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MOLECULAR PATHWAYS OF PROTEIN DEGRADATION IN

MUSCULAR DYSTROPHIES :

TARGETS FOR THERAPEUTIC INTERVENTION

Abstract

Muscular dystrophies, characterized by progressive muscle wasting and

weakness, are the most common inherited muscle disorders. Twenty-five

different muscular dystrophies have been characterized. Limb girdle muscular

dystrophies (LGMD) are a group of heterogeneous disorders, prevalent

worldwide and common in India, that predominantly affects upper and lower

limb musculature. LGMD 2A, due to mutations in muscle specific cysteine

protease calpain-3 gene, and LGMD 2B, due to mutations in the dysferlin gene,

are major subtypes of LGMD and the focus of this thesis.

Mechanisms of muscle wasting are not completely elucidated for any form of

muscular dystrophy, which has prevented the development of specific treatment

for these disorders. Compounds that inhibit pathogenic pathways of muscle

wasting and induce muscle regeneration would be drugs of choice for treatment

of muscular dystrophies. Muscle loss as a result of protein degradation through

the ubiquitin-proteasomal pathway occurs in several muscle wasting conditions.

Oxidant stress and activation of the transcription factor, NF-κB, initiate and

mediate the ubiquitin pathway of protein degradation in cachexia. Their role in

wasting of target muscles in LGMD 2A and dysferlinopathy has not been
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studied but would be helpful to examine in considering development of specific

pharmacotherapy.

If oxidant stress and activation of NF-κB lead to muscle wasting of LGMD, the

use of polyphenolic curcumin, an inhibitor of these paths, could be explored.

The AIMS of this study were to elucidate (1) Protein degrading pathways of

LGMD 2A and dysferlinopathy, common but poorly studied dystrophies in

Indian patients and (2) Target the pathways of muscle wasting with drugs that

reduce protein degradation and stimulate muscle regeneration.

Methods. Protein content, oxidative and nitrosative stress, NADPH oxidase,

NF-κBp65 and IKKβ activation, protein ubiquitinylation and muscle specific E3

ligases of the protein ubquitinylation system were determined in LGMD 2A and

dysferlinopathic muscle biopsies and analyzed in comparison to normal muscle.

All muscle biopsies were performed under standard conditions and obtained

with informed consent from the patient or legal guardian.

Further rat myoblast cell lines and primary myoblast cultures were subject to

H2O2 induced oxidative stress and examined for intracellular Ca2+ by live cell

fluorescence imaging and for protein ubiquitinylation on immune blots.

Myoblasts silenced for NF-κB or treated with curcumin and subject to oxidative

stress were similarly studied.

Results. Reduced protein, increased ubiquitinylated proteins, oxidative and

nitrosative stress and elevated NADPH oxidase activity occurred in LGMD

muscle compared to normal. NF-κB was increased in both LGMD 2A and
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dysferlinopathic muscle. E3 ligases MAFbx and MURF 1 were activated in

LGMD 2A but MAFbx not MURF 1 was activated in dysferlinopathic muscle.

Myosin heavy chain, actin and antioxidant defense were reduced in wasted

muscle but not in spared muscle compared to normal. Oxidative stress led to

activation of NK-B that induced protein ubiquitinylation, raised intracellular

Ca2+ and led to cell death of rat myoblasts. NF-B knockdown and curcumin

prevented oxidative stress induced raised intracellular Ca2+, nitric oxide

generation, protein ubiquitinylation and cell death. Curcumin also increased

myoblast number.

Conclusions. The absence of calpain 3 or dysferlin induces oxidative stress in

muscle that activates NF-B signaling to induce protein degradation through the

ubiquitin-proteasome pathway. NADPH oxidase contributes to oxidative stress

of LGMD muscle.  Loss of major myofibrillar proteins and failure of the

antioxidant system may underlie selective loss of muscle in LGMD. Curcumin

is effective in preventing oxidative stress induced myoblast death and

stimulating myoblast division.
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CHAPTER 1

INTRODUCTION & REVIEW OF LITERATURE

AIMS & OBJECTIVES
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1.0 Introduction

Muscle, the largest organ of the body, forms almost half of the body mass (1).

According to Prof. Robert Boutilier, Univerisity of Cambridge, UK 'Skeletal

muscle plays a unique role in evolution. It is ultimately the organ that

determines how fast you can escape from a predator, or whether you catch your

next meal. As such, it is the major tissue that determines whether your genes get

through to the next round of selection' (2). Prof. Hans Hoppeler, University of

Bern, and Editor-in-Chief, Journal of Experimental Biology, says that 'Muscle

comes in so many guises, there is something there for everyone. Muscle is the

ideal model tissue for answering many of today’s questions in both comparative

and systems physiology' (1). By understanding diseases of muscle one can

understand the biology of muscle and of biology in general. Peter Jones

currently Distinguished Professor, University of Southern California, in the

1980's observed the mysterious transformation of pre-cancerous cells into

muscle cells by 5-azacytidine in a culture dish.  A decade later Jones and others

found that demethlylation followed by activation of a single transcription factor,

MyoD (which regulates muscle differentiation), was responsible for the

transformation of immortalized mouse embryonic cells into muscle cells (3).

This finding showed the significance of a master transcription factor in

generating a cell lineage from a totally different cell population, the basis for the

induced pluripotent cell (iPS) technology and it showed the key role of

epigenetic control in a normal cell.
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Muscle is affected by a range of disorders. Diseases of skeletal muscle include

genetic, metabolic and ageing disorders. Genetic diseases of muscle are

common. A recent report on monogenic muscle diseases describes 529 clinical

phenotypes in which the gene is identified for 442 disorders (4). The muscular

dystrophies are common genetic disorders of muscle with a prevalence of 1 in

3500 (5). They are classified under the category of neuromuscular disorders.

The term neuromuscular disorder implies disorders that affect the peripheral

nervous system which includes muscle, the nerve-muscle (neuromuscular)

junction, peripheral nerves of the limbs, and the motor-nerve cells of the spinal

cord (6). The socio-economic impact of these devastating disorders is large. Ten

years ago Professor Alan Emery in his preface to the book Neuromuscular

Disorders: Clinical and Molecular Genetics says "It has been estimated that

more than one person in every 3,000 has a serious disabling inherited

neuromuscular disorder. The suffering caused by these disorders is

considerable, but, until the last decade or so, virtually nothing was known of

their pathogenesis" (7).

Disorders of the peripheral nervous system can cause muscle weakness, loss of

muscle bulk, muscle twitching, cramping, numbness and tingling. Muscular

dystrophies are characterized by progressive loss of muscle mass and weakness

of muscle (5). The first description of muscular dystrophy was in 1836 by

Conte, an Italian physician (8) and later in 1851 by the English physician

Edward Meroyn (9). In 1868 the French neurologist Duchenne de Boulogne

described Duchenne muscular dystrophy (DMD), the most common form of
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muscular dystrophy (10). It took more than a century to identify the dystrophin

gene, which is the largest human gene and responsible for Duchenne muscular

dystrophy (11). Subsequently genes and proteins for other dystrophies have

been identified. Forty muscular dystrophies are now described. Limb girdle

muscular dystrophies (LGMD) are one of the most common members of this

group, predominantly affecting upper and lower limb muscles (12,13).

In the last two decades there has been a surge of research in muscular

dystrophies with focus on treatment, patient care and support (14–18). Progress

has been made on cell therapies and gene therapies such as exon-skipping,

although there is debate on the safety and accessibility of these treatments

(especially in the developing World, where a significant number of patients live

(19)). Treatment that is drug based requires understanding the pathomechanisms

of disease. The pathomechanisms of muscle loss remain inadequately explored

in muscular dystrophies. This has prevented the development of specific and

effective treatment. This thesis studies the pathomechanisms of muscle loss of

two muscular dystrophies, limb girdle muscular dystrophy 2A and

dysferlinopathy. Although they are prevalent in India and worldwide they have

not been well studied in the Indian population.
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1.1 Review of Literature

The review of literature gives a background on the following topics to

understand the aims and objectives of the thesis.

1.  Classification of muscular dystrophies.

2.  Limb girdle muscular dystrophy 2A and dysferlinopathy (LGMD 2B).

3.  Mechanisms of muscle wasting in muscular dystrophies.

4.  Unanswered questions of muscular dystrophies.

5.  Treatments for muscular dystrophies.

1.1 Muscular dystrophies

A family of muscle disorders, called muscular dystrophies, arises when genetic

mutations affect normal muscle proteins. Pathogenic mutations that induce

necrosis of myofibers followed by regeneration of new fibers, is the process

called dystrophy. Regeneration continues till the stem cell pool of muscle

depletes. Disease onset occurs when regenerative capacity diminishes and

myofiber is replaced by fat and fibrous tissue and leads to muscle wasting and

weakness (20).

Muscular dystrophies are heterogeneous for mode of inheritance, age of onset,

severity of disease, muscles affected, cardiac and respiratory involvement

(5,15). The first classification of muscular dystrophies, based on genetics and

clinical features, was published in 1954 by Walton and Nattras (21).

Classification of Muscular Dystrophies

Muscular dystrophies are categorized according to mode of inheritance as

follows:
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i. X-linked muscular dystrophy

Eg., Duchenne muscular dystrophy, Becker muscular dystrophy, Emery-

Dreifuss muscular dystrophy.

ii. Autosomal recessive muscular dystrophy

Eg., Limb girdle muscular dystrophy 2A, Limb girdle muscular dystrophy 2B,

Congenital muscular dystrophy.

iii. Autosomal dominant muscular dystrophy

e.g. Facioscapulohumeral muscular dystrophy, Limb girdle muscular dystrophy

1A, Ocular muscular dystrophy.

Limb girdle muscular dystrophies (LGMD)

LGMDs are a major subtype of muscular dystrophies. They primarily affect the

pelvic and shoulder girdle muscles which progressively weaken. The prevalence

of LGMD in Western populations is reported as 1 in 100,000 (12,13).

Aproximately 3 million people in India are affected by LGMD (22). In the last

five years among 450 patients with muscular dystrophies at the Christian

Medical College Hospital, Vellore, 40% were clinically diagnosed with LGMD.

This would reflect in some measure the prevalence of LGMD among Indian

muscular dystrophy patients as the Christian Medical College Hospital, Vellore,

is a large tertiary care teaching hospital in India, with patient referrals from

across the country.

Seven autosomal dominant (Type 1A-1G) and fourteen autosomal recessive

forms (Type 2A-2N) of LGMD have been identified to date (Table 1) (23,24).
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Type 2 LGMD is the predominant form of the disorder. Calpainopathy (LGMD

2A) comprising 30-60% of all LGMDs, is the most common form of Type 2

LGMD in ethnic groups in Brazil, Turkey, France and Italy (25). In India

dysferlinopathy (LGMD 2B and Miyoshi myopathy) is more common (26,27).

LGMD 2A (Calpainopathy)

Mutations in the Calpain 3 gene underlie LGMD Type 2A (Online Mendelian

Inheritance in Man number 253600). Calpain 3 is a member of the calpain

superfamily of proteases. Calpains are non-lysosomal intracellular calcium

activated cysteine proteases (28,29). The name calpain is derived from calcium

and papain in reference to their calcium requirement and sequence homology

with other families of proteases. Fifteen iso-forms of calpains have been

described so far under two types, ubiquitous and tissue specific. Archetypical

calpains 1 and 2, µ-calpain and m-calpain respectively, are ubiquitous and

named on the basis of calcium ion concentration required for their activity

in vitro (28,30). Calpain 3 and 8 are examples of tissue specific calpains, the

former mostly present in muscle and the later in stomach. Tissue-specific

calpains are implicated in diabetes, cataracts, multiple sclerosis, cancer,

Duchenne muscular dystrophy and Alzheimer’s disease. Calpain 3, also known

as p94, is responsible for LGMD 2A. Calpain 3 is present in the cytosol and

nucleus and requires low levels of calcium for activitiy. Calpains are regulatory

proteases i.e., they have no simple and clearly definable cleavage site

specificity, which is in contrast to digestive proteases such as pancreatic

proteases called 'modulatory proteases' (28,31).
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Calpains - structure

Calpains are heterodimers made up of a large catalytic subunit of 80 KDa and a

smaller regulatory 30 KDa subunit (Figure1.1) (31). The catalytic subunit has

four domains. Domain I is a N-terminal anchoring helix domain and is

important for regulating the activity and dissociation of the subunit. Domain II,

the catalytic domain, has two subdomains in the absence of calcium ion.

