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INVITED REVIEW

Muscle fatigue, nNOS and muscle fiber
atrophy in limb girdle muscular dystrophy
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Muscle fatigability and atrophy are frequent clinical signs in
limb girdle muscular dystrophy (LGMD), but their pathogenetic
mechanisms are still poorly understood.

We review a series of different factors that may be connected in
causing fatigue and atrophy, particularly considering the role of
neuronal nitric oxide synthase (nNOS) and additional factors
such as gender in different forms of LGMD (both recessive and
dominant) underlying different pathogenetic mechanisms.

In sarcoglycanopathies, the sarcolemmal nNOS reactivity varied
from absent to reduced, depending on the residual level of sar-
coglycan complex: in cases with complete sarcoglycan complex
deficiency (mostly in beta-sarcoglycanopathy), the sarcolemmal
nNOS reaction was absent and it was always associated with
early severe clinical phenotype and cardiomyopathy.
Calpainopathy, dysferlinopathy, and caveolinopathy present
gradual onset of fatigability and had normal sarcolemmal nNOS
reactivity. Notably, as compared with caveolinopathy and sar-
coglycanopathies, calpainopathy and dysferlinopathy showed a
higher degree of muscle fiber atrophy.

Males with calpainopathy and dysferlinopathy showed signifi-
cantly higher fiber atrophy than control males, whereas female
patients have similar values than female controls, suggesting a
gender difference in muscle fiber atrophy with a relative protec-
tion in females. In female patients, the smaller initial muscle fiber
size associated to endocrine factors and less physical effort might
attenuate gender-specific muscle loss and atrophy.
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Introduction

Limb Girdle Muscular Dystrophies (LGMD) are
a group of disorders of skeletal muscle showing a wide
clinical and genetic heterogeneity (for classification
see: www.musclegenetable.fr). The physio-pathological
mechanism underlying LGMDs is different for each

form, and for most of them it is only poorly understood.
According to the disease mechanism, the LGMDs may be
grouped as follows (1): defects of dystrophin-glycopro-
tein complex (DGC) (LGMD2C, 2D, 2E, 2F, 2P, 2T), en-
zyme defects affecting glycosylation of a-dystroglycan
(DG) (LGMD2I, 2K, 2M, 2N, 20), sarcomeric defects
(LGMDV1A, 2G, 2J), enzyme defects affecting sarcomere
remodelling (LGMD2A, 2H), defects of signal trans-
duction (LGMDI1C), defects affecting membrane repair
(LGMD2B, 2L), defects of the nuclear membrane (LG-
MDI1B, IF).

The sarcolemma of skeletal muscle fibers is charac-
terized by the presence of the DGC, which is composed
of cytoskeletal proteins (dystrophin, syntrophins), the DG
complex, and the sarcoglycan (SG) complex. The DGC
provides a mechanical linkage between the extracellular
matrix and the intracellular cytoskeleton. The structural
and functional integrity of this connection is crucial to
stabilize the sarcolemma during contractions. The SG
complex is composed of 4 SG glycoproteins whose mu-
tant genes cause a group of LGMD called sarcoglycano-
pathies (LGMD2C-2F), where the assembly of the SG
complex is compromised, and the sarcolemma integrity
and stability are lost. A similar pathogenetic mechanism
leads to Duchenne muscular dystrophy (DMD), which is
caused by mutations in the dystrophin gene. The DGC
has also signalling roles, due to its interaction with oth-
er proteins, including neuronal Nitric Oxide Synthase
(nNOS), which is anchored at the sarcolemma by binding
of al-syntrophin (2-8). The production of Nitric Oxide
(NO), which is a messenger molecule that rapidly trans-
duces signalling events in a calcium-dependent manner,
is able to regulate muscle development, contractility and
blood flow.
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Caveolin-3 appears to be not directly associated with
the DGC; caveolins act as scaffolding proteins to organ-
ize and concentrate specific caveolin-interacting lipids
and proteins. Caveolin-3 has been shown to directly bind
nNOS and has a possible interaction with dysferlin. Simi-
lar to proteins involved in the DGC, it is recognized that
sarcomeric proteins (myotilin, titin, telethonin) have not
only important structural roles, but also signalling roles,
such as those involved in muscle cell proliferation, fu-
sion, maintenance, regeneration and repair. Dysferlin is
involved in the repair of plasmalemma lesions, since it
mediates vesicle trafficking and membrane fusion in
muscle cells, binding its C2 domain to phospholipids in a
calcium-dependent manner.

