apocynin, an inhibitor of NAD(P)H
oxidase. Apocynin significantly (P<0.05) reduced the basal

level of ROS production (slopes of DCF curves before the
shock were 0.03±0.005, n=10, N=4, in control, and 0.01±
0.002, n=7, N=3, in apocynin, data not shown). The drug
also nearly eliminated the increase in ROS generation by
osmotic shock (slopes of DCF curves were 0.01±0.002 and
0.014±0.001, before and after the shock, respectively, data
not shown). The variability in the baseline values of ROS/
RNS levels in different groups of experiments is likely to
be due to heterogeneity in the disease phenotype.

In the next group of experiments, fibers were loaded with
the fluorescent Ca2+ indicator fluo-4 and incubated for
30 min with two different NAD(P)H oxidase inhibitors:
apocynin (0.5 mM) and DPI (10 μM). As seen in Fig. 4b
and c, both drugs significantly diminished cytosolic Ca2+

responses to osmotic shock. The mean fluorescence after
returning to the isotonic solution was reduced from 1.8±0.04
in the control (n=8, N=6) to 1.25±0.06 (n=4, N=3) and
1.07±0.06 (n=5, N=3) in DPI and apocynin, respectively.

In Martins et al. [30], we suggested that activation of
NOS and XO are not likely to account for stress-induced
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ROS production and cytosolic Ca2+ signals in normal muscle
cells. Here, we also assessed the role of these sources in mdx
muscle fibers. Figure 4d shows that the XO inhibitor
allopurinol (100 μM) did not significantly change intracellular
Ca2+ transients elicited by osmotic stress. The non-specific
NOS inhibitor L-NAME (1 mM) somewhat reduced cytosolic
Ca2+ responses but the reduction was not highly significant.
The mean fluorescence was 1.52±0.08 (n=5, N=3) in
control, 1.50±0.07 (n=8, N=5) after 30 min of incubation
in XO inhibitor allopurinol and 1.38±0.06 (n=10, N=4) after
30 min exposure of fibers to NOS inhibitor L-NAME.

Overall, these data indicate that most likely NOX is the
major contributor to the increase in ROS/RNS and augmented
Ca2+ responses to osmotic shock in mdx skeletal muscle fibers.

Osmotic stress increases mitochondrial Ca2+ loading

Mitochondria are another potential source of ROS in
skeletal muscle. It is known that muscle cells continuously
generate ROS, as a byproduct of the respiratory chain, and

that enhanced mitochondrial Ca2+ uptake stimulates further
mitochondrial ATP and ROS production (reviewed in [8]).
It is possible that stress-generated cytosolic Ca2+ is
sequestered by mitochondria. In turn, this would stimulate
mitochondrial ROS production, increase leakage of ROS to
the cytosol and thus further amplify cytosolic Ca2+ signals.
Here, we tested (1) whether and to what extent osmotic
shock increases the mitochondrial Ca2+ load, and (2)
whether the increase is different in mdx and wild-type
muscle fibers.

Dystrophic mdx and normal muscle fibers were loaded
with the low affinity Ca2+ indicator mag-rhod-2 in its AM
ester form. Mag-rhod-2 is a charged molecule that
preferentially partitions into the mitochondria. The dye
has been demonstrated to be useful in studies of mitochon-
drial Ca2+ uptake in skeletal muscle, where the resting
mitochondrial Ca2+ load seems to be quite high [44].
Figure 5a shows the mitochondrial mag-rhod-2 distribution
and the fluorescence signal in an mdx cell before (image at
1 min), during (image at 4 min) and after the shock (images
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at 6 and 10 min). Mitochondria were identified in each
image (as seen on binary masks at the bottom of panel a)
and their average fluorescence was determined. Figure 5b
shows the histogram of averaged fluorescence in the
organelles before and 6 min after the osmotic shock was
applied. In this particular fiber, the averaged mag-rhod-2
fluorescence (in a.u.) increased significantly (P<0.01) from
64.5±0.9 at resting conditions to 80.7±1.5 and 94.2±1.2 two
and six min after the stress, respectively. Overall, in seven out
of ten mdx fibers (N=5) osmotic shock produced a gradual
and significant increase in mag-rhod-2 fluorescence (1.33±
0.06 in units of F/F0) at the end of the experiments (Fig. 5c).
In contrast, in cells from normal mice, a significant increase
in mitochondrial mag-rhod-2 signal was observed much less
frequently (two out of 12 cells, N=4). It was substantially
smaller than in mdx cells and preferentially detected in sub-
sarcolemmal regions. The averaged mag-rhod-2 fluorescence
increased from 69.2±1.6 at the beginning to 73.6±2.1 (in a.u.)
at the end of experiments (P<0.05).