Domain III binds Ca2+ and phospholipids. Domain IV, a penta–EF-hand

domain, is important for dimer formation. The small regulatory subunit has two

domains, V and VI. Domain V is the N-terminal, glycine-rich, hydrophobic

domain and domain VI the penta–EF-hand domain (29,31,32).

Calpain 3, an 821 amino acid protein of 94 kDa, is similar in sequence to the

ubiquitous calpain 1 and calpain 2, except for three specific sequences in its

large catalytic domain (Figure 1.2). These comprise of two insertion domains,

IS1 and IS2, and a proline rich basic N terminal domain. IS1 carries three

autolytic sites S1, S2 and S3. IS2 carries a nuclear translocation signal and a

binding site to titin. Binding of calpain 3 to titin prevents its autolysis

(29,31,33).

Functions of calpains

The exact substrates and functions of calpains have yet to be identified. Studies

strongly suggest that calpains are involved in cell motility, signal transduction,

gene expression, regulation and apoptosis. Studies also highlight a role for

calpains in auto-phagosome formation. Calpains are now being targeted for

cancer therapy as they appear to be needed for cell migration and angiogenesis
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both of which promote metastasis. Findings in animals before the onset of

muscular dystrophy in young carriers of calpain 3 mutations, suggest a role for

calpain 3 in muscle maturation and sarcomere remodeling (25,28,29,31–35).

Calpain 3 mutations

The human calpain 3 gene (Gene Symbol CAPN3, or p94) localizes to

chromosome 15q15.1-15.3 (32). It is made up of 24 exons spanning 53 kb of

DNA. The gene is exceptional in having many small exons; 10 exons are 58-86

bp, while exons 12,  14 and 15 are of 12, 37 and 18 bp respectively

(28,31,32,35). Most introns vary in size between 0.2-2.6 kb. Introns 18 and 20

measure less than 100 bp while intron 1, with a size of 24.3 kb covers about half

the gene.

More than 350 different calpain 3 gene mutations are reported in the Leiden

Muscular Dystrophy Database (31,35). Most of these mutations are present in

single families and distributed across the gene. They are of all types i.e.,

missense, deletion/insertion causing frame shift, nonsense and splice site

rearrangements, large genomic rearrangements and intronic variants. Fifteen to

25% mutations of the calpain 3 gene occur in introns and result in disease

(32,35,36).

Clinical course of LGMD 2A

Patients with LGMD 2A have symmetrical and selective involvement of

proximal limb-girdle muscles with preferential involvement of posterior

compartment of the thighs and of the posterior superficial calves. No facial,

occulo-motor, cardiac or respiratory involvement have been reported.  Clinical
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variability of disease onset, progression, symptoms and muscles affected vary

widely and do not depend on the type of mutation even in the same family

(12,25,30,35).

The age at onset ranges from 2 to 40 years, but disease appearance in the second

or third decade of life is common. Although early onset cases are usually more

severe, cases with a later onset may occasionally involve rapid progression and

inability to walk by the third decade of life. Use of a wheelchair may become

necessary during the second through fifth decades, but some patients remain

ambulatory after the sixth decade. A more rapid progression in male than in

female patients has been observed in some populations, for which no

explanations have been suggested (29,30,35).

Findings on examination of muscle biopsy specimens of LGMD 2A patients are

consistent with a dystrophic or myopathic process. The serum level of creatine

kinase is generally 5-20 times increased in LGMD 2A. However patients with

normal serum creatine kinase are reported in literature and a normal level

should not be considered a reason to rule out a possible diagnosis of LGMD 2A

(28–30,35).

Western blots for the diagnosis of LGMD

Western blots and immune-histochemistry are two important tools for the

diagnosis LGMD (36). In the diagnosis of calpainopathy, immune-

histochemistry is currently not applicable as antibodies lack specificity (30).

Western blots are a preferred laboratory method in diagnosis of LGMD 2A (30).

In a study of 238 patients of LGMD 2A (determined by mutation analysis) from
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Spain, France, Germany, Italy and the Basque country Western blots showed a

sensitivity of 52.5% and a specificity of 88% (37).

Normal muscles can show three calpain 3 bands on Western blots i.e., a full

catalytic fragment of 94 KDa, an autolysed fragment of approximately 60 KDa

and the regulatory subunit of 30 KDa. Western blots of muscle calpain 3 in

LGMD2A can show a total or partial deficiency of the protein or, more rarely,

no detectable calpain 3. No direct correlation has been reported between the

amount of calpain 3 detected on blots and the severity of the LGMD phenotype

(36,37).

Bayesian analysis of the clinical phenotype and western blots as diagnostic tools

reveals that if the phenotype and the western blot suggest a calpainopathy, the

probability of this being true is high (90.8%) (36,37). Various lines of evidence

indicate that a combination of clinical diagnosis and Western blot results is as

sensitive as genetic mutation analysis for the diagnosis of LGMD 2A. The

Western blot combined with clinical information is a critical tool to diagnose

LGMD 2A in India (30,36).

Over 350 mutations with no hot spots span the entire calpain-3 gene including

introns making genetic analysis expensive and impractical for diagnosis

especially in Asia. This has contributed to the lack of mutation analysis of

calpain 3 in India (27,30,38).
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Dysferlinopathy

Dysferlinopathies are a spectrum of limb girdle muscular dystrophies that arise

from the genetic absence of dysferlin (Online Mendelian Inheritance in Man

number 253601). They comprise of LGMD 2B that affects proximal and distal

limb muscles, Miyoshi myopathy (OMIM # 254130) that causes a preferential

loss of gastrocnemius muscle, and DMAT (distal myopathy with anterior tibial

involvement) (OMIM # 606678).  The same or different mutations of the

dysferlin gene give rise to the three phenotypes (19,27,39,40).

Dysferlin

Dysferlin is a member of the family of proteins called Ferlins. The first ferlin

protein described was Fer-1 in Caenorhabditis elegans and is involved in

vesicle formation during spermatid maturation and is therefore called

fertilization factor -1, abbreviated as Fer-1. Six human ferlins are identified,

dysferlin (Fer1L1 - where L represents Fer-1 like), Otoferlin (Fer 1L2),

Myoferlin (Fer1L3), Fer1L4, FerlL5 and Fer1L6. Apart from dysferlin the

absence of otoferlin, a protein of the inner ear and brain also causes genetic

disorders (39,41,42). Ferlins can be grouped into two sub-families based on

their homology. Dysferlin, myoferlin, and Fer1L5 are in one group and

Otoferlin, Fer1L4, and Fer1L6 form the other group. Myoferlin and Fer1L5 are

the two human ferlins which most closely resemble dysferlin (39,43).
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Dysferlin of mice, rats, dogs, cows, chimpanzees are very similar in sequence to

human protein, e.g. the human and mouse dysferlins exhibit 97% amino acid

homology (19,44).

Dysferlin is a 230KDa class II transmembrane protein that contains seven C2

domains involved in Ca2+ dependent phosphatidylserine binding, protein

interactions and in sarcolemmal repair by the process of patch sealing.

Membrane fusion in the muscle is required for the differentiation of myoblasts

to myocytes and in repair of membrane tears, which occur during muscle

contraction and relaxation (41,42,45). Damaged myocytes that lack dysferlin

permit influx of calcium and elicit inflammation, both of which may eventually

lead to myocyte death and muscle wasting. In general ferlins are involved in

vesicle fusion. When cell membranes fuse there is an energy barrier to the

fusion process, and various factors, including ferlins are needed to overcome

this physiochemical barrier (41,43,45–48).

Expression of dysferlin has been reported in human fetal muscle at 5-6

embryonic weeks, a stage when regional differentiation of limb starts (49–52).

The differential expression and subcellular localisation of dysferlin occurs

throughout development. Dysferlin is predominantly expressed in skeletal and

cardiac muscles and in muscle satellite cells, kidney, monocytes, macrophages,

brain, spinal cord, sciatic nerve and placenta of humans. In addition rat dysferlin

is shown in stomach, lung, liver and spleen but the role of dyferlin in tissues

other than muscle is unknown (41,43,46,49). At the cellular level dysferlin is

found predominantly at the sarcolemma of skeletal muscle. Dysferlin is also
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localized in the sarcoplasm, where it is associated with the T-tubular system and

interacts with several cytosolic and membrane associated proteins, MG53,

affixin, annexins, neuroblast differentiation-associated protein AHNAK,

dihydropyridine receptor and calpain 3 (39,43,45,46,53–55).

Myoferlin for dysferlin

Myoferlin is a homologus protein of dysferlin, expressed in the fetal muscle

when dysferlin is not highly expressed (52). It has been suggested that

myoferlin may compensate for dysferlin in dysferlinopathy due to its homology

to dysferlin. This idea is based on the observation that utrophin, which is 80%

homologous with dystrophin, is overexpressed in Duchenne muscular dystrophy

myofibers. Utrophin expression in mdx mice and other animal models of

Duchenne muscular dystrophy gives rise to a milder phenotype of disease.

Clinical phenotype similar to human DMD requires knock out of both utrophin

and dystrohin in mdx mice (56–58).

Clinical course of Dysferlinopathy

Typical clinical features of dysferlinopathy include asymmetric calf atrophy,

atrophy of hamstrings (Figure 1.3), difficulties in making a fist due to finger

flexors atrophy and calf head sign. Scapular winging is not observed and

patients have the ability to stand (Figure 1.3). Cardiac involvement does not

usually occur. Onset occurs in late adolescence or young adulthood. Progressive

loss of ambulation occurs within 20 years of disease onset. Creatine kinase

increases 50-100 fold. Electromyography is not highly helpful in diagnosis.
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Magnetic resonance imaging is applicable during the early course of the disease

to understand the pattern of muscle involvement (19,22,26,27,40,59,60).

A unique observation of dysferlinopathy, among muscular dystrophies, is that

the majority of dysferlinopathic patients were good athletic performers or

involved in active physical work. This suggests that strenuous use of muscle or

exercise may mediate of onset of disease (54,61).

These are the words of a dysferlinopathic patient describing his condition:

"I express my feelings and describe the situation as it is!

I was born 1951 in northern Lebanon on the Mediterranean coast near Tripoli.

Our summer is very nice and the sea with all kinds of sports was my lovely

place to spend the summer holiday. Until 1975 I had a normal and very active

life. I was 24 years old. A healthy young man; strong, sportive and joined in all

activities of life. After this time I entered gradually and very slowly into my

prison. For example I can't run as before, I can't play football as before, and I

am not so strong. Sometimes I feel myself like a lion in his cage, my roar is

smothered in my breast. I can't walk and run free as I will. So I stay alone

anxious with my mental pain. Sometimes like a Bird without wings, I can't fly in

the sky, but I drag myself with great effort on the ground. Sometimes like a fish

in the horror of fishnet without any single chance to escape and to come back

again to the Sea, or to escape from dysferlin and to come back again to the

normal life." (Source: https://www.jain-foundation.org/patient-physician-

resources/patient-stories).
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Dysferlin gene and mutations

The dysferlin gene is large. The human dysferlin gene is located on

chromosome 2, position 2p13.1-p13.3. The coding sequence of

dysferlin comprises of over 55 exons spanning >150 kb (59,62,63). A high

expression of dysferlin mRNA of 8.5kb occurs in skeletal muscle, heart and

placenta, a weaker expression in brain, kidney and lung and even weaker in

liver and pancreas. In brain the major transcript is 3.8 kb, showing highest

expression in putamen and no expression in spinal cord and fetal brain. The 8.5

kb transcript is present in cerebellum and medulla, with the 3.8 kb transcript

much weaker in these tissues. Dysferlin mRNA in muscle encodes a 2,080

amino acid protein (39,63).