In this review paper we discuss the results reported
in earlier studies from our group and the literature, which
independently investigated the role of nNOS, muscle fa-
tigue and muscle fibre atrophy in various forms of LGMD,
in order to offer a comprehensive view of their individual
role and their relationship in this group of disorders.

Muscle fatigue and nNOS
in muscular dystrophies

Dystrophic patients have difficulties to support an
excessive or long-term physical activity, and frequently
complain of fatigue during the exercise of moderate or
short-lived intensity (9). The increase of physical exhaus-
tion for the energetic expense for an exercise is the cause
of acute fatigue, whereas the inability to maintain a cer-
tain level of force is the cause of chronic fatigue. Muscle
fatigue can be due to coupling excitement-contraction, to
lack of availability of substrates or blood flow and lack
of adaptation of vasodilatation by NO (Fig. 1), and to the
possible modifications of the intracellular environment
and disruption of contractile apparatus (3).

A secondary deficiency of nNOS has been suggested
to contribute to fibre degeneration in muscular dystro-
phies, because the loss of nNOS would reduce the nor-
mal protective action of NO against local ischemia during
contraction (vascular hypothesis) and increase the cellu-
lar susceptibility to superoxides (oxidative stress hypoth-
esis) (Fig. 1). Indeed, absent nNOS at the sarcolemma
was observed not only in muscle from ol-syntrophin
knock-out mice, but also from DMD and Becker muscu-
lar dystrophy (BMD) patients where dystrophin gene de-
letions removed a region which is crucial for the interac-
tion between nNOS and al-syntrophin (10). The loss of
nNOS in DMD muscle may result in aberrant regulation
of adrenergic vasodilatation, since dystrophin loss was
demonstrated to impair the regulation of vasoconstrictor
response (11), and dystrophin-deficient mdx mice as well
as nNOS null mice are unable to control muscle blood
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Figure 1. Cascade of events consequent to muscle ex-
ercise when normal (on the left) or defective (on the right)
nNOS is present. Modified from Neuromuscular Disor-
ders 2012;22:5214-220.

NO FATIGUE

flow during exercise (12). Without proper vascular dilata-
tion and subsequent blood flow, muscles suffer from fo-
cal necrosis and are susceptible to fatigue. The potential
of nNOS to improve mdx muscle pathology suggested
NO-related therapies may be beneficial for treatment of
dystrophinopathy.

nNOS in sarcoglycanopathies

Crosbie et al. thoroughly investigated the nNOS ex-
pression in the animal models of sarcoglycanopathies
(including both the BIO 14.6 hamster with delta-SG
deficiency and mice with targeted disruption of alpha-
SG, beta-SG, and delta-SG genes) and in patients with
sarcoglycanopathies (13), where they clearly demon-
strated that nNOS is reduced in sarcoglycan-deficient
muscle, and that the deficiency at the sarcolemma was
more pronounced in patients with complete SG complex
deficiency (beta-sarcoglycanopathy), suggesting a pos-
sible direct correlation between the levels of nNOS ex-
pression at the sarcolemma and the overall level of SG
complex.

This hypothesis was further validated in another
study (14), in which 14 muscles from patients affected
with different forms of sarcoglycanopathies (4 alpha-SG,
7 beta-SG, 2 gamma-SG, 1 delta-SG) have been investi-
gated for the expression of both the cytosolic nNOS (by
western blotting) and its sarcolemmal localization (by
immunohistochemistry). This latter study (14) showed
that the sarcolemmal nNOS reaction varied from absent
to reduced, depending on the integrity of the SG complex
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Figure 2. Sarcolemmal immunolabelling of nNOS in muscle biopsies from patients with sarcoglycanopathies (A-E)
and control (F). The reaction was absent in LGMD2E patients with complete SG complex defect (C) and partial in LG-
MD2E patients with partial SG complex defect (D), indicating that the reduction of nNOS level depends directly on the
residual level of SG complex. Scale bar = 50 pm. Original magnification: 200x.

