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Abstract Duchenne muscular dystrophy (DMD) is a
degenerative skeletal muscle disease that makes walking and
breathing difficult. DMD is caused by an X-linked (Xp21)
mutation in the dystrophin gene. Dystrophin is a scaffolding
protein located in the sarcolemmal cytoskeleton, important
in maintaining structural integrity and regulating muscle cell
(muscle fiber) growth and repair. Dystrophin deficiency in
mouse models (e.g., mdx mouse) destabilizes the interface
between muscle fibers and the extracellular matrix, resulting
in profound damage, inflammation, and weakness in dia-
phragm and limb muscles. While the link between dystro-
phin deficiency with inflammation and pathology is multi-
factorial, elevated oxidative stress has been proposed as a
central mediator. Unfortunately, the use of non-specific
antioxidant scavengers in mouse and human studies has led
to inconsistent results, obscuring our understanding of the
importance of redox signaling in pathology of muscular
dystrophy. However, recent studies with more mechanistic
approaches in mdx mice suggest that NAD(P)H oxidase and
nuclear factor-kappaB are important in amplifying dystro-
phin-deficient muscle pathology. Therefore, more targeted
antioxidant therapeutics may ameliorate damage and
weakness in human population, thus promoting better
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muscle function and quality of life. This review will focus
upon the pathobiology of dystrophin deficiency in dia-
phragm and limb muscle primarily in mouse models, with a
rationale for development of targeted therapeutic antioxi-
dants in DMD patients.
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Pathophysiological significance of dystrophin deficiency

Duchenne muscular dystrophy (DMD) is a severe, geneti-
cally-linked pathological disorder that imparts damage,
necrosis, fibrosis, and weakness while impeding repair.
DMD is caused by an X-linked genetic mutation or dele-
tion of the scaffolding protein dystrophin, which is part of
the sarcolemmal dystrophin-glycoprotein complex (DGC).
Dystrophin is particularly susceptible to mutations due to
its large size (2.5 Mb), and thus the incidence of DMD is
high, affecting over 1 in every 3,500 males. The mutated
dystrophin protein may result in compromised attachment
to the DGC, limited attachment, or complete absence of the
protein. In humans, the mutation that prevents the pro-
duction of any functional dystrophin leads to a severe and
highly morbid myopathy, DMD, whereas reductions or
truncations of dystrophin protein that retains some function
usually lead to a more benign myopathy, Becker muscular
dystrophy, where expected lifespan is a nearly normal, but
this varies from individual to individual.

Myopathy in patients suffering from DMD is especially
critical for respiratory (e.g., diaphragm) and limb muscles.
The symptoms of DMD first develop between 2-5 years of
age, particularly in lower limb muscles, contributing to
problems with balance and ambulation. Limb muscles
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show marked pseudo-hypertrophies in the early stage of
DMD while muscles become highly susceptible to con-
traction-induced damage and progressively weaker (Lynch
2004). In addition, respiratory muscles, including the dia-
phragm, become fibrotic and weak. Patients typically need
mechanical ventilator assistance and are no longer able to
walk on their own in more advanced stage of DMD
(Escolar and Scacheri 2001). The progression of DMD is
severe and catastrophic, whereby respiratory or cardio-
vascular failure leads to premature mortality by the early to
mid-twenties (Yiu and Kornberg 2008; Escolar and Scac-
heri 2001).

The murine X-linked muscular dystrophy (mdx) mouse
strain is the most widely used animal model for DMD.
Although both mdx and DMD are genetically homologous
and characterized by a complete absence of dystrophin,
the mdx mice show less severe muscular dystrophy than
DMD in humans. Typically, limb muscles in mdx mice
undergo a series of necrosis, inflammation, and degener-
ation starting postnatal at 2-3 weeks, with a substantial
inflammatory and necrotic phase peaking at 4 weeks of
age (Spencer et al. 2000; Grounds and Torrisi 2004).
However, most of necrotic fibers in mdx mice are com-
pensated for by a vigorous regeneration from 3—12 months
of age (Pastoret and Sebille 1995). A second, progressive
necrotic phase in limb muscles where the necrotic process
persisted, but regeneration declined begins around
13 months (Pastoret and Sebille 1995). Moreover, muscle
function is compromised. For example, specific force of
skeletal muscles of the mdx mice is about average 25 %
less than that of the age-matched control and normalized
power output is about average 33 % less (Lynch et al.
2001).

In contrast, the diaphragm muscle in mdx mice displays
progressive degeneration and ineffective regeneration
resulting in muscle fiber loss, inflammation and fibrosis
throughout the lifespan. The diaphragm muscle in mdx
mice fails to restore muscle structure and function com-
parable to the clinical symptoms observed in DMD limb
muscle (Stedman et al. 1991; Dupont-Versteegden and
McCarter 1992; Lynch et al. 1997). The normalized force
and power generation of diaphragm in adult mdx mice
(4—6 month old) is decreased by 40 and 54 %, and old mdx
(24-month old) mice is reduced by 52 and 69 % compared
with age-matched wild type mice (Lynch et al. 1997). The
degree of dystrophic pathology in mdx mice eventually
leads to early mortality. The average mortality in mdx mice
is about 21.5 months for male and 22.5 months for female,
representing a 19 (male) and 17 % (female) reduction
compared with wild type mice, respectively (Chamberlain
et al. 2007). The mechanisms underlying inflammation and
impaired muscle function during the necrotic and fibrotic
phases have been a focus of research in dystrophin
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deficient mice in the diaphragm muscle with some rele-
vance to human DMD patients (Stedman et al. 1991).