Four hundred and fifteen allelic variants of the dysferlin gene have been

described so far, and no hot spots found (http://www.dmd.nl). Studies have

failed to explain any phenotype and mutation correlation but indicate two

interesting situations in dysferlinopathic families: (1) different phenotypes are

produced by the same mutation in a given gene and observed in the same

familiy (2) the same phenotype is produced by different mutations. The reason

for this is not clear although a role for modifier genes has been suggested in this

process (59,64).

Western blots for the diagnosis of dysferlinopathy

In theory, it has been claimed that a DNA analysis is necessary to diagnose a

primary dysferlinopathy but in practice this is not simple. The dysferlin gene is
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large and composed of 55 exons. It spans 2,33,140 bp of genomic DNA and

generates a 8.5-kb-wide transcript.

Mutations occur both in exons and introns of the dysferlin gene. A mutation

screen would therefore require mutation analysis of both genomic DNA and

mRNA. Studies that have not analysed both genomic DNA and mRNA have

frequently not detected mutations in dysfelinopathic patients. In the largest

cohort of dysferlin mutations in 134 patients Krahn et al (65), analyzed

mutations in both genomic DNA and mRNA and at least one pathological allele

was noted in 88% of the cases (119/134 patients). Denaturing high performance

liquid chromatography (DHPLC) is a commonly used method for mutational

screening and although not expensive does produce false negative/positive

results. In the absence of muscle biopsies mutation analysis for dysferlinopathy

is often carried out using blood cells where mRNA is analysed. In addition to

not identifying intronic mutations, true homozyogte patients cannot be

distinguished from heterozygotes on mRNA analysis (66,61).

Western blots for dysferlin can be done in muscle or in blood monocytes.

Commercial antibodies are available for the detection of 230 KDa dysferlin

protein. In dysferlinopathy Western blots allow detection of reduced or absent

dysferlin. Fanin et al (34), observed that levels of dysferlin were reduced to

50% of controls in carriers of LGMD 2B. They showed that a reduction of

50% indicated both familial and isolated LGMD 2B heterozygotes (36,54).

Western blot analysis that shows absence or reduction of dysferlin is mostly

associated with mutations of the dysferlin gene. Secondary absence of dysferlin
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is thought to be a reason for unidentified mutations, e.g. secondary reduction of

dysferlin reported in primary calpainopathies.

Based on an exhaustive analysis both of RNA and DNA of 65 patients with

identified mutations in the dysferlin gene, it is reported that a dysferlin

reduction to 20% on Western blots can be used to identify dysferlinopathy with

100% accuracy (63). The genetic analysis included DHPLC for all exons and

flanking introns of dyferlin gene, sequence analysis of the dysferlin cDNA to

identify nonsense-mediated mRNA decay (NMD) in dysferlinopathy and re-

sequence of all the relevant genomic regions, to identify additional mutations. In

order not to miss mutations long PCR, real-time PCR and array comparative

genomic hybridization (CGH) were also used in the nucleic acid analysis.

Mutational analysis of the dysferlin gene required this extensive and exhaustive

methodology to diagnose presence or absence of dysferlinopathy that is also

provided by dysferlin Western blots (63).

Numerous report indicates that Western blots are a sensitive and useful method

for the diagnosis of dysferlinopathy (27,30,36,40,44,54,63,66,67).

Mechanisms of muscle wasting

All muscular dystrophies irrespective of their primary protein defect are

phenotypically observed as progressive muscle wasting disorders and muscle

loss leads to muscle weakness, since the ability to exert force is directly related

to mass of the muscle (5,15,22,68–70). Muscle wasting or atrophy is defined as

a decrease in the mass of the muscle and can be a partial or complete wasting of

muscle (71).
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In this section, muscle wasting will be discussed in relation to 1. Type of muscle

wasting. 2. Protein degradation pathways, specifically the ubiquitin-proteasomal

pathway - the major pathway involved in dystrophies. 3. Transcription factor

NF-κB as a mediator of protein degradation in dystrophies. 4. Activators of

protein degradation - oxidative stress, calcium and cytokines.

Types of muscle wasting

Muscle mass is maintained by a balance between protein synthesis and

degradation coordinated by several signaling pathways. Any process that upsets

this balance by decreasing protein synthesis, increasing degradation or a

combination of these events that lead to a net negative nitrogen balance will

result in muscle wasting. Muscle wasting is therefore characterized as a hyper-

catabolic state.

Several types of muscle wasting have been described. Muscle wasting occurs

during ageing, called sarcopenia (Greek 'Sarco - flesh', 'penia - loss), in disuse

of muscle, in microgravity and in cachectic syndrome. Cachexia (Greek 'Kakos

- bad' and 'hexis - condition') is a wasting syndrome associated with weight loss,

weakness and significant loss of appetite (5,71,72). This loss of weight occurs

due to muscle wasting in someone who is not actively trying to lose weight and

the loss of muscle mass cannot be reversed nutritionally, indicating a

fundamental underlying pathology (71). Cachexia is a common feature of

several pathologies including muscular dystrophies, cancer, HIV infection,

tuberculosis, sepsis, congestive heart failure, chronic obstructive lung disease,

renal disorders (68,69,73–76). Skeletal muscle wasting in sarcopenia is
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irreversible while cachetic wasting can be reversed if the underlying cause is

identified. Mechanisms of muscle wasting in cachectic conditions are not well

defined.

Protein degradation pathways of muscle wasting

There are two main systems for the degradation of cellular proteins: 1. The

vacuolar system i.e., lysosomes, endosomes and endoplasmic reticulum. 2. The

cytosolic non-lysosomal pathways. The cytosolic non-lysosomal protein

degradation systems are of two types one is the calcium dependent proteolytic

pathway through the calpains and the other the ATP dependent ubiquitin-

proteasomal pathway (68,71,77).

The ubiquitin-proteasome pathway is mostly involved in muscle wasting

conditions (76,78–81). Numerous, diverse stimuli induce muscle wasting by

activating the ubiquitin pathway.

The Ubiquitin-proteasomal pathway - the major protein degradation

pathway involved in dystrophies

In the late 1970s Hershko and Ciechanover (82), observed that abnormal

cytoplasmic proteins were degraded at neutral pH in a process that required

ATP. Ubiquitin-dependent proteolysis is governed by an elaborate pathway in

which covalent attachment of ubiquitin to cellular proteins targets them for

degradation in a cytoplasmic ATP-dependent process. It is an essential

degradative pathway in eukaryotic cells. Among the substrates of the ubiquitin

proteolytic pathway are damaged and abnormal proteins, naturally short-lived

proteins such as transcriptional regulators, oncoproteins and regulators of cell
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cycle progression. Ubiquitin-proteasome degradation accounts for more than

90% of short-lived protein turnover (83–85).

The ubiquitin-proteasomal system is made up of the protein ubiquitin and the

proteasomal complex. Ubiquitin is a highly conserved 76 amino acid protein of

molecular weight 8.5KDa. The polyubiquitination of proteins and their

destruction by cytosolic proteolysis is associated with a large multisubunit

complex known as the 26S proteasome (85). The 26S proteasome consists of a

19S  regulatory complex, which recognizes and unfolds ubiquitinylated proteins

and a 20S core of proteases having  chymotrypsin like, trypsin like and peptidyl

glutamyl peptidase activities (68,69,74,78,81,86–88).

Three different enzymes are required for the binding of ubiquitin to proteins. 1.

E1- ubiquitin activating enzyme. 2. E2-ubiquitin conjugating enzyme. 3. E3 -

ubiquitin ligases (83). Two important muscle specific E3 ligases, Muscle

Specific RING Finger protein 1 (MURF 1) and Muscle Atrophy F- box protein

(Atrogin-1/MAFbx) are involved in muscle wasting diseases. MAFbx degrades

MyoD, a master regulatory transcription factor of myogenesis and prevents

muscle regeneration (72,76,89–91). The ubiquitin-proteasome is suggested to be

upregulated in several muscle wasting conditions including some forms of

muscular dystrophies (73,78,79,83–85,88,92–95). The clearest evidence

involving the ubiquitin system in degenerative muscle disease comes from

sporadic inclusion-body myositis (s-IBM) and hereditary inclusion-body

myopathy (h-IBM) (96,97). In occulopharyngeal muscular dystrophy ubiquitin

deposits associated with amyloid and amyloid precursor protein depositions
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have been described (98–100). Duchenne and Becker dystrophy muscle biopsies

have increased ubiquitin-proteasomal levels (101). Experimental models of a

chloroquine-induced rat myopathy also show involvement of the ubiquitin

pathway in muscle protein degradation (102).

NF-κB is an activator of the of the Ubiquitin pathway.  It has been shown that

NF-κB induces muscle wasting by the transcriptional activation of

ubiquitinylation of proteins (68).

Transcription factor NF-κB as a mediator of protein degradation in

dystrophies

Nuclear factor-kappa B (NF-B) is a dimeric transcription factor and a member

of the REL family that include REL A(p65), c-REL, REL B, p50 & p52, which

regulate the expression of many genes. NF-B is a primary activator of the

ubiquitin pathway and of muscle specific E3 ligases (90,103–110).

NF-κB is maintained in the cytosol in complex with inhibitory-kappa B (IκB).

Phosphorylation of IκB by the IκB kinases (IKK) releases NF-B which then

translocates to the nucleus, binds to specific κB sequences on target genes and

thereby regulates transcription (Figure 1.4). The NF-κB proteins contain a

highly conserved REL-homology domain (RHD), responsible for DNA binding,

dimerisation, nuclear translocation and interaction with IκB proteins (106,110).

NF-κB signaling maybe triggered via the canonical/classical or alternative

pathways. In the canonical pathway Inhibitory κ B kinase β (IKKβ) is activated

by cytokines, such as TNF-α and IL-6, that phosphorylate IKK through MAP 3

kinases, MEKK3 and TAK1.  In the alternative pathway IKKα is activated by
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NF-κB inducers such as lymphotoxin-B, B-cell activating factor, or NF-κB

binding kinase (NIK) (103,110,111). The activation of NF-κB is a transient

process lasting for 30-60 minutes and down regulation of NF-κB is achieved

through multiple mechanisms. In the canonical pathway newly synthesized

IκBα enters the nucleus and binds to NF-κB thus releasing it from DNA

(106,110).

NF-κB is activated in response to several inflammatory molecules that cause

muscle loss. In mice activation of the IKKβ/NF-κB pathway induces skeletal

muscle atrophy (103,107). Studies in mdx mice, a model for Duchenne muscular

dystrophy, indicate that the lack of dystrophin results in increased vulnerability

of muscle fibres to mechanical stresses, contraction induced damage and hypo-

osmotic shock (103,107,111–115). Mechanical stretch of skeletal muscle

increases IKK activity and subsequent IκB degradation, activating the canonical

NF-κB pathway (116).

Although molecular mechanisms that link NF-κB and muscle wasting are not

clear, three mechanisms have been proposed:

1. Activation of NF-κB results in the enhanced expression of several cytokines

and cell adhesion molecules that have the potential to directly promote muscle

wasting.

2. NF-κB activates the ubiquitin-proteasome pathway leading to increased

muscle protein degradation.

3. NF-κB interferes with skeletal muscle differentiation resulting in the

inhibition of tissue repair.
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It is important to note that blockade of NF-κB reduces muscle degeneration and

improves muscle function in mdx mice (106).

An involvement of NF-κB in myogenesis has been suggested as it is required by

human and rat myoblasts to fuse into myotubes and to express muscle-specific

proteins such as myosin heavy chain and caveolin 3 (117). Thalor et al (118),

demonstrated that systemic administration of the NF-κB inhibitor, curcumin,

stimulates muscle regeneration after traumatic injury in mice. NF-B p65 is

shown to reduce MyoD levels and interfere in muscle regeneration in myoblasts

(119). This suggests that modulation of NF-κB activity within injured muscle

tissue may benefit muscle repair. In muscle damage, IKKβ depletion facilitates

skeletal muscle regeneration by enhancing satellite cell activation and reducing

fibrosis in mice (103,111,115).