The larger mitochondrial Ca2+ accumulation in dystrophic
fibers can be a direct consequence of enhanced cytosolic
Ca2+ signals in these cells (as seen in Fig. 1), but also due to
more sensitive mitochondrial Ca2+ uptake mechanism(s).
Using mitochondrial and SR-targeted luminescent aequorins,
Robert et al. [41] showed augmented mitochondrial Ca2+

signals resulting from similar cytosolic Ca2+ transients in
mdx developing myotubes compared to WT, suggesting
enhanced uptake in the mdx cells. As described below, our
experiments support this possibility. Mag-rhod-2 is not a
ratiometric fluorescent Ca2+ indicator. Therefore, direct
quantitative comparison of the effectiveness of mitochondrial
Ca2+ uptake is not feasible under our experimental con-
ditions. Instead, we measured mitochondrial potential with
the voltage-sensitive probe JC-1. JC-1 is an indicator that
exhibits potential-dependent accumulation in mitochondria
accompanied by a fluorescence emission shift from green to
red. Muscle fibers were isolated from mdx and WT mice on
the same day, loaded with 2 μM JC-1 for 60 min to
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equilibrate dye distribution within the cell and studied in
parallel. The red to green fluorescent ratio was significantly
larger in mdx fibers (0.8±0.07, n=19, N=7 and 0.6±0.06,
n=23, N=7 in mdx and WT cells, respectively), indicating
that mitochondria in dystrophic fibers are hyperpolarized
compared with those in WT. A larger potential gradient
across the mitochondrial membrane could lead to stimulation
of the electrogenic mitochondrial Ca2+ uniporter resulting in
augmented mitochondrial Ca2+ accumulation in mdx skeletal
muscle of this age group.

Osmotic stress increases mitochondrial ROS production

One of the consequences of moderate mitochondrial Ca2+

sequestration can be an enhancement of mitochondrial
metabolism, as the activity of several enzymes of the
TCA cycle depends on Ca2+. Here, we directly measured
mitochondrial ROS production in mdx and wild-type cells
under identical experimental conditions. Fibers were loaded
with the mitochondrial superoxide fluorescent probeMitoSOX

red and imaged while subjected to hypo-osmotic shock.
Because targeting of MitoSOX (and therefore the fluorescence
signal intensity) is driven by the mitochondrial membrane
potential, we also tested whether osmotic shocks can change
this potential. As JC-1 is not very reliable for dynamic
measurements, we used TMRE at a concentration of
100 nM, which we previously found to result in a non-
quenching behavior in both skeletal muscle fibers and in
cardiac myocytes [24, 26]. No significant changes of the
TMRE fluorescence were elicited by osmotic shocks, neither
in WT (n=5, N=3) nor in mdx (n=7, N=3) fibers, suggesting
that the mitochondrial membrane potential did not change
noticeably and that the MitoSOX signals reliably reflect
mitochondrial ROS production. Figure 6a represents images
of MitoSOX fluorescence in an mdx fiber before (image at
1 min) during (image at 6 min) and after (images at 8, 11, 13,
and 15 min) a shock was applied. Averaged normalized
MitoSOX fluorescence from eight mdx (N=6) fibers is shown
on panel b (gray circles). As in the experiments with CM-
H2DCFDA, the MitoSOX curve was fitted with a linear
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function before and after the shock was applied. As expected
based on the results with mitochondrial Ca2+ measurements,
there was a significant increase (P<0.05) in the slope of the
curve (from 0.04±0.01 to 0.08±0.02). The increase clearly
indicates an enhanced mitochondrial ROS generation result-
ing from the osmotic shock. Consistent with limited
mitochondrial Ca2+ accumulation, no significant change in
slope of the MitoSOX signal was detected in wild-type cells
(black circles and bars, n=9, N=4). The slope only slightly
changed from 0.033±0.008 to 0.035±0.006. Interestingly, the
initial slope, which reflects the basal production of ROS by
mitochondria, was slightly (but not significantly) larger in
mdx cells. This suggests that, in contrast to NOX, mitochon-
dria are likely to be minor contributor to basal oxidative stress
in dystrophic skeletal muscle. However, they contribute to
the increased ROS production in response to mechanical
stress.

Discussion

Mechanical stress applied as an osmotic shock triggers a
surge of Ca2+ spark-like events in intact skeletal muscle
fibers. These events are not observed in intact mammalian
muscle cells at rest or during physiological ECC. The
extent of stress-induced intracellular Ca2+ activity is much
greater in muscle fibers from mdx mice, but the reason for
this difference is still elusive. Our previous studies on
normal mammalian muscle strongly suggested a close link
between overproduction of ROS/RNS and appearance of
sparks in both permeabilized and intact fiber preparations.
Here, we tested whether the exaggerated Ca2+ responses to
osmotic challenges in dystrophic muscle are associated with
(and presumably caused by) oxidative/nitrosative stress.