Skeletal muscles in mdx mice display a lower threshold
for material fatigue and Ca®*-mediated injury in response
to repeated stretch or eccentric contraction (Childers et al.
2002; Warren et al. 1993). As immune cell invasion and
muscle injury result in massive inflammation, apoptosis,
necrosis, and damage (Spencer and Tidball 2001; Sussman
2002), repeated damage and repair cycling, coupled with
inflammatory mediators (TNF-o, NF-xB, TGF-8), elicit
accumulation of connective tissue or “fibrosis” (Spencer
and Tidball 2001; Sussman 2002; Hartel et al. 2001). As a
result stiffness and thus internal work are elevated (Hartel
et al. 2001; Disatnik and Rando 1999; Matsumura and
Campbell 1994; Rando 2001a; Sandri and Carraro 1999).
Muscle degeneration with dystrophin deficiency in mdx
mice is primarily a function of muscle protein breakdown
and muscle fiber loss, and less a result of impaired protein
production (Badalamente and Stracher 2000).

Dystrophin deficiency and dystrophin-glycoprotein
complex (DGC)

Dystrophin deficiency leads to a marked reduction in
expression of dystrophin, sarcolemmal, and subsarcolem-
mal proteins in the dystrophin-glycoprotein complex
(DGC) (Grady et al. 1999; Matsumura and Campbell 1994;
Chang et al. 1996; Brenman et al. 1995). The DGC plays a
major role in linking the actin cytoskeleton to the extra-
cellular matrix, thus stabilizing the sarcolemma during
contraction and relaxation (Kosek and Bamman 2008). The
DGC transmits forces or “loads” generated in the muscle
sarcomeres to extracellular matrix and integrates cell sig-
naling in response to mechanical strain (Kosek and Bam-
man 2008). The DGC includes o-, B-dystroglycan, o-, B-,
y-, O-sarcoglycan subunits, biglycan, the scaffolding pro-
teins dystrophin, dystrobrevin, utrophin, syncoilin, Grb2,
dysferlin, o-, B-syntrophin, and the mu-splice variant of
neuronal nitric oxide synthase (nNOS). The DGC is also
associated with structural caveolae domain proteins
including caveolin-3, and dysferlin in the sarcolemma. The
DGC is anchored by o-dystroglycan binding to laminin-2,
while f-dystroglycan attaches to a-dystroglycan and the
C-terminal of dystrophin. Indeed, targeted deletion of
B-dystroglycan in mice results in embryonic death rather
than progressive muscle damage, indicating that B3-dystro-
glycan is indispensable for early embryonic development
(Williamson et al. 1997).

The cytoplasmic portion of the DGC includes o- and
B-syntrophin, dystrobrevins, nNOS, and dystrophin. Syntro-
phins bind directly to dystrophin, utrophin, and dystrobre-
vin, with their interaction mediated by cooperative action
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of the PH2 and SU COOH-terminal binding domains
(Adams et al. 2000). The «l-syntrophin, localized on the
sarcolemma and neuromuscular junction with dystrophin,
is predominantly expressed in skeletal and cardiac muscle,
whereas f1- and f2-syntrophin are expressed in wide
variety of tissues (Kameya et al. 1999; Peters et al. 1997).
The ol-syntrophin also binds to voltage-gated sodium
channels and nNOS via the PDZ domain. Syntrophin-null
mice have selective loss of nNOS, but not muscular
dystrophy (Miyagoe-Suzuki and Takeda 2001). Thus,
ol-syntrophin is of major importance in anchoring nNOS
to the sarcolemma via dystrophin or dystrobrevin.

Dystrobrevins are also important components of DGC and
form an intracellular subcomplex in the vicinity of the sar-
colemma, with two dystrobrevin isoforms o and § encoded
by different genes. Dystrobrevins are thought to serve as a
scaffold for signaling proteins, and, like dystrophin, bind to
nNOS through o- and B-syntrophins. The o-dystrobrevin,
localized near the sarcolemma and neuromuscular junction,
is the predominant isoform in skeletal muscle (Jones et al.
2003). The f-dystrobrevin is expressed in brain, liver, lung
and kidney, but not in skeletal muscle (Hoshino et al. 2002).
The N-terminal half of a-dystrobrevin participates in asso-
ciation with the sarcoglycan-sarcospan complex (Yoshida
et al. 2000). The a-dystrobrevin isoform also binds both
dystrophin and syntrophin in skeletal muscle. Lack of dys-
trobrevin results in milder muscle pathology compared to the
DMD patients (Jones et al. 2003; Grady et al. 1999).