Activators of protein degradation - Oxidative stress and muscle wasting

Free radicals have been implicated as primary and secondary causes of several

pathologies. The role of reactive oxygen and nitrogen species is well

documented in wasting of Duchenne muscular dystrophy, Fascioscapular

muscular dystrophy, cancer, ageing, disuse induced atrophy and sepsis (68,120–

123). Messina et al (121), showed that inhibition of lipid peroxidation prevented

muscle wasting and improved muscle function in mdx mice. They also showed

activation of NF-κB in response to oxidative stress in mdx mice. Toledo et al

(124) and Wyke et al (107), have shown that muscle wasting in cancer cachexia

is associated with increased levels of malondialdehyde in gastrocnemius

muscles and that mild oxidative stress increased protein degradation by
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activating the ubiquitin-proteasome pathway in C2C12 myotubes. In avian

models of muscular dystrophy and mdx mice Rando et al (125), found that lipid

peroxidation and increased anti-oxidant enzymes preceded the pathology of

muscular dystrophy.  In myotube cultures the absence of dystrophin leads to

reduction of anti-oxidants and increased oxidative stress (123). In summary

these studies indicate oxidative stress as a primary event and not a secondary

cause of pathology in muscular dystrophies.

Reactive Oxygen Species and Oxidative stress

Reactive oxygen species (ROS) are oxygen derived small molecules that act as

pro-oxidants in cells. ROS can be classified into two groups, radicals and non-

radicals. Radicals are characterized by unpaired electrons, are highly reactive

and donate or obtain another electron to attain stability eg., O2
--, OH--. Non-

radicals are either oxidizing agents and/or are easily converted into free radicals

eg., H2O2 (126–129). Generally nitrogen containing oxidants, such as nitric

oxide, are reactive nitrogen species (RNS) (130).

Cellular systems are also equipped with antioxidants. The balance between pro-

oxidants and antioxidants is a regulated process, imparting the redox potential to

a cell and crucial to the maintenance of cellular integrity. Cellular stress created

by an increase of the prooxidant over the antioxidant capacity of the cell is

referred to as oxidative stress which can lead to oxidative damage of

biomolecules.

ROS interact with a large number of molecules, both small inorganic molecules

and biomolecules.  Free radicals oxidize sulfhydryl groups of proteins and also
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form protein carbonyls.  Lipids undergo peroxidation and nucleic acids suffer

strand breaks, cross links and base modifications as a result of free radical

action. Free radicals also target carbohydrates. These interactions of ROS may

irreversibly damage or change the function of the target molecule

(120,127,131–133).

Major sources of ROS in biological systems

ROS generation normally occurs during mitochondrial electron transport.

Oxidative stress due to the endogenous production of ROS by mitochondria is

normally counteracted by endogenous antioxidant systems glutathione, ascorbic

acid and the enzymes superoxide dismutase, glutathione peroxidase and catalase

(131,132). When the antioxidant machinery is overwhelmed by ROS

production, the resulting oxidative damage can lead to cell death. Leakage of

electrons from respiratory complexes forms superoxide. Superoxide rapidly

dismutates to hydrogen peroxide catalyzed by superoxide dismutase. Hydrogen

peroxide is converted to water by the action of the enzyme catalase. High

production of superoxide reacts with nitric oxide to form peroxynitrite, a highly

reactive radical. Other reactive radicals are hypochlorous acid from hydrogen

peroxide and the hydroxyl radical generated from the iron catalyzed Fenton

reaction.

Peroxisomes are other organs where hydrogen peroxide is formed as a by-

product from the reactions of peroxisomal oxidases, D-amino acid oxidase, L-

hydroxy acid oxidase and fatty acyl oxidase (123,125,128,129,131,134).
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Xanthine oxidase is also an important source of O2
– and H2O2 in tissues. The

phagocyte NADPH oxidase was the first identified example of a system that

generates ROS not as a by-product, but as the primary function of the enzyme

(128,132,135).

If ROS contribute to the pathogenesis of muscle wasting would anti-oxidant

therapy be useful?

Oxidative stress was proposed as a major cause of muscular dystrophies

especially Duchenne muscular dystrophy before the identification of dystrophin.

This was in part due to high levels of oxidative stress in dystrophic muscle,

which led to a number of experiments using antioxidants as therapeutics in

animals and humans. Some of these studies showed moderate reduction of

pathology (136). Chou et al (137) in 1975 and Serafin et al (138), in 1987

showed that penicillamine, a sulfhydryl antioxidant, and Vitamin E slowed the

degenerative process of avian muscular dystrophy. In mdx mice Bornman et al

(139) showed that deprivation of iron reduced muscle necrosis. According to

Hubner et al (140), wheat kernel supplementation, rich in anti-oxidants, reduces

muscle weakness in mdx mice. Prevention of oxidative stress by administration

of membrane permeable antioxidant green tea extract or N-acetylcysteine is

shown to reduce muscle wasting in mdx mice (15,141,142). Recently Min et al

(143), showed the use of mitochondrial permeable anti-oxidants in preventing

muscle wasting of disuse induced atrophy.

Clinical trials with superoxide dismutase, ascorbic acid, penicillamine and

vitamin E were not of clinical benefit in the treatment of DMD (144–146). The
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main drawbacks of these studies were: 1. They were carried out on patients with

end-stage muscle degeneration. The average age of Duchenne boys in the

studies was </=10 years. 2. The antioxidants used were not membrane

permeable or poorly permeable in high concentrations. These studies indicate

the stage of dystrophy and the availability of drug at the source of ROS

production are important considerations in anti-oxidant therapy of muscular

dystrophies. Administration of membrane permeable antioxidants at onset of

disease may be a useful approach to reduce the severity of dystrophies.

Current literature supports the likelihood that the primary genetic defect leads to

disruptions in the normal production of free radicals that contribute to the

pathophysiology of muscular dystrophies. However, the extent to which free

radicals contribute to dys-regulation of protein interactions and subsequently

contribute to muscular dystrophy remains largely unknown (123,136).

Which sources of ROS are potential targets for treatment of muscular

dystrophies?

Oxidative stress in skeletal muscle may be due to the induction of several major

oxidant production pathways, including the mitochondria, NADPH oxidase,

xanthine oxidase and nitric oxide synthase production of nitric oxide. There are

only a few reports on the source of ROS in muscular dystrophies (142,147–

150). Inflammatory responses are associated with several different types of

dystrophies. Most dysferlinopathies present with inflammation and indeed

dysferlinopathic cases are often misdiagnosed as polymyositis (47).
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Damage to the sarcolemma due to the underlying genetic defect elicits

inflammatory responses in muscular dystrophies. Potential sources of ROS in

muscle are therefore macrophages and neutrophils. There is also support for the

occurrence of muscle specific sources of ROS i.e. muscle specific isoform of

NADPH oxidase rather than from invading inflammosomes in the pathogenesis

of muscular dystrophies (151–153). A recent study shows that in mdx mice

muscle specific NADPH oxidase increases and damages skeletal muscle fibers.

NADPH oxidase also increases in disuse induced muscle wasting conditions

(152,154). Prieto et al (155), show that in angiotensin II induced muscle

wasting, a model for cachexia which occurs in congestive heart failure and

chronic kidney disease, superoxide produced by NADPH oxidase activates the

ubiquitin pathway to increase protein degradation and muscle wasting in mice.

NADPH oxidase

NADPH oxidases are a group of plasma membrane associated proteins that

transport electrons across biological membranes to reduce oxygen to superoxide

(156). They were originally discovered in neutrophils, where they are a potent

source of superoxide (O2
-) during phagocytosis and play a vital role in

nonspecific host defense. Six types of NADPH oxidases are described.

Phagocytic NADPH oxidase also called NOX2 or gp91phoxand non phagocytic

NADPH oxidases, NOX1, NOX3, NOX4, NOX5 and DUOX 1and 2 (156).

Muscle contains phagocyte NADPH oxidase, NOX2.  NOX2 has five subunits:

gp91phox or NOX2 and p22phox are membrane bound subunits and p67, p47 and

p40 are cytoplasmic components. Separating these two groups of components
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by distributing them between distinct subcellular compartments guarantees that

the oxidase is inactive in the resting cell. Upon activation by various stimuli, the

cytoplasmic components bind together and combine with the membrane bound

subunits to produce superoxide and H2O2 (157). When the resting cell is

activated, the cytosolic component p47 is phosphorylated and the entire

cytosolic complex migrates to the membrane, where it associates with the

membrane components of the enzyme. The assembled oxidase is now able to

transfer electrons from the substrate to oxygen by means of its electron carrying

flavin prosthetic group (157).

Activators of protein degradation - Ca2+ and muscle wasting

Intracellular calcium dysregulation is one postulate of cell death in muscular

dystrophies. Ca2+ is a universal second messenger involved in wide variety of

processes ranging from cell division to cell death. Ca2+ concentration in

the cytoplasm is primarily regulated by Ca2+ transport into and out of the

endoplasmic or sarcoplasmic reticulum (158). Ca2+ concentrations in the cytosol

are maintained at 50nM.  Depolarization of the transverse tubular (T system)

system leads to a release of Ca2+ from the sarcoplasmic reticulum via the

ryanodine receptor, which elevates cytosolic Ca2+ locally to ∼100 times, during

contraction. The sarcoplasmic reticulum Ca2+ ATPase 1 (SERCA1) is

responsible for Ca2+ reuptake into the sarcoplasmic reticulum

(69,158). Prolonged fluctuations in sarcoplasmic calcium activate various

calcium dependent proteases including calpains and cathepsins and eventually

lead to myocyte death (158–160). Millay et al (20), have shown that increase in
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intracellular calcium is sufficient to cause myocyte death in mdx mice.  Spencer

et al (161), have shown the activation of calpains in necrotic fibers of mdx mice.

Goonasekera et al (162), explain the involvement of SERCA in the dystrophic

process of mdx mice and show that over expression of SERCA ameliorates the

pathology. Inhibition of calcium dependent proteases and intramuscular

injection of calcium release blockers prevent unloading induced wasting in

animals (163). Thus increased sarcoplasmic calcium in the dystrophic muscle

may arise due to reduced activity of SERCA and increased calcium influx.

ROS cause an increase in intracellular Ca2+ concentrations in different cell

types, including smooth and skeletal muscle and cardiomyocytes. Several lines

of evidence show that oxidative stress increases intracellular calcium in

different cells, from both the sarcoplasmic reticulum and extracellular sources

(160,164). Roveri et al (165), show that calcium influx from extracellular

sources occurs only under severe oxidative stress in smooth muscles. Elliott et

al (166) demonstrated in endothelial cells that lipid peroxidation alters

intracellular calcium homeostasis. Raised intracellular calcium is also shown to

activate other reactive free radicals such as NO (158,167).

Although most cytoplasmic protein degradation is carried out by the ubiquitin

proteasomal pathway, a role for calcium in protein degradation is not

completely ruled out. In a septic model of rats, disintegration of myofibrils can

be prevented by the administration of  the intracellular calcium channel blocker,

dantrolene, which shows that calcium dependent proteases cause dismantling of

the myofibril complex (168). In muscle, degradation of myofibrillar proteins
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(the major muscle proteins) cannot be achieved by ubiquitin alone. The intact

myofibrillar complex requires initial cleavage and dismantling by calcium

dependent proteases (169,170).

Activators of protein degradation - cytokines and muscle wasting

Inflammatory cytokines such as TNF-α and IL-1 activate NF-B and induce

protein breakdown (171). Acharya et al (172), showed the involvement

cytokines in cancer cachexia, where cytokines TNF-α, IFN-γ and IL underlie

the selective degradation of myosin heavy chain and reduce the level of myo D.

TNF-α is synthesized mainly by macrophages. High plasma levels of TNF-α

play an important role in changing metabolic balance towards catabolism.

Inflammatory cytokines, TNF-α and IFN-γ, also lead to a decline of myoD

(90,109,173).

Passerini et al (174), showed that TGF-β increases muscle fibrosis in golden

retriever dogs, models of Duchenne muscular dystrophy and that the cytokine is

involved in early stage dystrophic fibrosis.