The present study revealed an elevated basal level of
ROS in skeletal muscle fibers isolated from mdx mice,
which is presumably mostly due to an enhanced ROS
production by NOX. Our findings also revealed further
consequences of this phenomenon. Challenging mdx fibers
with mechanical stress, applied as osmotic shock, initiates
several positive feedback loops. The mechanical challenge
initially increases ROS production by NOX even further and
triggers extensive intracellular Ca2+ transients. Subsequently,
these large cytosolic Ca2+ responses lead to mitochondrial
Ca2+ accumulation in mdx fibers and an additional boost in
both NOX and mitochondrial ROS production which finally
can again amplify cytosolic Ca2+ signals. Overall, our results
suggest an important role for an abnormal production of
ROS by NOX and mitochondria and consequent impaired
Ca2+ homeostasis in pathological responses of dystrophic
skeletal muscle to mechanical stress. Taken together, the
present study shows that the near-simultaneous activation of
several mutually synergistic feedback loops can culminate in

a vicious cycle that may have damaging consequences for
the affected muscle cells.

Oxidative/nitrosative stress and muscular dystrophy

In normally functioning healthy skeletal muscle, the basal
production of ROS/RNS is balanced by various scavenging
molecules and enzymes. Overproduction of free radicals and/
or reduced ability of cellular defense mechanisms to neutralize
them can eventually lead to sustained oxidative/nitrosative
stress. Oxidative/nitrosative stress is involved in the patho-
genesis of many skeletal muscle disorders and chronic
diseases, such as muscle atrophy, fatigue, aging, diabetes,
central core disease, malignant hyperthermia, etc. [18, 33].

Our present data show an increased basal level of ROS/
RNS production in mdx muscle fibers (Fig. 2). We suggest
that this is in large part due to the enhanced ROS generation
by NAD(P)H oxidase. There are also some reports in the
literature supporting the possibility that oxidative stress
contributes to the pathology of muscular dystrophy. In
particular, it has been reported that in dystrophic skeletal
muscle (1) the levels of several antioxidant defense
components such as catalase, glutathione peroxidase and
superoxide dismutase are elevated; (2) the ROS concentration
is increased [51]; and (3) levels of products of lipid
peroxidation are higher (reviewed in [46]). In addition,
although the expression of nNOS and, consequently, the
production of NO have been found to be reduced in
dystrophy [11, 50], the expression of iNOS has been recently
shown to be increased [7]. Moreover, in vivo treatment of
mdx mice with antioxidants can improve muscle function [9,
51]. Nevertheless, it is not yet clear to what extent oxidative/
nitrosative stress determines the pathology of muscular
dystrophy and what molecular pathways are involved. On
one hand, levels of antioxidant enzymes are elevated in
dystrophic muscle prior to the onset of muscle degeneration,
suggesting that oxidative stress precedes the development of
the disease [14]. On the other hand, these levels are also
higher in extraocular skeletal muscle, which is spared from
mdx pathology, and in dystrophic muscle already undergoing
active regeneration [38, 39]. It is possible that oxidative/
nitrosative stress itself does not drive muscle degeneration in
dystrophy but rather acts synergistically with other factors,
such as elevated resting Ca2+ concentrations, abnormal Ca2+

influx during repetitive muscle contraction and mechanical
stress, to drive the pathological responses (e.g., [15]).

NOX as one of the major sources of oxidative stress
in muscular dystrophy

A misbalance between the production of ROS/RNS and
their elimination by various cellular scavenging systems
may contribute to oxidative stress in dystrophy. Although
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the levels of major antioxidants are higher in dystrophic
muscle, they seem to be insufficient to prevent extensive
ROS production by ROS-producing sources.

Our data suggest that NAD(P)H oxidase is likely to be one
of the major sources of ROS behind the oxidative stress in
dystrophy. NAD(P)H oxidase is a multimolecular complex
containing two major transmembrane subunits (NOX and
p22phox) and several cytosolic regulatory subunits (p47phox,
p40phox, p67phox and the small G proteins Rac1 or Rac2),
which have to be translocated to the membrane to activate
the oxidase. Skeletal muscle mostly expresses two isoforms
of NOX, NOX2, and NOX4 [6, 10, 20]. Our results revealed
that (1) expression of NOX2 (a.k.a. gp91phox) is more than
threefold higher in dystrophic skeletal muscle compared to
normal mice and (2) incubation of dystrophic fibers with
NOX inhibitors brings basal ROS production down close to
the levels found in normal animals (Fig. 4). It seems that
NOX, but not XO and NOS, is a primary source of ROS in
response to the osmotic shock in muscle, as incubation of
fibers with NOX inhibitors nearly eliminated the increase in
ROS and cytosolic Ca2+ responses caused by the shock.