Nitric oxide (NO®), generated from L-arginine by nitric
oxide synthase (NOS), is an important and highly versatile
signaling modulator involved in regulation of numerous
cellular physiological and pathological processes: muscle
contractility, metabolism, glucose uptake, satellite cell
activation, hypertrophy, atrophy, injury, and repair (Kaminski
and Andrade 2001; Chen et al. 2008). In mammals, three
isoforms of NOS, neuronal (nNOS, NOSI1), inducible
(AINOS, NOS2), and endothelial (eNOS, NOS3), are
expressed under normal conditions. The mu (u)-splice var-
iant of nNOS is a predominant isoform and key signaling
protein expressed in muscle, where nNOSy is normally co-
localized at the sarcolemma within the DGC (Brenman et al.
1996; Wakayama et al. 1997). nNOSy is anchored to the
sarcolemmal cytoskeleton by binding of a PDZ motif at its
N-terminus to a-syntrophin or B-syntrophin, which in turn
are bound to dystrophin or dystrobrevin (Rando 2001a; Jones
et al. 2003). nNOS i may be thus associated with dystrophin
indirectly through its interaction with ol-syntrophin (Wa-
kayama et al. 1997). However, recent evidence indicates that
dystrophin carrying spectrin-like repeats 16 and 17 plays a
direct role in nNOS recruitment to the sarcolemma (Lai et al.
2009). Further studies of the molecular mechanisms by
which dystrophin, syntrophin, and nNOS are regulated are
required.

In the absence of dystrophin in both DMD humans and
mdx mice, nNOS is absent from sarcolemma and partially
accumulates in the cytosol where it maintains its enzymatic
activity (Chang et al. 1996; Brenman et al. 1995). Dislo-
cation or translocation of nNOS from the dystroglycan
complex may enhance myopathy via (a) elevation of
NAD(P)H oxidase activity, (b) increased inflammation,
(c) increased protein degradation via activation of ubiquitin
ligases, and (d) impaired satellite cell activation (Nguyen
and Tidball 2003; Tidball and Wehling-Henricks 2007).
Reduction in nNOS coupled with increased susceptibility
to material fatigue injury exacerbates damage and inflam-
mation (Tidball and Wehling-Henricks 2007). While the
loss of nNOS from the sarcolemma is not requisite in
rendering a dystrophic phenotype, it is contributory to
tissue damage (Rando 2001b).

Wehling et al. (Wehling et al. 2001) found that a mus-
cle-specific nNOS transgene in mdx mice attenuated mus-
cular dystrophy. They suggested that the loss of nNOS
from sarcolemma in dystrophin-deficient muscles exacer-
bates membrane damage and inflammation. Although
enhancing NO® production in muscle suffering from DMD
can ameliorate muscle pathology (Wehling et al. 2001) and
nNOS deficiency can lead to recurrent ischemia—reperfu-
sion injury (Rando 2001b), the relationship between NO*
and dystrophic pathology is complex. Previous studies
demonstrated that mice lacking NO® production (Chao
et al. 1998; Crosbie et al. 1998) or a-1 syntrophin (Kameya
et al. 1999) do not develop a muscular dystrophy. How-
ever, these findings are consistent with Rando’s “two-hit
hypothesis”, where the lack of nNOS exacerbates pathol-
ogy in the presence of other defects associated with dys-
trophin-deficiency (Rando 2001b).

Caveolin-3 is a small sarcolemmal protein located in
caveolae, invaginations central to growth and insulin sig-
naling (Fecchi et al. 2006). Caveolin-3 binds to DGC pro-
teins including B-dystroglycan and nNOS, and inhibits
nNOS via distinct scaffolding domains (Whitehead et al.
2008; Sunada et al. 2001). Caveolin-3 also binds to transient
receptor potential channel 1 (TRPC1), a stretch-activated
Ca*" channel (Gervasio et al. 2008). Either upregulation or
suppression via genetic ablation of caveolin-3 exacerbates
DMD or causes limb-girdle muscular dystrophy (LGMD-
1C) (Galbiati et al. 2001). Caveolin-3 may regulate DGC
assembly and thus can contribute to loss of DGC proteins
from the sarcolemma with dystrophin deficiency (Allen et al.
2010; Galbiati et al. 2001; Venema et al. 1997).

Dystrophin deficiency and inflammation

Mounting evidence indicates that inflammatory processes
are highly integrated into the pathologies of dystrophin-
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deficient muscle (Hnia et al. 2008; Spencer and Tidball
2001). Indeed, the complex pathology of dystrophin defi-
ciency is strongly related to infiltration of immune cells in
response to the damage and degeneration (Hodgetts et al.
2006; Spencer et al. 2001). The inflammatory process in
dystrophic-deficient muscle involves a unique invasion of
autoreactive immune cells into damaged sites, character-
istic of chronic damage and repair cycling (Spencer and
Tidball 2001).

The major constituents of the inflammatory cell infil-
tration of muscle with dystrophin deficiency include mac-
rophages, T-cells, and eosinophils (Spencer et al. 2001).
Macrophages, CD4™" cells (helper lymphocytes) and CD8™
cells (cytotoxic lymphocytes) commonly infiltrate peri-
mysial and endomysial sites of muscles. Macrophages and
T-cells are believed to play significant roles in muscle
degeneration, necrosis, apoptosis, and fibrosis in mdx mice
(Morrison et al. 2000; Spencer et al. 1997). The depletion
of macrophages, CD4" and CD8" cells, or impairment of
their cytotoxicity by removal of perforin, ameliorated
muscle histopathology and increased repair and regenera-
tion in 3-4 week old mdx mice (Wehling et al. 2001;
Spencer et al. 1997; Spencer et al. 2001). Moreover, anti-
body depletion of T-cells in mdx mice also reduced other
inflammatory cells such as eosinophils, which have the
capacity to promote cell membrane lysis and cell death by
surrounding the degenerative muscle fibers (Wehling-
Henricks et al. 2008; Cai et al. 2000). Morrison and col-
leagues (Morrison et al. 2000) suggested that T-cells also
play a role in the onset of the fibrosis, which compromises
the ability of dystrophic muscle to regenerate.