Selective muscle wasting of muscular dystrophies

An unexplained feature of muscular dystrophies is the selective wasting of

specific muscle groups as disease progresses despite a common mutation in all

tissues e.g. selective and preferential wasting of gastrocnemius muscle in

dysferlinopathy and sparing of facial muscles. In Duchenne muscular dystrophy

most muscles waste but extra ocular and pharyngeal muscle are spared (83,84).

Selective involvement of tissue in presence of a ubiquitous gene defect occurs
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not only in muscular dystrophies but in other genetic disorders as well. This

selection is attributed to heterogeneity that prevails between cells of the same

organ. Selective muscle wasting that characterizes muscular dystrophies is

ascribed to diversity of embryonic origin and fiber type, of differences in

temporal transcription signatures of muscle groups and between anatomically

distinct muscles (175–178).

Muscle development - Embryology

In vertebrates, skeletal muscles derive from the paraxial mesoderm that

condenses into the segmentally arranged somites. During further maturation in

each somite, the cells are compartmentalized (179,180). The dorsolateral

compartment, the myotome, contains two subsets of myogenic precursor cells.

The cells of one subset are destined to become the axial musculature, whereas

the cells of the other subset migrate into the periphery to form the muscles of

the body wall and the limbs (181).

Myogenic determination occurs independently in somites and limb buds (179–

181).  Myogenic precursor cells differentiate to become myoblasts, which later

fuse to become three discrete populations of myotubes, primary, secondary and

tertiary, that then develop into myofibers (179). The later stages of myogenesis

are more dependent on myogenic regulatory factors e.g. myogenin, than early

stages (86,87,181). Protein and mRNA studies have demonstrated that myosin

isozymes follow an embryonic, neonatal and adult transition during skeletal

muscle development in mammals (86, 87). In mice, the accumulation of myosin

light chain (MLC) in the slow-twitch muscle fibers occurs during prenatal
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myogenesis, whereas the accumulation of the MLC in the fast-twitch muscle

fibers is a postnatal phenomenon (86,179,181,182).

Muscle fiber types

In the 1950s Kruger demonstrated different types of skeletal muscle fibers in

several vertebrates including humans (183). The fiber types present in a muscle

can be distinguished by different methods, morphological, biochemical and

physiological methods. Histochemical methods are based mostly on myofibrillar

adenosine triphosphatase (mATPase) activity and on enzymes of aerobic and

anaerobic energy metabolism (86).

Dubowitz and Pearse (184) histochemically described two fiber types, Type I

(slow type) and Type II (fast type) in 1960. Based on histochemistry of

mATPase, a low mATPase activity in type I and a high mATPase activity in

type II fibers in humans have been observed. Type II fibers were subsequently

subdivided into IIA and IIB fibers with respect to mitochondria. In small

mammals like mouse and rat the highest amount of mitochondria is seen in type

IIA fibers and in larger animals in type I fibers (183,185–187).

Schiaffino et al (188) described an additional fast-twitch fiber type 2X in rat in

1985. In the late 1980s, Pette and co-workers (186) electrophoretically

identified the myosin heavy chain (MHC) IId in rodents. Fibers containing this

MHC isoform were termed type IID fibers. Type IID fibers are identical to type

2X (IIX) fibers and designated as type IID/X fibers (82).

Some muscles of the craniofacial region such as extraocular, laryngeal or jaw-

closing muscles, exhibit “super-fast” fibers. These fiber types contain superfast
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MHC isoforms and are phenotypically distinct from both fast-twitch oxidative

and fast-twitch glycolytic muscle fibers (83).

Currently the most widely used classification of fiber types is  based on the pH

lability of the mATPase activity which distinguishes type I, IIA, and IIB fibers

(187). In normal mature muscle fibers of humans the coexistence of slow- and

fast-type MHC isoforms occurs.  All three MHC isoforms I, IIa, and IIb can be

coexpressed in a single muscle fiber (185,187,189). With age the percentage of

muscle fibers coexpressing two or three MHCs also increases (81).

Transformation of muscle fibers is a well known process. Muscle fiber

transformations, a consequence of cross-reinnervation or electrical stimulation

have been shown in rodents. In humans, transformations which occur during

physical exercise and detraining,  known as endurance training, lead to an

increase of slow-twitch type I fibers and during disuse the reverse occurs

(83,87).

Why does selective muscle wasting occur?

In Duchenne muscular dystrophies Type IIB fibers are particularly susceptible

to dystrophy (88,89). This selective involvement of type II fibers is also

reported in carriers of Duchenne and Vitamin E deficiency muscle disorders

(90). The high antioxidant capacity of type I fibers may protect these fibers in

DMD (92). Resistance to oxidative stress may also protect extra ocular,

pharyngeal and larynx muscles which are spared in Duchenne and other major

dystrophies (92). Thus embryonic origin and fiber type partially contribute to

selective wasting of muscle in dystrophies.



45

Transcriptional signatures that differ between muscles suggest that specific

signaling pathways may be associated with selective muscle wasting of

muscular dystrophies. Gene expression studies in rodents and humans imply

signaling systems differ in spared and affected muscles of dystrophies

(96,97,98). The proteomics of signaling and biochemical pathways of these

wasted and spared systems have not been elucidated but would be useful to

study to determine if they underlie selective muscle group wasting.

Treatment for LGMD

Currently there is no specific treatment for any muscular dystrophy and non

specific approaches to treatment that include physiotherapy, antioxidant and

corticosteroid supplementation are prescribed. Three specific treatment options

can be considered for genetic disorders like muscular dystrophy: 1. Gene

therapy, 2. Cell therapy and 3. Drugs (15).

2.5.1 Gene based therapy for muscular dystrophies.

Two new promising approaches of gene therapy have emerged for Duchenne

muscular dystrophy. These are exon skipping and reading through stop codons.

The approach that is used in treatment depends on the type of mutation.

Exon skipping: If a deletion or a point mutation disturbs the reading frame and

causes muscular dystrophy, the reading frame can be restored by artificially

removing one or more exons directly before or after the deletion or point

mutation from the mRNA. Exons can be eliminated from the mRNA with

antisense oligoribonucleotides. In mouse models of DMD exon skipping led to
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dystrophin restoration and muscle function proving the efficiency of the method

(100).

In clinical trials exon 19 was skipped in Duchenne patients, who received

intramuscular injections of antisense oligonucleotides consisting of different

chemistries (2′-O-methyl RNA with a phosphorothioate backbone [2OMePS]

and phosphorodiamidate morpholino oligomers [PMO]. Both treatments

resulted in exon skipping and 35% dystrophin restoration (102,103,105).

Reading through stop codons: This method is based on the ability of certain

antibiotics to ignore premature stop codons. About 5% to 10% of Duchenne

boys have a point mutation in their dystrophin gene which changes an amino

acid code into one of the three stop codons, TGA, TAG and TAA. Gentamicin

is an aminoglycoside antibiotic that causes the RNA translation mechanism in

ribosomes to ignore such a premature stop codon and to read through it. Read-

through efficiency is different for the three different stop codons and also

depends on the mRNA sequence before and after the stop codon. Gentamicin of

different structures also influences the extent of read-through (190,191).

Cell based therapy

Different approaches have been developed for stem cell therapy of DMD. One

approach is based on the injection of myoblasts i.e., muscle precursor cells, to

the affected muscle to improve the expression of dystrophin (103,104,107).

Satellite cells were one of the first cell types used in cell based therapy of

muscular dystrophy (DMD).  These were the first identified muscle progenitor

cells and reside between the muscle fibre sarcolemma and its covering basement
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membrane. Satellite cells expanded in vitro give rise to mononuclear cells

committed to the myogenic pathway. These myoblasts isolated from wild-type

mice and injected intramuscularly into mdx mice led to dystrophin expression in

vivo (190,192).

In phase I clinical trials DMD patients received satellite cells isolated and

grown from muscle biopsies obtained from first-degree relatives of the affected

children. An average of 80 – 100 million donor myoblasts were injected into

muscles of the children via multiple injections and contralateral muscles were

injected with placebo as controls. The children were tested for strength in the

study muscles. Muscle biopsies were then obtained at several intervals and

examined for dystrophin. Unfortunately these trials showed very low (<1%)

expression of dystrophin and no functional or clinical improvements in patients

(107). However in a recent study Rougger et al (105) showed that systemic

administration of muscle stem cells, derived from normal dogs, into

immunosuppressed DMD dogs resulted in long term expression of dystrophin,

myofiber regeneration and improved clinical status of dogs.

Another approach of cell based therapy is the combination of gene and stem cell

therapy. This involves the correction of the underlying gene defect in muscle

precursor cells followed by administration of the cells to the same patient.  This

approach prevents immune rejection of the cells (106). This approach of cell

based therapy was used by Kazuki et al (193) to show improved expression of

dystrophin in mdx mice and a DMD patient (Figure 1.5).
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Pharmacotherapy for muscular dystrophies

Currently drugs appear to be more feasible and better tolerated than gene or cell

therapy for genetic disorders. Drugs that inhibit specific pathways of protein

degradation and promote muscle regeneration would be those of choice for

muscular dystrophies. Salicylates, inhibitors of NF-κB, prevent muscle loss

induced by denervation or tumours in mice while clenbuterol inhibits the

ubiquitin proteasome pathway and attenuates protein degradation in disuse-

induced muscle wasting in rats (92,103). The major concern of drug therapies is

their side effects due to a lack of specificity on the target pathways.  This leads

to the need of a large number of studies to determine the biosafety of a

pharmacological compound.  In this context nautraceuticals, natural compounds

with medicinal value, and in daily use, are practical alternatives in drug

development.

Curcumin to treat muscular dystrophies

Curcumin is a natural biphenolic compound and principle component of

turmeric (194). Traditional Indian medicine of Auyrvedha uses turmeric for

various body ailments of the skin, gastrointestinal tract, genital infections and

wounds (194,195). The efficacy of curcumin is well documented in diseases

ranging from infections to inflammatory and chronic diseases. Curcumin in

doses that range to several grams per day have proved safe in humans (196).

Curcumin is lipophillic and requires a carrier molecule for efficient absorption.

Synthetic analogues of curcumin may improve absorption. Curcumin is in

clinical trials of various phases for Alzheimer’s disease, multiple myeloma,
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colorectal cancer, pancreatic cancer among others (195).

Curcumin to overcome dystrophic pathology

As discussed earlier NF-B is responsible for induction of the ubiquitin system

in muscle during dystrophic pathology (77,197–200). Oxidative and nitrosative

stress and the proinflammatory cytokine TNF-α act through NF-B to cause

muscle wasting in DMD (197,201,202). Inhibition of lipid peroxidation and the

NF-B pathway prevent loss of dystrophic muscle in mdx mice (203).

Inflammatory responses together with activation of TNF-α have been reported

in most types of muscle wasting (197,201,204–206). In muscle cell lines

peroxynitrite that leads to nitrotyrosinylation of proteins causes the translocation

of NF-B to the nucleus that activates degradation of muscle specific proteins

by the ubiquitin pathway (207).

The properties of curcumin that would inhibit the pathological processes of

muscle wasting of muscular dystrophies are:

i) It is a strong inhibitor of NF-B activation. Curcumin has been shown to

prevent activation of NF-κB by blocking phosphorylation of the NF-κB

inhibitor, IκB (208).

ii) It is a potent inhibitor of lipid peroxidation (204, 209).

iii) It inhibits E3 ligase MAFBx (196).

iv) It upregulates cellular glutathione (210).

v) It scavenges iron in the cell and prevents formation of the deleterious Fenton

reaction (211).
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vi) It decreases elevated cytosolic Ca2+ and maintains Ca2+ homeostasis

(212,213).

vii) It decreases the effects of TNF α (214).

In addition curcumin is shown to regenerate and induce proliferation of injured

skeletal muscle and improve muscle structure and force in mdx mice (215).

Systemic administration of curcumin stimulates muscle regeneration after

traumatic injury benefiting muscle repair by modulation of NF-B (216). These

multifaceted actions of curcumin suggest it may effectively combat the

molecular pathology of muscle wasting in other muscular dystrophies.