In Martins et al. [30] we had shown that activation of
NOX following the mechanical challenge is partly gov-
erned by Ca2+. Both NOX2 and NOX4 isoforms do not
have an EF-hand like Ca2+ binding domains and therefore
are unlikely to be directly activated by the increase in
cytosolic [Ca2+]. However, it has been suggested that Ca2+

can affect the activity of the NOX2 isoform indirectly via
several pathways which are not mutually exclusive,
involving Ca2+-sensitive PKC isoforms, Ca2+-dependent
phospholipase A2, association with S100 proteins, etc. (e.g.,
[1, 6, 10]). The activity of the NOX4 isoform does not seem
to be regulated by Ca2+ [5], however more studies are
needed to substantiate this conclusion.

Our experiments also revealed that in dystrophic cells,
mitochondria are an important source of ROS generated
subsequent to stress, in contrast to the situation in wild-type
muscle. This is probably due to more severe cytosolic Ca2+

responses to osmotic shock in mdx fibers. Larger Ca2+ influx
during mechanical stretch, increased resting [Ca2+]c and/or
increased sensitivity of RyR1 to be activated by Ca2+ as a
result of oxidative/nitrosative stress (see below) can be
responsible for this difference. Our results show that in mdx
cells Ca2+ is eventually taken up by mitochondria (Fig. 5),
stimulating ROS production by the organelles (Fig. 6).

Oxidative stress, Ca2+ influx, and intracellular Ca2+

homeostasis in muscular dystrophy

ROS/RNS have multiple targets in the sarcolemma and also
inside the muscle cells. An increased level of free radicals
can promote abnormal influx of Ca2+ into the muscle cells
during muscle contraction or eccentric stretch by facilitating

several possible Ca2+ influx pathways. Increased production
of ROS may cause lipid peroxidation [14], and consequently
may lead to additional Ca2+ influx via sarcolemmal
membrane microruptures. Recently, some TRP channels
have been shown to be sensitive to the cytosolic redox
potential [21, 36]. As TRP channels are potential molecular
components of SAC and SOC [2, 48], the oxidation of the
cytosol may stimulate additional Ca2+ influx into the stressed
cells via these channels as well.

ROS/RNS can also stimulate the release of Ca2+ from
the SR via RyR1, as this molecule is a well-known target of
oxidative/nitrosative modifications [45]. Increased levels of
ROS/RNS may “hypersensitize” RyR1 making it more
susceptible for activation by agonists, such as Ca2+. In
addition, S-nitrosylation and/or S-glutathionylation of RyR1
are likely to reduce binding of calstabin1 and calmodulin to
RyR1, thereby relieving the inhibitory feedback on RyR1
exerted by these proteins [3, 7].

Taken together, production of ROS/RNS can intensify
several mechanisms which deliver Ca2+ to the cytosolic
space, both from the SR and from the extracellular space.
This cytosolic Ca2+ load may, in turn, lead to additional
production of ROS, thereby creating cross-talk to another
positive feedback loop. For example, NOX can be further
activated by Ca2+ [6, 10]. In addition, we found that
mitochondria take up some of the extra Ca2+ load, which
subsequently leads to an elevated generation of ROS by the
mitochondria themselves.

Ca2+ overload and ROS production may have downstream
consequences ranging far beyond the initial signaling events.
For example, they may activate Ca2+-dependent proteases,
such as calpain, resulting in proteolysis of cellular constitu-
ents. In addition, they may lead to opening of the mitochon-
drial transition pore, allowing the efflux of proapoptotic
mediators into the cytosol. Apoptotic and/or necrotic cell
death may be one of the mechanisms leading to muscle
wasting and fibrosis in patients with muscle dystrophy [47].
Sustained Ca2+ overload can eventually lead to the impaired
mitochondrial oxidative phosphorylation reported in older
mdx mice and DMD patients [27]. In addition, ROS can
directly affect the contractile properties of muscle cells [28],
also decreasing the force production in dystrophy.

In summary, one of the key findings of our study is that the
near-simultaneous activation of two signaling systems triggers
early events which synergistically contribute to the excessive
stress sensitivity of dystrophic muscle. Based on this observa-
tion, one could consider the possibility to concurrently target
both pathways, the Ca2+ signaling and the ROS generation,
with pharmacological or other therapeutic approaches.
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