Inflammation is an early event in the pathological pro-
cess with dystrophin deficiency. Inflammation and muscle
cell death are first apparent at 3—4 weeks of age in mdx
mice, with regenerative muscle replacing pathology by
14 weeks of age (Spencer and Tidball 2001). In human
DMD, inflammation is mild but histologically discernable
at birth, but it is not easy to diagnose the symptoms during
first few years of life (Partridge 1991; Spencer and Tidball
2001). The mechanisms by which inflammatory cells pro-
mote the dystrophic pathology remain unknown. However,
activation of nuclear factor-kappaB (NF-xB), oxidative
stress, and pro-inflammatory cytokines (e.g., TNF-c, IL-18,
TGF-B) appear to be inflammatory-mediated processes
integrated into the progression of muscular dystrophy
(Peterson and Guttridge 2008; Kumar et al. 2004).

Evidence indicates that activation of NF-xB is an
important mediator of muscle damage and pathology with
dystrophin deficiency in both humans (Monici et al. 2003)
and mdx mice (Kumar and Boriek 2003; Monici et al.
2003; Acharyya et al. 2007). Monici et al. (Monici et al.
2003) reported that NF-xB immunoreactivity was 2040 %
greater in necrotic fibers and the cytoplasm of regenerating
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fibers in DMD patients. Kumar and colleagues (Kumar and
Boriek 2003) demonstrated that NF-xB DNA binding
activity, and downstream inflammatory cytokines such as
TNF-o and IL-1p, were significantly higher in diaphragms
of 15-day-old mdx mice compared with wild-types. This
was linked to lower protein levels of inhibitory IkBo in the
mdx diaphragm. Acharyya et al. (Acharyya et al. 2007)
reported that NF-xB DNA binding activity was elevated in
mdx diaphragm, tibialis anterior (TA), and gastrocnemius
muscles. Localization of NF-xB is greater in the nuclear
fraction in mdx skeletal muscle than wild-type muscle
(Whitehead et al. 2008). Further, immunohistochemical
analysis of muscles expressing a dystrophin mutation
indicated that NF-xkB p65 subunit was localized in infil-
trating immune cells (Peterson and Guttridge 2008). NF-
kB activation as well as p65 and p50 subunits are elevated
in immune cells and muscle fibers of mdx mice (Acharyya
et al. 2007; Kumar and Boriek 2003). Indeed, NF-xB
subunit activation is linked to dystrophin-deficient pathol-
ogy (Acharyya et al. 2007; Kumar and Boriek 2003).

More mechanistic studies inhibiting NF-xB activation
support the direct involvement of this transcription factor
in pathology of dystrophin-deficient muscles, and thus as a
target of therapeutic development. Indeed, genetic manip-
ulation (Acharyya et al. 2007) or pharmacological blockade
(Carlson et al. 2005; Pan et al. 2008; Messina et al. 2006b)
of NF-kB alleviates the severity of the pathological phe-
notype limb muscles of mdx mice. Genetic ablation of the
NF-xB subunit p65 or IKKf reduced pathologic phenotype
including inflammation, and promoted muscle regenera-
tion. Stabilization of IkB-f by pyrrolidine dithiocarbamate
(PDTC) improved muscle fiber survival in passively
stretched dystrophic skeletal muscle, reduced necrosis, and
enhanced muscle regeneration in mdx mice (Carlson et al.
2005).

Glucocorticoid therapy mitigates elevation of NF-xB
and oxidative stress, concomitant with reduced damage and
enhanced functional properties (Lim et al. 2004; Messina
et al. 2009). The administration of curcumin, derived from
the spice turmeric, attenuated NF-xB activation and dys-
trophic pathology in one study (Pan et al. 2008), but not a
second investigation (Durham et al. 2006). More specific
approaches have yielded more consistent results. For
example, IRFI-042, an inhibitor of lipid peroxidation,
reduced NF-xB activation and necrosis (Messina et al.
2006a), suggesting that oxidative stress may be upstream of
pro-inflammatory signaling in mdx mice. In addition,
treatment with NBD (NEMO-binding domain) peptide, a
specific, non-toxic inhibitor of IKK (IkappaB kinase)
reduced macrophage accumulation, necrosis, and improved
contractile function in dystrophin-deficient muscle (Ach-
aryya et al. 2007). Thus NBD has significant translational
potential in treating DMD.
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Dystrophin deficiency and oxidative stress

Muscle damage and weakness with dystrophin deficiency
are proposed to be a consequence of damage repair cycling
mediated via material fatigue injury and inflammation
(Childers et al. 2002; Rando 2002; Spencer and Tidball
2001; Warren et al. 1993). Anti-inflammatory corticoste-
roid drugs reduce oxidative stress, damage, apoptosis, and
disease progression with dystrophin deficiency in mdx
mice, but have numerous side effects that limit their long-
term use (Lim et al. 2004). While the link between material
fatigue injury and inflammation with muscle damage and
weakness in dystrophin deficiency is unresolved, elevated
“oxidative stress” has been proposed as a contributing
mechanism (Tidball and Wehling-Henricks 2004; Disatnik
et al. 1998; Haycock et al. 1996; Ragusa et al. 1997; Rando
2001b, 2002; Rando et al. 1998; Tidball and Wehling-
Henricks 2007; Williams and Allen 2007; Whitehead et al.
2010). Indeed, inflammatory signaling, including NF-xB
and cytokine (TNF-¢, IL-1p) pathways, may be responsive
to oxidative stress (Tidball and Wehling-Henricks 2007;
Grounds and Torrisi 2004). In addition, oxidative stress and
upregulation of NF-«xB are believed to be part of the cause
in a variety of myopathies including disuse, cachexia,
chronic heart failure, chronic obstructive pulmonary dis-
ease, AIDS, and cancer (Adams et al. 1999; Arbogast et al.
2007; Lawler et al. 2003; Dalla Libera et al. 2001; Buck
and Chojkier 1996; Powers et al. 2007).