In summary this review of literature describes the possible molecular

mechanisms which may underlie muscle wasting of most muscular dystrophies.

The lacunae of detailed mechanistic paths of protein degradation for the

majority of muscular dystrophies have prevented the development of specific

drug therapies for these disorders.

Although muscular dystrophies are comprised of a group of around 40 different

genetic disorders of muscle, most research is on DMD, the most prevalent form

of muscular dystrophy, as evident from the citations in this review. There is

need to study the other muscular dystrophies. In this thesis, mechanisms of

muscle wasting of LGMD, the second most common muscular dystrophy, were

examined. This is towards development of rational drug therapy.
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1.3 AIM

The absence of specific, effective treatments for muscular dystrophies is in large

part due to not knowing detailed mechanistic pathways involved in muscle loss.

The AIMS of this study were to elucidate:

1. Protein degrading pathways of LGMD 2A and dysferlinopathy, common but

poorly studied dystrophies in Indian patients.

2. Treatment for muscular dystrophies especially LGMD.

1.4 The OBJECTIVES of the study were:

a) To establish Western blots for LGMD 2A and dysferlinopathy and determine

the frequency of both dystrophies among muscular dystrophies in Indian

patients (Study 1).

b) To determine if protein degradation in LGMD 2A and dysferlinopathy muscle

arises from oxidative and nitrosative stress and up-regulation of the ubiquitin-

proteasome pathway through NF-κB signalling (Study 2).

c) To determine biochemical pathways that differentiate wasted and spared

muscles in LGMD in order to understand selective muscle wasting that occurs

in muscular dystrophies (Study 3).

d) To determine if curcumin protects myoblasts from oxidative stress mediated

cell death and stimulates myoblast regeneration, towards the development of

treatment for muscular dystrophies especially LGMD (Study 4).
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CHAPTER 2

MATERIALS AND METHODS
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2.0 Materials

2.1 Chemicals

Acrylamide, bis-acrylamide, β-mercaptoethanol, bovine serum albumin fraction

V (BSA), Coomassie Brilliant Blue R-250, diaminobezidine hydrochloride

(DAB), Diethylpyrocarbonate (DEPC), 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), Diphenylene iodonium (DPI), 5,5'-

dithiobis-(2-nitrobenzoic acid (DTNB), Phenylmethylsulfonyl fluoride, Trizol,

Tetramethoxy propane, 3-(N-morpholino) propanesulfonic acid (MOPS), Tween-

20, all primers for PCR, hexamer primer, antibodies to nitrotyrosine,

nitrocysteine, neuronal nitric oxide synthase (nNOS), p40phox, ubiquitin and

glyceraldehyde phosphate dehydrogenase (GAPDH), pre-designed siRNA for

NF-κBp65, ESCORT transfection liposomes, 4-Amino-5-methylamino-2′,7′-

difluorofluorescein (DAF-FM) were from Sigma-Aldrich Chemical Co., USA.

Antibodies to inducible nitric oxide synthase (iNOS), NF-κB, MURF-1, MAFbx

and IKKβ were from Abcam, Cambridge, UK. Antibodies to calpain 3 and

dysferlin were from Santa Cruz Biotechnologies Inc, CA, USA.  MMuLV

reverse transcriptase was from New England Biolabs, Massachusetts, USA.

Immobilon-P membrane (polyvinylidene fluoride (PVDF) and 4-OH nanonenol

antibodies were from Millipore Corporation, MA, USA. Gibco DMEM media,

New born calf serum, opti-Mem transfection medium, Fluorescence calcium

probes Rhod-2, Fluo-4 AM were from Invitrogen Corporation, USA. Rat L6

myoblast cell lines were obtained from the National Centre for Cell Sciences

(NCCS), Pune, India. Protein molecular weight standards, biotyinylated IgG,



54

streptavidin peroxidase, Red dye PCR master mix, ethidium bromide and agarose

were from Genei Bangalore, Bangalore, India. Nicotinamide adenine

dinucleotide phosphate (NADPH), chloroform and formaldehyde were from

Sisco Research Laboratories, Mumbai, India. All other chemicals were analytical

grade. Water was Milli-Q ultrapure.
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2.2 Methods

2.2.1 Laboratory diagnosis and determination of the frequency of LGMD

2A and dysferlinopathy among muscular dystrophies of Indian patients.

A large number of muscular dystrophies are clinically diagnosed as LGMDs

among patients referred to the Christian Medical College and Hospital, Vellore.

Western blots are important tools for the diagnosis of LGMD 2A and

dysferlinopathy. The objective of the study was to establish Western blots to

determine the presence or absence of calpain or dysferlin in muscle for the

diagnosis of LGMD 2A and dysferlinopathy respectively and to determine the

frequency of  LGMD 2A and dysferlinopathy among muscle biopsies received

for diagnosis in the Neurochemistry Laboratory, Christian Medical College,

Vellore.

Muscle biopsies

Two hundred and seventy six muscle biopsies, received in the laboratory

between July 2006 and June 2011 for routine diagnostic testing of muscular

dystrophies by western blot analysis, were included in this study. Muscles were

collected in the operation theatre or procedure room in liquid nitrogen and stored

at -70oC until analysis.

Information on gender, age, disease onset was obtained from the Medical

Records of patients from the Medical Record Section, Christian Medical College,

Vellore.

Inclusion criteria for calpainopathy and dysferlinopathy: Patients with adult or

childhood muscle weakness and proximal/distal weakness in pelvic-
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femoral/scapulohumeral region, creatine kinase levels >300 IU (Normal range -

45-195 IU) and muscle biopsy typical of Myopathy/Dystrophy (Small, round,

and grouped fibers are indicative of myopathic/dystrophic features). Patients

with unclassified muscular dystrophy or myopathy. Patients having distal

myopathy with dystrophic features.

Exclusion criteria for LGMD: Patients with known Dystrophinopathy (Duchenne

and Becker) and confirmed diagnosis of the following neuromuscular diseases:

Myotonic disorder, Fascioscapular humural dystrophy, congenital muscular

dystrophy, congenital myopathy, inflammatory myopathy, glycogen storage

disease, mitochondrial myopathies and lipid storage disorders.

Normal muscles were from eight patients undergoing surgery for clubfoot

correction and served as controls. Diseased control muscle biopsies (non LGMD

2A and dysferlinopathy) were from 11 patients with other myopathies, i.e.

mitochondrial myopathies, polymyositis, myasthenia gravis, metabolic

myopathy, facioscapulohumeral muscular dystrophy (FSHD),

sarcoglycanopathies.

All muscle samples were obtained with informed consent and biopsies were

performed by the treating physician / surgeon under standard conditions. The

study was approved by the Institutional Review Board and Human Ethics

Committee of Christian Medical College, Vellore, India.

Western blots for calpainopathy (LGMD 2A) and dysferlinopathy

Western blots for calpain 3 and dysferlin involve 3 steps.

A. Estimation of non collagen protein in muscle.
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B. Sodium dodecyl sulphate - Polyacrylamide gel electrophoresis (SDS-PAGE)

to separate muscle proteins.

C. Electrotransfer of proteins from SDS-PAGE to membranes and probe of

membranes with specific antibodies.

A. Estimation of non-collagen protein of muscle

Non collagen protein (NCP): Replacement of muscle tissue with fat and fibrous

tissue occurs in pathological muscle. Pathological muscle is enriched in collagen

and other fibrous proteins. To specifically measure muscle proteins in

pathological muscle requires the estimation of non-collagen protein.

NCP estimation is based on the fact that all muscle proteins except collagen

(because of their complex triple helical structure) dissolve in mild alkali (217).

NCP of muscle was estimated by incubating muscle in 200 volumes 0.1N NaOH

for 16 hours at 25oC, spinning the sample at 8000 g for 10 minutes and

neutralizing the supernatant with 0.1N HCl. NCP was estimated in the neutral

supernatant by the method of Lowry et al (218) using bovine serum albumin

(fraction V) as standard.

B. SDS-PAGE of muscle proteins

Western blots for the detection of calpain 3 and dysferlin in muscle were

optimized prior to use with respect to:

1. Composition of homogenization buffer for extraction of muscle proteins and

muscle protein amount for SDS-PAGE.

2. Acrylamide concentrations and electrical conditions for SDS-PAGE.

3. Electrical parameters and time of electrotransfer.
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4. Antibody dilutions and incubation time.

A known weight of skeletal muscle was homogenised in 19 volumes of lysis

buffer (0.125M Tris buffer pH 7.6, containing 10% SDS, 4M Urea, 10% 2-

mercaptoethanol, 10% glycerol and 0.01% bromophenol blue). The homogenate

was heated at 100oC for 3 minutes, cooled to 25oC, centrifuged at 3500 g for 5

minutes and the supernatant (100µg NCP) subject to SDS-PAGE (3.5-12% gels)

at 100V (109).  Molecular weight markers (9µg) were run in parallel.

C. Protein electrotransfer and Western blots for calpain 3 and dysferlin

Following SDS-PAGE, the separated proteins were electrotransferred to

polyvinylidene difluoride (PVDF) membranes at 80V for 90 minutes at 40C.

Membranes were blocked with 3% BSA for 1 hour at 25oC, incubated with

antibodies to calpain 3 (1:100 dilution in 3% BSA) or dysferlin (1:50 dilution in

3% BSA) for 12 hours at 40C, followed for 1 hour at 25oC with the

corresponding biotin conjugated secondary antibody and streptavidin peroxidase

conjugate, both diluted 1: 2000 in PBS/ 0.02% Tween 20 (PBST).  Blots were

washed, 3 x 5 minutes, between each step with PBST. Blots were developed with

0.08% diaminobenzidine hydrochloride / 10µl 30% hydrogen peroxide / 5ml of

Tris-buffered saline for 10 minutes. The lane with the molecular weight markers

was stained with amido black 10B.

Post transferred gels were stained with 0.01% Coomassie Brilliant Blue-R 250 in

50% methanol : 10% glacial acetic acid for 1 hour  and  destained with 50%

methanol : 10% glacial acetic acid for 15 minutes.



59

Myosin heavy chain in the post transferred gel of each muscle served as the

loading control. Gels and blots were image analyzed with software developed in-

house that correlated with Bio-Rad Quantity One Quantitation software version 4

(r = 0.8).

Diagnostic calpain 3 and dysferlin bands on Western blots

Calpain 3: Calpain 3 antibody (G-20) was from Santa Cruz Biotechnology,

USA. It is a goat polyclonal antibody raised against a peptide mapping within an

internal region of human calpain 3. The antibody detects full fragment calpain-3

at 94KDa, autolysed fragments of calpain-3 at 60-68 KDa and a 30KDa subunit

of Calpain 3 (28,29,36).

Dysferlin: Dysferlin antibody (C-19) was from Santa Cruz Biotechnology, USA.

It is a goat polyclonal antibody raised against a peptide mapping within an

internal region of human dysferlin. The antibody detects dysferlin at 230KDa.
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Study 2

2.2.2 Methods to study mechanisms of muscle wasting in LGMD 2A and

dysferlinopathy: the role of oxidative and nitrosative stress, NF-κB signaling

and the ubiquitin-proteasome system

To understand the mechanisms of muscle wasting in LGMD, 11 LGMD 2A, 15

dysferlinopathic and 11 non LGMD control muscle biopsies from 276 muscle

biopsies analyzed for LGMD and 8 normal control muscles were assessed and

compared for protein status, NF-κB, ubiquitin and oxidative and nitrosative

stress. Proteins were detected and estimated by Western blots and and mRNA by

RT-PCR. Oxidative and nitrosative stress were estimated by standard

spectrophotometric assays.

SDS PAGE for muscle protein profile

3.5-12% SDS PAGE with 20µg of NCP was carried out as described in section

2.2.1. Gels were stained for protein with 0.01% Coomassie brilliant blue-R 250.

Actin and myosin heavy chain were identified by their molecular weights, 43

KDa and 205 KDa respectively. Gels were image analysed as given in section

2.2.1.