(Fig. 2, Table 1), demonstrating that the integrity of the  nINOS and dilated cardiomyopathy
SG complex is essential for the s.arcolemmal locglizatipn in sarcoglycanopathies

of nNOS. Indeed, a perturbation in the structural integrity

of the DGC may alter syntrophin’s PDZ domains, which In the study by Fanin et al. (14), the sarcolemmal
have been shown to directly interact with nNOS (15). nNOS expression correlated with the clinical severity, as
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Table 1. Clinical and experimental data in different types of LGMD.

Disease N. Mean Skeletal muscle Dilated SG complex | Cytosolic | Sarcolemmal
type cases| age at phenotype cardio-myo- | deficiency nNOS nNOS
biopsy pathy (% of control)
(years)
Sarcoglycanopathies
LGMD2C 2 20.5 Childhood-onset None Partial in 2 66.5 Reduced in 2
LGMD in 2
LGMD2D 4 16.7 Childhood-onset None Complete in 78.5 Absentin 1,
LGMD in 3, 1/4, partial reduced in 3
hyperCKemia in 1 in 3/4
LGMD2E 7 14.6 Childhood-onset Presentin 4 | Complete in 42.5 Absent in 5,
LGMD in 7 5/7, partial reduced in 2
in 2/7
LGMD2F 1 34.0 Childhood-onset Present in 1 Partial in 1 52.0 Reduced
LGMD
Other types of LGMD
LGMD1C 8 26.7 Childhood-onset None None 98.7 Reduced in 8
LGMD in 2, adult-
onset LGMD in 2,
distal myopathy
in 2, rippling in 1,
hyperCKemia in 1
LGMD2A 8 36.5 Childhood-onset None None 95.2 Normal in 3,
LGMD in 2, adult- reduced in 5
onset LGMD in 5,
hyperCKemia in 1
LGMD2B 2 46.5 Distal myopathy in 2 None None 146.0 Reduced in 2

More detailed clinical and laboratory data from the same patients series are reported in Fanin et al. (14).

described for some cases also in previous reports (14, 16-
18) and muscle fatigue: absence or severe reduction of
sarcolemmal nNOS expression was associated with a
severe and childhood-onset form of muscular dystrophy
and in most cases also with dilated cardiomyopathy (Ta-
ble 1).

Mice lacking either y-SG or 8-SG display progres-
sive focal cardiomyocyte degeneration that ultimately
leads to reduced cardiac function and death (19). This
model of cardiomyopathy closely parallels what is seen
in humans with SG and dystrophin gene mutations (20-
22). Furthermore, null mice for 3-SG and 8-SG [but
not for a-SG (17)] presented a disruption of the vascu-
lar smooth muscle SG complex (23-25). The perturbed
vascular function induces ischemic injury in cardiac and
skeletal muscle (23), suggesting that this mechanism
could contribute to the development of cardiomyopathy
and exacerbate skeletal myopathy.

It is well known that vascular spasm is an important
contributor to cardiac pathology (19). Elevated levels of
intracellular calcium, disturbances of the NOS pathway,
and increased activity of protein kinase C, have been im-
plicated in increased contractility and/or spasm of the mi-
crovasculature

Therefore, the observation that sarcolemmal nNOS
can be absent or mislocalized in sarcoglycanopathy mus-
cle (14, 26, 27) provides a possible link between this
pathogenetic mechanism and the development of car-
diomyopathy in sarcoglycanopathies, offering further in-
sights for therapeutic interventions.