Ocxidative stress is the result of (a) increased reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
and (b) decreased, insufficient, or imbalanced antioxidant
enzymes and stress proteins (e.g., heat shock proteins, IGF-
1). A deficit of antioxidant defense and elevated ROS/RNS
production can lead to cellular dysfunction, damage and
tissue degeneration (Rando 2002). The possibility that
oxidative stress contributes to muscle pathology in DMD
was first proposed by Binder et al. (Binder et al. 1965), who
noted the similarities to muscle pathology that occurred in
a-tocopherol (e.g., vitamin E) deficiency, which directly
increases free radicals and oxidative damage. Subse-
quently, Mendell et al. (Mendell et al. 1971) suggested that
ischemia-reperfusion muscle injury produces oxidative
lesions and damage with pathological characteristics,
which were argued similar to those found in patients with
dystrophinopathies.

Elevation of oxidative stress markers is a consistent
finding with dystrophin deficiency in DMD humans (Hay-
cock et al. 1996; Rodriguez and Tarnopolsky 2003) and mdx
mice (Kaczor et al. 2007; Hauser et al. 1995; Ragusa et al.
1997). Byproducts of lipid peroxidation (e.g., TBARS,
expired pentane), oxidation of proteins and oxidized DNA
are increased in human DMD patients or mdx mice. In DMD
humans, the protein carbonyl level in the quadriceps muscle

was significantly higher (211 %) than in control subjects
(Haycock et al. 1996). Rodriguez et al. (Rodriguez and
Tarnopolsky 2003) have reported a marked increase in
8-hydroxy-2’-deoxyguqnosine, a marker of oxidative dam-
age to DNA, in DMD patients compared with the healthy
control. In mdx mice, Ragusa et al. (Ragusa et al. 1997)
demonstrated that the content of TBARS, lipid peroxidation
products, was consitantly higher in skeletal muscle than in
control mice. The mdx mice also elevated the values for
oxidoreductase of NADH O, and cytochrome C in quadri-
ceps and gastrocnemius compared with controls (Hauser
et al. 1995). The dystrophin deficiency in mdx mice is
involved with increased oxidative degradation in cell mol-
ecules. Nakae et al. (Nakae et al. 2004) suggested that lipo-
fuscin, the so-called ageing pigment, was increased by the
oxidative degradation of cellular macromolecules by oxy-
gen-derived free radicals and redox-active metal ions. Di-
satnik et al. (Disatnik et al. 2000) also reported that the
susceptibility of the cell populations to oxidative stress is
increased with severity of the phenotype in the respective
mdx, and mdx-transgenic strain which expresses full-length
or truncated forms of dystrophin.

Potential sources of ROS in respiratory and limb mus-
cles with dystrophin deficiency include the inflammatory
cells (e.g., myeloperoxidase), NAD(P)H oxidase (NOX),
xanthine—xanthine oxidase, mitochondria, and decoupling
of NOS (Adams et al. 1999; Whitehead et al. 2008; Wil-
liams and Allen 2007; Spurney et al. 2008; Baker and
Austin 1989). NAD(P)H oxidase is gathering particular
interest as a major source of oxidative stress and contrib-
utor to dystrophin deficiency-induced muscle pathology
(Whitehead et al. 2006; Whitehead et al. 2008; Whitehead
et al. 2010). The NOX2 isoform of NAD(P)H oxidase
includes membrane-bound gp91phox, p22phox subunits,
and the cytosolic p47phox and p67phox subunits (Nguyen
and Tidball 2003). It has been suggested that NOX2 may
hyper-respond to stretch in dystrophin deficient muscles,
possibly upstream of upregulation of caveolin-3 stretch
activated Ca®" channels (SACs), including TRPC1 (Ger-
vasio et al. 2008; Whitehead et al. 2008). TRPC1 directly
binds to caveolin-3 and both are upregulated in dystrophin-
deficient muscles, and the activation and localization of
TRPC1 are caveolin-3-dependent (Gervasio et al. 2008).
Hydrogen peroxide increased TRPCI1 protein levels in
myoblasts, suggesting that increased TRPC1 via caveolin-3
may be redox dependent (Gervasio et al. 2008).

Metalloproteinase-9 (MMP-9), a member of the family
of zinc-containing enzymes involved in degradation of
extracellular matrix (ECM) proteins, has also been sug-
gested to contribute to muscle pathogenesis in mdx mice
(Lawler et al. 2011; Li et al. 2009). The genetic deletion of
MMP-9 significantly inhibited the NF-xB activation in
dystrophic muscle of mdx mice (Li et al. 2009), indicating
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that MMP-9 may be upstream of NF-xB activation. In
addition, upregulation of caveolin-3 and MMP-9 is asso-
ciated with nNOS dislocation from the DGC (Gervasio
et al. 2008; Lawler et al. 2011). Downregulation and dis-
location of nNOS from the DGC may also elevate oxida-
tive stress, and disrupt DGC proteins, resulting in muscle
wasting (Nguyen and Tidball 2003; Wehling et al. 2001;
Shiao et al. 2004; Tidball and Wehling-Henricks 2004).
Thus model is proposed that oxidative stress amplifies
pathology of dystrophin deficient muscles via NAD(P)H
oxidase, which triggers a cascade including caveolin-3,
TRPC-1, MMP-9, and NF-xB (Fig. 1). This redox signal-
ing pathway may contribute to nNOS dislocation and DGC
disruption with dystrophin deficiency.