Western blots

Western blots were carried out as described in section 2.2.1 except for the

following modifications: 50-100µg non-collagen protein was subject to SDS-

PAGE and electroblots. Individual blots were probed with antibodies to

nitrotyrosine, nitrocysteine, NF-κBp65, MAFbx, MURF-1, IKKβ and ubiquitin

at 1:2000 dilution and anti-GAPDH antibodies at 1:20,000 dilution, followed by
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biotinylated anti-IgG and streptavidin peroxidase at dilutions of 1:1000. GAPDH

was the loading control in these studies.

Gene expression analysis of NF-κB by Reverse transcription - Polymerase

Chain Reaction (RT-PCR)

RNA Extraction from muscle

Muscle, 15-20mg, was finely minced and homogenized in 1ml of Tri reagent

with 25 up and down strokes using a motor driven pestle in eppendorf tubes.

The homogenate was mixed thoroughly with 0.2ml of chloroform for 30 seconds

and centrifuged at 12000 g for 15 minutes at 4oC. The aqueous upper phase was

carefully aspirated and RNA was precipated with 0.5ml of isopropanol. The

tubes were allowed to stand for 5-10 minutes at 25oC, centrifuged at 12000 g for

10 minutes at 4oC. The white RNA pellet was washed with 75% ethanol,

centrifuged at 7,500 g for 5 minutes. After discarding the ethanol, the RNA pellet

was air dried and dissolved in 30µl of diethyl pyrocarbonate (DEPC) treated

water.

Quantitation of extracted RNA

2µl of RNA was dissolved in 1ml of diethylpyrocarbonate (DEPC) treated water

and absorbance read at 260/280nm against DEPC treated water blank.

RNA concentration was calculated using the formula

[RNA] µg/ml = A260 x dilution x 40

Where 40 = Average extinction coefficient of RNA (40µg/1 A260)

The purity of the sample was determined by A260/280. RNA samples having

A260/280 ratio of 1.8 - 2.0 were used in the study.
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MOPS electrophoresis to determine RNA integrity

The integrity of the RNA preparation was assessed by denaturing with

formamide and separation by 3-(N-morpholino) propanesulfonic acid (MOPS) -

formaldehyde agarose gel electrophoresis (219).

Reagents

Formaldehyde (37% W/V), formamide, 0.5M EDTA pH 8.0, ETBr, (10mg/ml),

glycerol.

MOPS buffer (10X): 0.2M MOPS pH 7.0, 20mM sodium acetate, 10mM EDTA

autoclaved and kept in the dark.

RNA sample denaturing buffer: 1ml formamide + 0.35ml 37% formaldehyde +

0.2ml of 10X MOPS buffer.

RNA loading buffer: 50% glycerol + 1mM EDTA + 0.4% bromophenol blue.

1% agarose gels containing 2.2M formaldehyde: Dissolve 1g agarose in 72ml of

DEPC treated water by heating at 55oC, and then add 10ml of 10X MOPS buffer

and 18ml formaldehyde and cast gel.

RNA (2.5 - 5.0µg) was mixed with 2 volumes of RNA sample buffer, 1µl

ethidium bromide (ETBr), heated to 65oC for 5 minutes to denature RNA and

cooled on ice for 2 minutes. RNA loading buffer (2µl) was added and the sample

subject to electrophoresis in 1X MOPS buffer at 75V current until the dye had

migrated three fourth of the gel. 23S and 18S RNA bands were visualized by UV

trans-illumination. Samples with a ratio 2:1 of 23S : 18S were used.
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NF-Bp65 and Actin cDNA preparation and amplification

To 2.0µg of RNA, 1.0µl hexamer primer (200ng/µl) was added and the volume

made upto 10µl with DEPC treated water, incubated at 650C for 5 minutes and

chilled on ice immediately to denature the secondary structures. To this 2.0µl of

10X M-MuLV reverse transcriptase reaction buffer, 1.0µl dNTPs (10mM), 0.5µl

ribonuclease inhibitor (100 U), 0.5µl M-MuLV reverse transcriptase (100 U)

were added, made upto 20µl with DEPC-treated water and incubated at 370C for

1.20 hours. The reaction was stopped by heating at 950C for 5 minutes.

PCR

1-5µl of reverse transcription product was amplified in a reaction mixture

containing 7.5µl of Red dye master mix (Taq polymerase, dNTPs, MgCl2, 2X

concentrated), 1.0µl (20pmoles) primers specific for NF-κB and actin, made up

to 15µl with DEPC-treated water.

PCR reaction conditions were as follows: Initial denaturation at 95oC for 4

minutes, denaturation at 95oC for 30 sec, annealing at 61oC for 45 sec for NF-B

and  actin and extension at 72oC for 1 minute. β-Actin was amplified through 25

cycles and NF-B through 30 cycles. Final extension was at 72oC for 5 minutes.

Amplified products were resolved on 2% agarose gel electrophoresis, stained

with ethidium bromide, images captured using GelStan Image analyser,

Germany and analyzed using imaging software developed in house as described

section 2.2.1.

To ensure the linearity of PCR reactions, standard curves were established by

amplification of cDNA (15-35 cycles) for NF-B and housekeeping gene
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β-actin. Gene specific primers were designed for NF-B p65 and β-actin from

reported sequences in Genbank and using Primer 3 Bioinformatics software.

(NF-B: Left primer- 5'-TCTGCTTCCAGGTGACAGTG-3' and Right primer -

5'-GAAGATCTCATCCCCACCAA -3'.  Product size - 164bp;

β actin: Left primer - 5'-TCCCTGGAGAAGAGCTACG-3' and Right primer - 5'

- TAGTTTCGTGGATGCCACA-3'. Product size - 130bp).

Oxidative and nitrosative stress

Lipid peroxidation

Lipid peroxidation was assayed by estimation of malondialdehyde (MDA),

formed by the thiobarbituric acid reaction (TBARS reaction), in muscle

homogenized in 10 volumes of 1.15% KCl. A reaction mixture of 100µl muscle

homogenate, 1.5ml acetic acid (20% pH 3.5), 200µl SDS (8%), 1.5ml

thiobarbituric acid (0.8%) and 700µl, was heated for 1 hour at 95oC. Samples

were cooled to 25oC, spun at 12000 g for 10 minutes and MDA levels in the

supernatant read at 535nm (220). Lipid peroxidation was expressed as nmol

MDA/gm tissue using tetra methoxy propane as standard.

Protein thiols

Muscles were homogenized in 10 volumes of phosphate buffered saline (PBS)

and spun at 1000 g for 10 minutes at 4oC. Fifty microlitres of the supernatant

were precipitated with 1ml of 10% TCA and spun at 5000 g for 10 minutes. To

the pellet 1ml of 0.1M Tris HCl pH 7.4, 2ml of 0.2M Tris HCl pH.8.6 and 30µl

10mM 5,5'dithiobis-2-nitrobenzoic acid (DTNB) were added and the reaction

incubated for 15 minutes in the dark at 25oC. Color development was read at
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412nm (120). Protein thiols were expressed as nmol of 5-thio-2-nitrobenzoic

acid/mg protein calculated from the molar extinction coefficient of 5-thio-2-

nitrobenzoic acid of 13,600 /M/cm at 412nm.

Reduced glutathione (GSH)

Muscle was homogenized in 10 volumes of 5% trichloroacetic acid containing

5mM EDTA, spun at 13000 g for 20 minutes at 4oC and GSH estimated in the

protein free supernatant (121). A reaction mixture of 200µl protein free

supernatant, 800µl 0.4M Tris HCl pH 8.9 and 40µl 10mM DTNB in 100%

methanol were incubated in the dark for 5 minutes and colour developed read at

412nm. Units of GSH were expressed as nmol/gm tissue calculated from the

molar extinction coefficient of 5-thio-2-nitrobenzoic acid of 13,600 /M/cm at

412nm.

Muscle nitrite

Nitric oxide (NO) was estimated in muscle from levels of nitrate, the stable end

product of NO, reduced to nitrite and assayed by the Greiss reaction (20).

Muscles were homogenized in 10 volumes of PBS and spun at 5000 g for 10

minutes.  To 50µl supernatant, 150mg of copper/cadmium alloy was added and

incubated at 25oC for 1 hour with thorough shaking. The reaction was stopped by

addition of 100µl 0.35N sodium hydroxide and 400µl 120mM zinc sulphate and

spun at 2000 g for 10 minutes. To 500µl supernatant 250µl 1% sulfanilamide in

3N HCl and 250µl of 0.1% napthylethylene diamine were added and color

development read at 545nm (221). Units were expressed as nmoles nitrite/mg

protein read against a NaNO2 standard.
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Source of ROS and oxidative stress in LGMD muscle - NADPH oxidase

To understand if NADPH oxidase is the source of oxidative and nitrosative stress

of LGMD muscle, NADPH oxidase activity and levels of NADPH oxidase p40,

a subunit of muscle specific isoform of NADPH oxidase, were analysed.

NADPH oxidase activity

A known weight of muscle was homogenized in 10 volumes of ice cold PBS

containing 3% PMSF at 4oC and spun at 14,000 g for 25 min.  Fifty microliters

of the supernatant were incubated with 2.5 mM NADPH for 30 minutes at 37oC

and the reaction stopped with 8µM diphenylene iodonium (DPI) in 0.1% DMSO.

NADPH utilization was monitored by the decrease in absorbance at 340nM

compared to the corresponding blank in which NADPH was added after the

addition of DPI. The absorption extinction coefficient of NADPH of 6.22

mM−1 cm−1 at 340nM was used to calculate the amount of NADPH consumed

(222). Results were expressed as pM NADPH oxidized/mg of NCP.

Statistical analysis: Tests of significance were performed by the Student’s t test

for parametric (Normal distribution or non-skewed data) and by the Mann-

Whitney test for non parametric groups using statistical software SPSS Version

16.0. A probability of < 0.05 was considered significant.
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Study 3

2.2.3 Methods to study biochemical pathways that differentiate wasted and

spared muscles in LGMD

Cellular mechanisms that may govern muscle wasting of muscular dystrophies

include oxidative and nitrosative stress, antioxidants and activation of the

ubiquitin-proteasome system (15,69). To understand if these systems also

contribute to selective muscle wasting that occurs in muscular dystrophy, they

were compared between wasted and spared muscle of a patient with Miyoshi

myopathy.

Patient

The patient was a 22 year old male who presented with a 4 year history of pain in

his calf, thigh and gluteal muscles, while walking. Subsequently he developed

thinning and weakness of calf muscles and later of the thigh muscles. He had no

weakness of upper limbs or ankle musculature. He was born of a

nonconsangenious union and had no family history of such illness. Neurological

examination  revealed  marked  bilateral  wasting  of  the  calf  muscles,  foot

muscles, hamstring  and quadriceps. Motor power of the upper limbs and axial

muscles were normal. The lower  limbs  had marked weakness  of  the  plantar

flexion  of  the  ankle  (Medical Research Council grade (MRC) 3/5)  and  the

other groups of muscles had an MRC 4/5. Deep tendon reflexes were absent at

the ankles. He had a waddling gait and could not walk on his toes.  His  serum

creatine  kinase  was  9431  units/litre  and  the EMG  was  supportive  of  a

myopathic process. A provisional diagnosis of a proximodistal type of LGMD,
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most possibly dysferlinopathy, was considered and henunderwent a

musclenbiopsy of  his right  gastrocnemius  muscle. The  right gastrocnemius

muscle showed  loss  of  architecture  and  replacement  by  adipose  tissue  and

collagen. Six months later Mangetic Resonance Imaging (MRI) of the lower

limbs suggested the need of a muscle biopsy of the left hamstring muscle.

Muscle biopsies

Muscle biopsies were obtained for routine diagnostic histopathology,

immunohistochemistry and western blot analysis from the patient diagnosed with

Miyoshi myopathy. The first biopsy was from the  right  gastrocnemius muscle

and  a  second  biopsy,  six months  later,  from  the  left  hamstring muscle.

Normal muscle was obtained from five patients undergoing surgery for clubfoot

correction and served as controls. All muscle samples were obtained with

informed consent.