NO stimulates soluble guanylate cyclase (sGC) to
produce cyclic guanosine monophosphate (cGMP), and
in the absence of dystrophin the NO-sGC-cGMP pathway
is disrupted. The nucleotide phosphodiesterases (PDEs)
hydrolize the cGMP and regulate their downstream sig-
nalling. PDES expression in cardiomyocytes is low at
baseline and increases in response to ischemia or pres-
sure overload from heart failure. Impaired blood flow in
muscle and heart in mdx dystrophin-deficient and NOS-
deficient mice was rescued by inhibition of PDES5 (28).
Unfortunately, in Duchenne and Becker dystrophy pa-
tients a clinical trial with PDES inhibitor (Sidenafil) did
not improve cardiomyopathy, since 30% of patients pro-
gressed to ventricular dilatation (29).

Long term dietary supplementation of L-arginine (a
NOS substrate) was not a viable therapy for dystrophi-
nopathy (30), but the use of antioxidants that attenuate
the superoxide attack and restore the bioactive NO level,
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might be useful approaches for the treatment of these dis-
orders.

nNOS in calpainopathy,
dysferlinopathy, caveolinopathy

In a study which investigated 18 muscles from cal-
painopathy, dysferlinopathy and caveolinopathy pa-
tients (14), nNOS was found to be present at normal
levels in the cytosol (by western blotting) (Table 1) and
correctly localized to the sarcolemma by immunohisto-
chemistry, although with variable intensity. In all these
disorders, this variability might be in part due to the
presence of scattered regenerating fibers which show ab-
sent sarcolemmal nNOS staining on serial sections (14).
These data suggested that the interactions between the
corresponding mutant proteins (calpain-3, dysferlin, ca-
veolin-3) and nNOS are not crucial for the nNOS signal-
ing pathway.

Muscle fibers atrophy in LGMDs
and gender differences in LGMDs

Besides muscle fatigue, LGMD patients experience a
loss of muscle mass and the associated muscle weakness.
Consequently, patients have an increased risk of suffering
from co-morbidities related with reduced physical activ-
ity (e.g. reduced mobility, joint contractures). Muscle atro-
phy results from an imbalance between dynamic anabolic
and catabolic reactions, where the increased myofibrillar
protein breakdown exceeds the protein synthesis. Muscle
atrophy is an active process which is controlled by specific
signalling pathways and transcriptional programs involv-
ing many atrophy-promoting genes or atrogenes (31, 32).
Three proteolytic systems are involved in the maintenance
of the sarcomeric function: the cytosolic calpain system,
the ubiquitin-proteasome system, and the autophagic-lys-
osomal pathway. Although they are all activated in muscle
atrophy, the key player in the degradation of myofibrillar
proteins is the ubiquitin-proteasome system.

In contrast to muscle strength, which depends on sev-
eral factors (e.g. exercise, bulk), fiber atrophy seems to
be a more precise marker of muscle atrophy because it
reflects an abnormal process in the contractile apparatus
of muscle. Several studied have investigated muscle fiber
size in LGMD using well-known morphometric parame-
ters, such as diameter, cross sectional area, atrophy factor,
hypertrophy factor (33). In particular, the degree of mus-
cle fiber atrophy was measured in calpainopathy (34), in
dysferlinopathy (35) and in other forms of LGMD includ-
ing sarcoglycanopathies and caveolinopathy (36).

Calpainopathy and dysferlinopathy muscles were
those in which the atrophic process was more relevant,

Fatigue, nNOS, fiber atrophy in LGMD

since fiber diameter and fiber cross sectional area were
significantly reduced, and atrophy factor was signifi-
cantly increased as compared to controls (Fig. 3). This
observation confirms previous studies that investigated
the molecular pathways involved in muscle atrophy pro-
gram in calpainopathy and dysferlinopathy (34, 35), and
has important clinical consequences since possible reha-
bilitative, pharmacological and nutritional interventions
directed at reducing muscle atrophy and wasting could
contribute in slowing the disease course.