Muscles deficient of dystrophin from the sarcolemmal
region are also more susceptible to oxidative damage than
healthy muscle (Disatnik et al. 1998; Rando et al. 1998;
Disatnik et al. 2000). For example, Rando et al. (Rando
et al. 1998) showed that dystrophin-deficient myotubes are
more susceptible to oxidative stress-induced damage
compared with normal cells. Rando (Rando 2001b) pro-
posed a “two-hit” hypothesis where the combination of
oxidative stress with disturbances in the DGC leads to
pathology with DMD. While oxidative stress is elevated
and integrated with inflammatory cell invasion (macro-
phages, T-cells), cause and effect have remained uncertain
with dystrophin deficiency (Tidball and Wehling-Henricks
2007). However, only more recently has the tie between
oxidative stress and pathology in muscles with dystrophin
deficiency moved beyond association (Spurney et al. 2008;

ROS
(NOX2)

/ N\

Caveolin-3 == MMP-9

l l

TRPC-1 NF-kB

N/

nNOS dislocation &
DGC disruption

l

Myopathy

DMD

Fig. 1 Redox signaling model for murine dystrophin deficiency-
induced myopathy In the model, NAD(P)H oxidase, NOX2, contrib-
ute to increased caveolin-3 and MMP-9 protein contents. Subsequent
signaling cascades involving transient receptor potential channel
1(TRPC1) and NF-xB activation result in nNOS dislocation and DGC
disruption which are associated with dystrophin deficiency-induced
myopathy
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Tidball and Wehling-Henricks 2007; Whitehead et al.
2008; Williams and Allen 2007).

Dystrophin deficiency and therapeutics: trials
and tribulations

Muscle necrosis, inflammation, and fibrosis are prominent
pathological features of dystrophin deficiency in mice
(Zhou and Lu 2010; Porter et al. 2002) and humans (De
Pasquale et al. 2012; Messina et al. 2011; Abdel-Salam
et al. 2009). These pathological changes are a result of
muscle damage-repair cycling and contribute to weakness
in dystrophin-deficient muscles. Therefore, an important
therapeutic goal in improving muscle function and dys-
trophic phenotype is to ameliorate these pathological
changes. While a plethora of therapeutic strategies have
been employed with the purpose of ameliorating dystro-
phin deficiency, including DMD, there remains no suc-
cessful single treatment for the disease.

Gene therapy or cell therapy to restore the dystrophin
missing from the DGC are promising, but one clinical trial
has not yet produced convincing benefit in DMD patients
(Mendell et al. 2010). In parallel, there is increasing
interest in administration of non-invasive mechanical
ventilation (NIV) for its longer survival effect for DMD
patients (Bach and Martinez 2011; Ishikawa et al. 2011).
However, the success of NIV is variable (i.e., depending on
the selection of an appropriate patient, interface and ven-
tilator settings, skills of the clinician, and motivation of the
patient) and the use of NIV is limited (Hess 2012).

Interventions using corticosteroids, such as prednisone
and deflazacort, confer partial benefits by reducing oxida-
tive damage and inflammation. However, glucocorticoids
produce significant side effects including impeding growth
and maturation, enhancing edema and weight gain, osteo-
penia, immunosuppression, and susceptibility to infection
(Carter and McDonald 2000; Skrabek and Anderson 2001).
The NF-xB inhibitors curcumin (Pan et al. 2008) and
PDTC (Messina et al. 2006b) attenuate muscle degenera-
tion and enhance muscle regeneration and function in mdx
mice, suggesting of the potential of NF-xB blockade on
reducing dystrophin deficiency-induced muscle pathology.
Imatinib, an anti-fibrotic agent and c-Abl inhibitor, also
ameliorates muscle necrosis, inflammation and fibrosis
while improving muscle function in mdx mice (Huang et al.
2009). Downregulation of platelet-derived growth factor
(PDGF) and c-Abl signaling were proposed as contributory
to the improvement of muscle function (Huang et al. 2009).

Prevention of pathology by a host of different antioxi-
dants in dystrophin-deficient muscles have met with
inconsistent success (Table 1). For example, green tea
extracts including epigallocatechin-3-gallate (Buetler et al.
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2002; Nakae et al. 2008; Dorchies et al. 2006), low-iron
diet (Bornman et al. 1998), and N-acetylcysteine (White-
head et al. 2008) all protected against muscle damage.
Recently, a 6 week treatment of N-acetylcysteine was
found to protect against damage, incidence of internal
nuclei, macrophage invasion, and weakness in the EDL
muscle of 8 week old mdx mice (Whitehead et al. 2008).
N-acetylcysteine also increased protein levels of the B-
dystroglycan and utrophin, while decreasing caveolin-3
and NF-kB activation. In contrast, patient trials using
nicotinamide (Vitamin B), tocopherols (Vitamin E), and
penicillamine elicited no protection against pathology and
muscle dysfunction (Roelofs et al. 1979; Fenichel et al.
1988; Stern et al. 1982; Walton and Nattrass 1954). For
examples, Fenichel et al. (Fenichel et al. 1988) demon-
strated that penicillamine and vitamin E treatment for
18 months in DMD patients did not change serum creatine
kinase level, muscle strength, and cardio-pulmonary func-
tion. Walton et al. (Walton and Nattrass 1954) also
reported no beneficial or a deteriorative effect of vitamin
B3 and vitamin E on muscle function and motor behavior
of DMD patients. Specificity of ROS, source of oxidants,
timing, and cellular regulation of nutritional supplements
must all be considered when determining the role of oxi-
dative stress as an amplifier against damage and weakness
in dystrophin-deficient muscles. Indeed, effective antioxi-
dant treatments should arguably be targeted and, initiated
early in the course of the disease (Rando 2002).

Part of the inconsistency observed in non-specific anti-
oxidant scavenger interventions in ameliorating dystro-
phinopathies including DMD may lie within the nature of
redox microenvironments of the sarcolemma (Ushio-Fukai
2009; Fisher 2009). Increasing evidence emphasizes the
importance of hydrogen peroxide and superoxide anions
(O37) in muscle wasting models (Arbogast et al. 2007,
Whitehead et al. 2008; Lawler et al. 2003; Kim and Lawler
2012; Selsby 2011). In dystrophin-deficient muscle xan-
thine—xanthine oxidase system, NAD(P)H oxidase, and
mitochondria may contribute to the generation of O3,
which, in turn, is dismutated to hydrogen peroxide by
superoxide dismutase (Baker and Austin 1989; Whitehead
et al. 2008). NAD(P)H oxidase is a source of oxidative
stress that is localized in cell membranes and inflammatory
cells (Nguyen and Tidball 2003). While NAD(P)H oxidase
releases O3~ into the interstitial space, O3~ enters the cell
easily via chloride channel-3 (CIC3), while hydrogen per-
oxide diffuses across cell membranes and is facilitated by
aquaporin channels (Fisher 2009).

NAD(P)H oxidase may also be an important contributor
of muscle pathology and muscle wasting seen in mechan-
ical ventilation (McClung et al. 2007) and aging (Vasilaki
et al. 2006). Furthermore, knockout of the gp9lphox, a
regulatory subunit of NOX2 reduces membrane and fiber

damage during reloading following hindlimb unloading
(Nguyen and Tidball 2003). Indeed, NAD(P)H oxidase is
elevated in the sarcolemma with both dystrophin deficiency
and disuse (Williams and Allen 2007). Evidence indicates
that inhibition of NAD(P)H oxidase via apocynin increased
anti-apoptotic proteins such as Bcl-2 (B cell lymphoma-2)
and BAG-4 (Bcl-2-associated athanogene-4) in the dia-
phragm of mdx mice (Kim et al. 2008). Moreover, apocy-
nin ameliorates sarcolemmal localization of p47phox
subunit and MMP-9 (Lawler et al. 2011). Therefore, NOX2
isoform of NAD(P)H oxidase may be an important regu-
lator affecting dystrophin deficiency-induced muscle
pathology, such as activating TRPC1. Whitehead et al.
(Whitehead et al. 2006) demonstrated that inhibition of
TRPC1 by streptomycin and spider venom GsMTx4
reduced muscle damage and prevented weakness in the
EDL muscle following stretch in mdx mice. However,
further studies are required.

Li et al. (Li et al. 2009) demonstrated that pharmaco-
logical inhibition and genetic deletion of MMP-9 in mdx
mice significantly reduced muscle damage, inflammation,
and necrosis. Furthermore, genetic ablation of MMP-9 also
increased the DGC proteins f-dystroglycan and nNOS (Li
et al. 2009). Suppression of MMP-9 also reduced caveolin-
3 protein levels (Li et al. 2009), indicating that MMP-9
may be an important regulator of caveolin-3 in dystrophic
muscles.

The diaphragm muscle may be at particular risk with
dystrophin deficiency because oxidant production is higher
in the mdx diaphragm than limb muscles, which could
contribute to more profound fibrosis, weakness, and fati-
gability in that muscle (Hartel et al. 2001; Stevens and
Faulkner 2000). In addition, the diaphragm muscle in the
mdx mouse model experiences muscle damage and disease
progression that resemble more closely human DMD
pathology than observed for limb muscles, which tend to
recover or adapt after an initial necrotic phase (Tidball and
Wehling-Henricks 2007; Tkatchenko et al. 2000). There-
fore, the study of the mechanisms by which oxidative stress
causes pathology in diaphragm with dystrophin-deficiency,
and development of targeted, antioxidant therapeutics are
vital in translation to human disease and myopathy.