Gender differences in muscle fiber
atrophy in LGMDs

Previous studies comparing men and women in re-
sponse to disuse atrophy suggested that there are gender
differences in strength loss and atrophy, and one of these
studies compared also muscle fiber size in diseased and
control muscles of the same gender (36). Male patients
affected with calpainopathy and dysferlinopathy have
significantly lower values of fiber diameter, cross sec-
tional area and higher values of atrophy factor than male
controls, whereas female patients have values not sig-
nificantly different from female controls (Fig. 3). Earlier
studies in LGMD patients suggested that there are gender
differences both in strength and atrophy. Among potential
factors differentiating women and men, the are gonadal
hormone levels (i.e. oestrogen and testosterone) which
are known to influence muscle mass (37). Another factor
enhancing the degree of atrophy may be the initial muscle
mass (38), suggesting that a smaller initial muscle size,
rather than endocrine factors attenuate gender-specific
muscle loss in women (39).

A study of calpainopathy muscle showed that the
degree of muscle fiber atrophy significantly correlated
with the clinical-functional severity of the disease (34),
and therefore a higher degree of fiber atrophy in males
should correspond to a higher degree of clinical muscle
impairment. The possibility that male patients with vari-
ous LGMD may be more severely affected than females
has already been explored: among calpainopathy patients,
a more rapid progression was observed in males than in
females (40-42), but no gender differences were evident
in the age at onset or loss of ambulation in other large
series of calpainopathy patients (43-45). A more severe
phenotype in males than in female was reported in an
animal model of dysferlinopathy but not in dysferlinopa-
thy patients (42); similar observations were done also in
a large family with gamma-sarcoglycanopathy (46) but
not in other series of sarcoglycanopathy patients (42), in
LGMD2G (42), and in other myopathies. Furthermore, a
male gender predominance is frequently observed in LG-
MDs, including LGMD?2L (47), and one possible expla-
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Figure 3. Histograms showing the comparison between the mean values of fiber diameter, cross sectional area,
atrophy factor and hypertrophy factor in the different groups of LGMD patients and in the control group. Black bars =
total cases of both genders, gray bars = male patients, white bars = female patients. Significant difference (p < 0.05) is
indicated as: * individual disease group versus control group, § males versus females within the same disease group,
# one gender of a disease group versus the same gender of the control group.
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nation is that females might be less severely affected and
therefore less likely to be ascertained.

Any intervention aimed to reduce muscle atrophy
could improve the course of the disease. Several factors
have been described as reducing the otherwise elevat-
ed expression of atrogenes and therefore as potentially
counteracting muscle atrophy: muscle exercise train-
ing (48, 49), treatment with Bortezomib and Fenofi-
brate (50, 51), branched-chain amino acids (52), L-carni-
tine (53) and long-chain m-3 fatty acid (54).

Conclusions

In the recent years, the research on LGMD, besides
the successful and continuous work dedicated to the
identification of new causative genes, was focused on
the investigation of molecular pathways involved in their
pathogenetic cascade.

The sarcoglycanopathies share with DMD the dis-
ruption of the linkage between the extracellular matrix
and the intracellular cytoskeleton, and the consequent
loss of sarcolemma integrity and stability, which is also
essential for the localization of nNOS. In sarcoglycano-
pathies the deficiency of nNOS is an adverse modulating
factor in the course of muscular dystrophy and dilated
cardiomyopathy; indeed, SG complex deficiency in the
vascular smooth muscle might lead either to structural
changes or to an impairment of metabolic and NOS sig-
nalling pathways in tissues involved in the microvascular
dysfunction, making cardiomyocytes more susceptible to
intermittent ischemia.

While the structure and function of DGC and nNOS
does not seem to be affected in other forms of LGMD, in
calpainopathy and dysferlinopathy a significant atrophy
of muscle fibers is a peculiar characteristic, which origi-
nate from the activation of specific intracellular degenera-
tive pathways and slowly progresses leading to chronic
pathological changes of muscle.

There is evidence suggesting that male patients with
such LGMD are more likely to undergo muscle fibre at-
rophy than female patients, and may be therefore more
likely to suffer from the consequent muscle weakness and
clinical disability.

A specific rehabilitative program in LGMD, tak-
ing into account muscle fatigue and atrophy, should be
planned, avoiding both eccentric exercise and possible
local muscle ischemia. It may consist of moderate endur-
ance training and stretching (55).
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