In conclusion, increasing evidence is showing that oxi-
dative stress could play a vital role in pathology in dia-
phragm and limb muscles with dystrophin deficiency.
While initial antioxidant interventions yielded equivocal
results in reducing pathology, more recent evidence sug-
gest that oxidative stress may be initiated via NAD(P)H
oxidase, which elicits a downstream cascade involving
MMP-9, NF-xB, caveolin-3, and TRPC-1 that further dis-
rupts the DGC, including nNOSyu. While the mechanisms
that stimulate NAD(P)H oxidase and by which TRPC1 and
Ca’" homeostasis further compromises integrity of the
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Table 1 The summary of antioxidant approaches in diaphragm and limb muscles with dystrophin deficiency

Study Model Muscle studied Antioxidants Results
(scavangers)
Kim and Lawler (2012) mdx mice Diaphragm EUK-134 Reduced ROS (4-HNE and hydroperoxides)
(4-week old) Decreased nuclear NF-Kb activity and protein
level
Attenuated positive staining of macrophages and
T-cells
Ameliorated muscle damage Partially rescued
contractile force
Selsby (2011) mdx mice EDL Soleus Catalase transgene Increased specific tension in EDL (4 ~ 6-week)
(4 ~ 6-week Diaphragm Increased resistance to fatigue in soleus (4 ~ 6-
aIllc(li 6-month week) and diaphragm (6-month)
old) Reduced contraction-induced injury in EDL (6-
week) and diaphragm (6-month)
Whitehead et al. (2010)  mdx mice TA Diphenyleneio- Reduced stretch-induced Ca>* Influx and force
(18 ~ 19 day donium (DPI) loss
and 9-week Decreased ROS (superoxide anion)
old)
Messina et al. (2009) mdx mice Biceps, Quadriceps,  Flavocoxid Reduced necrotic fibers and increased

Nakae et al. (2008)

Whitehead et al. (2008)

Hnia et al. (2008)

Dorchies et al. (2006)

Buetler et al. (2002)

(10-week old)

mdx mice
(8-week old)

mdx mice
(8 ~ 10-week
old)

mdx mice
(7-week old)

mdx mice
(4 ~ 8-week
old)

mdx mice
(4-week old)

EDL

Diaphragm, Soleus,
Lingual muscle

EDL

Diaphragm

Soleus, EDL, Tricep
surae muscles

Soleus, EDL

Epigallocatechin-3-
gallate (EGCG)

N-acetylcysteine

Lipoic acid (ALA)
& L-carnitine (L-
Car)

Green tea extract or
Epigallocatechin-
3-gallate (EGCG)

Green tea extracts

regenerative fibers in biceps

Decreased CK levels Improved muscle strength

Increased fatigue resistance

Decreased H,0O, contents and NF-kB DNA
binding activity

Reduced necrotic fiber and connective tissue in
soleus and diaphragm

Decreased lipofuscin (an oxidative stress marker)
in soleus and diaphragm

No change in body mass and isometric tetanic
force

Increased T/, (the mean time tetanic force to fall
by a half) in soleus

Decreased force reduction caused by stretched
contractions

Decreased centralized nuclei and muscle damage
(EBD: Evans Blue Dye)

Decreased ROS (DHE: Dihydroethidium)
Decreased nuclear NF-xB protein level
Decreased caveolin-3 level

Increased f-dystroglycan and utrophin
Decreased centralized nuclei and CK level.

Decreased lipid peroxidation (MDA:
malondialdehyde) level

Decreased CAT, SOD, and GPx level
Decreased HO-1 and NF-«B level
Decreased MMP-9 and MMP-2 level
Increased f-dystroglycan

Reduced necrotic fiber in EDL

Increased peak tension (P; 42-94 %) and
maximal tetanic tension (Po; 35-55 %)

Increased resistance to fatigue (33-50 %)
Reduced necrosis dose-dependently in EDL
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Table 1 continued

Study

Model

Muscle studied

Antioxidants
(scavangers)

Results

Bornman et al. (1998)

Fenichel et al. (1988)

Stern et al. (1982)

Roelofs et al. (1979)

Berneske et al. (1960)

Walton and Nattrass
(1954)

mdx mice (14-
week old)

106 patients with
DMD; 54
patients in
placebo 52
patients in
treatment

51 patients with
DMD; 26
patients in
placebo 25
patients in
treatment

11 patients with
DMD; 6
patients in
placebo 5
patients in
treatment

33 patients with
DMD:; 11
patients in
placebo 22
patients in
treatment

10 patients with
DMD

8 patients with
DMD

Gastrocnemius

34 individual
muscles

14 pairs of muscles

Biceps, Triceps,
Quadriceps

Muscles
(Not specified)

Muscles
(Not specified)

Muscles
(Not specified)

Low-iron diet

Penicillamine &
Vitamin E

Copper-zinc
Superoxide
dismutase
(CuZnSOD)

Penicillamine

Vitamin E
(a-tocopherol)

Vitamin B3
(Nicotinamide)

Vitamin E
(a-tocoperol)

Reduced macrophage-invaded necrotic fiber

No difference in lipid peroxidation (MDA,
hydroxyalkenals)

No difference in regeneration, central nuclei
No difference in muscle strength score

No difference in joint contracture score

No difference in pulmonary function

No difference in creatine kinase (CK) level

No difference in muscle strength
No difference in CK level

No difference in muscle strength and pulmonary
function

No difference in CK level

Muscle power (strength) changes:
Slight improvement in 4 cases
No changes in 7 cases
Deterioration in 11 cases

Movement and muscle power changes:
No changes in 6 cases

Deterioration in 2 cases

No report in 2 cases

Movement and muscle power changes:
No changes in 4 cases

Deterioration in 2 cases

No report in 2 cases

The antioxidant approaches being used to treat dystrophin deficiency-induced myopathy in humans and mdx mice are suggested

DGC are unknown in dystrophinopathies, the potential for
the development of new, targeted interventions is now

possible against respiratory and limb muscle failure.
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