Histology and immunocytochemistry

For  histology, muscles were  fixed  in  10%  neutral  buffered  formalin,

processed  routinely  and  4μ sections of paraffin embedded tissue cut and

stained with haematoxylin and eosin (H&E). For immunohistochemistry,

muscles were snap frozen in isopentane, cooled in liquid nitrogen and 5μ cryostat

sections prepared.  Individual  slides  were  stained  with  H&E,  modified

Gomori’s trichrome  and  enzyme  histochemical  stains  as  part  of  routine

processing  of  muscle  biopsies. Immunohistochemical  localisation  of

dystrophin  and  sarcoglycans  was  carried  out  on  cryostat sections  using

monoclonal  dystrophin  2  and  3  antibodies  at 1:10  dilution  and  monoclonal
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sarcoglycan  antibodies  α,  β,  γ,  at  1:  100  dilution  and  δ  at  1:50  dilution,

all from Novocastro, Newcastle, UK, and  developed  by  the streptavidin-

peroxidase method.

Catalase

Catalase was kinetically assayed at 240nm by following the decomoposition of

13µM H2O2 in 50mM potassium phosphate buffer pH 7.0 for 3 minutes with the

addition of 25µl of muscle supernatant prepared as given in (NADPH oxidase)

section 3.2.2. Enzyme units were defined as µmoles H2O2

decomposed/minute/mg protein using the molar extinction co-efficient of H2O2

of 43.6/M/cm at 240nm (223).

SDS-PAGE and Western blots for ubiquitin, NF-κB, E3 ligases and nNOS, RT

PCR for NF-κB and β Actin and spectrophotometric assays for oxidative and

nitrosative stress and anti-oxidants were carried out as described in Section 2.3.1.
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Study 4

2.2.4 Methods to determine if curcumin protects myoblasts from oxidative

stress mediated cell death and stimulate myoblast regeneration: Studies

towards the development of treatment for muscular dystrophies especially

LGMD.

Our studies have shown that oxidative and nitrosative stress, NF-κB activation

and up-regulation of protein ubiquitinylation occur in LGMD dystrophic muscle.

Although it is known that oxidative stress induces myocyte death (224), our

studies do not clarify the sequential order of these events in LGMD muscle.  A

leading hypothesis of myocyte death in muscular dystrophies is raised cytosolic

Ca2+. The relationship between cytosolic Ca2+, oxidative stress and NF-kBp65 in

muscle wasting is not known and difficult to analyze in muscle biopsies.

To treat LGMD, the drug of choice would be that which inhibits all pathways of

myocyte death and induces muscle regeneration to improve muscle mass. A

molecule that may prevent the pathogenic mechanisms of LGMD is the

polyphenolic nutraceutical, curcumin. It is an anti-oxidant and inhibits

inflammation, NF-κB activation, nitric oxide synthase and induces myoblast

division. Curcumin is in various clinical trials and is safe at high doses in

humans.

These properties of curcumin were considered suitable to delineate the sequence

of reactions that lead to protein degradation and myoblast death in muscular

dystrophies.
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Study outline

The study was carried out in a rat myoblast cell line and in rat and human

primary myoblast cultures. The myoblasts were studied under 3 different

conditions (groups) to determine the sequence of pathogenic reactions leading to

myocyte death in muscular dystrophies.

1. Group 1. Normal myoblasts (controls) were subjected to oxidative stress and

assessed for oxidative damage, NF-κB activation, intracellular Ca2+, NO,

ubiquitin levels and cell death.

2. Group 2. Myoblasts knocked down for NF-κB and subjected to oxidative

stress were assessed similar to the control cells in Group 1.

3. Group 3. Myoblasts treated with curcumin and subject to oxidative stress were

assessed similar to the control cells in Group1.

Oxidative stress was induced by H2O2 and NF-κB knock down by silencing with

siRNA. Oxidative damage was estimated by lipid peroxidation. NF-κB and

ubiquitin were assayed for protein levels by Western blots and mRNA by RT-

PCR. Intracellular Ca2+ and NO were probed by fluorescence live cell imaging

and cell death determined by phase contrast microscopy. Analysis was by

comparing data between the 3 groups of myoblasts.
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Methods

Primary myoblast cultures from fresh rat and human muscle according to

www.eurobiobank.org SOPs.

Materials:

Autoclaved surgical instruments for microdissection, media for collecting

biopsy, DMEM Proliferating medium pre-warmed to 37°C, PBS 10X without

Ca2+ or Mg2+, Petri dishes 100 mm, Pasteur pipettes.

Medium for collecting muscle biopsy

Dulbecco's Modified Eagle Medium (DMEM) 500 ml

Penicillin-streptomycin solution 100x 6.25 ml

Gentamicin (50 mg/ml) 0.5 ml

Fungizone  (250µg/ml) 5 ml

Filter and store at +4°C, up to 2 months.

DMEM Proliferating medium

DMEM 390 ml

Foetal bovine serum 100 ml

Penicillin-streptomycin solution 100X 5 ml

Insulin (10 µg/ml final) 5 ml

L-glutamine 2mM 5 ml

Human basic fibroblast growth factor 25 ng/ml

Epidermal growth factor 10 ng/ml

Filter and store at +4°C, up to 1 month.
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Procedure

1. Place the fresh muscle biopsy (10 - 15mg) immediately in a 15 ml sterile

plastic tube containing 10 ml of medium for biopsies.

2. In the Laminar flow hood keep two 100 ml Petri dishes with 10 ml of

proliferating medium, one dish with 10 ml of sterile PBS (with no calcium and

no magnesium salts) and one empty dish.

3. Empty the biopsies plus medium into one of the empty Petri dishes.

4. Place the biopsy on the lid of the Petri dish.

5. Using sterile tweezers, scissors and scalpel remove as much adipose tissue,

connective tissue and blood vessels, as possible from the biopsy material.

6. Wash in PBS once or twice.

7. Wash in proliferating medium and again place the specimen on the Petri dish

lid and remove any remaining adipose, connective tissue and blood vessels.

8. Wash the specimen, now free of extraneous tissue, in proliferating medium.

9. Place the specimen on the Petri dish lid and mince with the scalpel.

10. Collect the minced tissue on scissor tips and place in 25 cm2 culture flask.

11. Add 5 ml proliferating medium without disturbing tissue, close the lid of the

flask and place in CO2 incubator.

12. After a week replace the culture medium with fresh medium. From this point

on replace the culture medium three times a week.

13. The muscle cells will start to grow from the minced fragments in 8-15 days.

When cells reach confluency, trypsinize and reseed in Petri dishes for

proliferation.
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Silencing NF-B of rat myoblasts - standardization

Eighty thousand cells (L6 and rat primary myoblasts) were seeded per well of a

24 well culture plate and grown for 24 hours in DMEM +5%FBS in 5%CO2 /

95% air at 37oC. On reaching 30% confluency cells were incubated for 24 and 48

hours with 30, 60 and 120nM NF-B siRNA (liposomes of 1 part siRNA

dissolved in sterile water and 2 parts liposome) (siRNA kits from Sigma Aldrich,

USA). All silencing cultures were in transfection medium, i.e. Optimem from

Invitrogen, USA. The Optimem medium is a modification of Eagle's Minimum

Essential Media, buffered with HEPES and sodium bicarbonate. Cell cultures

were run to control for the effects of optimem and liposomes used for

transfection of siRNA. Optimal NF-B silencing was obtained with 60nM

siRNA. This concentration was used in further studies using L6 cell lines and rat

primary myoblast cultures.

Determination of H2O2 LD50 for rat L6 myoblasts and primary muscle cells

– for induction of oxidative stress

Day 1: 80,000 cells were seeded per well in 24 well culture plates and grown in

DMEM + 5%FBS in 5%CO2 / 95% air at 37oC.

Day 2:  H2O2 at 0, 0.1, 0.2 to 5.0mM, added to different wells and cells grown

for further 24 hours.  (9.7M H2O2 stock diluted with DMEM media just before

the experiment). At the end of 24 hours cell death analyzed by the MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay in microtitre

plates.



75

MTT assay

Cells, washed with PBS, were suspended in 150µl PBS and 6µl MTT (1.25mM)

and incubated for 20 minutes at 25oC. DMSO (150µl) added to lyse the cells and

the lysate read at 570nm. Absorption was plotted against cell survival to

determine H2O2 LD50.

Oxidative stress, silencing of NF-kB and curcumin treatment of rat L6

myoblasts and rat and human primary myoblasts.

Myoblasts (80,000 cells/well in 24 well culture plates) were cultured in 500µl

Dulbecco's Modified Eagle Medium (DMEM) with 5% fetal bovine serum (FBS)

at 37oC in 5% CO2/95% air.

For live cell imaging the myoblasts were cultured similarly but grown on 35mm

glass bottom Petri dishes and not in 24 well culture plates.

All cells were cultured for 24 hours for adherence and treated in 3 groups as

follows:

Group I: a. Normal control cells grown in DMEM medium for 48 hours.

b. Normal control cells grown in DMEM medium for 24 hours,

subjected to oxidative stress by exposure to 0.6mM H2O2 for 24

hours.

Group II: Myoblasts knocked down for NF-B

a. Normal cells grown in DMEM for 24 hours and silenced for NF-B

with 60nM NF-B specific siRNA for 24 hours.
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b. Normal cells silenced for NF-B with 60nM NF-B specific siRNA

for 24 hours and subjected to oxidative stress by exposure to 0.6mM

H2O2 for 24 hours.

Group III: Myoblast treated with curcumin

a. Normal cells grown in DMEM for 24 hours and treated with 10µM

curcumin for 24 hours.

b. Normal cells treated with 10µM curcumin for 24 hours and subjected

to oxidative stress by exposure to 0.6mM H2O2 for 24 hours.

Media was removed from all wells at the end of culture and cells washed with

PBS twice prior to further testing.

Lipid peroxidation

Lipid peroxidation was assayed in rat L6 cells by the method of TBARS as

described in Section 2.2.2 to assess oxidative stress.

Western blots for NF-κB and Ubiquitin

L6 cells were washed with PBS, lysed with 500µl 0.125M Tris/HCl buffer pH.8/

well and 10µl of the lysate subjected to SDS-PAGE and Western blots for

ubiquitin, NF-B and GAPDH, as given for muscle biopsies in Section 2.2.2.

Post-transferred SDS-PAGE gels were stained for protein with Coomassie

Brilliant Blue R. Gels and blots were image analyzed to quantify protein and

ubiquitin levels as given in Section 2.2.2.
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RT PCR for NF-κB and GAPDH

RNA was extracted from all cell cultures with Tri reagent from Sigma Aldrich,

USA and cDNA was synthesized from mRNA as described for muscle biopsies

in Section 2.2.2.

NF-B and GAPDH were amplified by RT-PCR using specific primers as given

in Section 2.3.2. Primers were designed using Primer 3 software.

(NF-B: Left primer- tctgcttccaggtgacagtg and Right primer -

gaagatctcatccccaccaa. Product size - 164bp;

GAPDH; Left primer - agacagccgcatcttcttgt and right primer -

cttgccgtgggtagagtcat. Product size - 207 bp).

Myoblast number

L6 and rat primary myoblast cultures were analyzed for cell death (number of

cells that remain attached to the dish were considered alive) by phase contrast

microscopy using a Leica DMI 6000 B inverted fluorescence research

microscope.

Live cell imaging for intracellular calcium and nitric oxide in L6 myoblasts,

rat and human primary myoblasts

Live cell imaging is the study of living cells using images acquired from imaging

systems such as microscopes. It is used to give a better view of biological

function through the study of cellular dynamics. To understand the role of

intracellular calcium, oxidative stress and NF-κB in myoblast death and to check

the applicability of curcumin as a therapeutic agent against muscle cell death,
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live cell imaging was carried out in rat and human myoblast cultures subjected to

oxidative stress.

Fluorophores

Fluorophores are fluorescent molecules, whose functional groups absorb energy

of a specific wavelength and re-emit energy at a different wavelength. When a

photon excites a fluorophore, its electronic and vibrational energy levels are

raised. When the fluorophore relaxes to the ground state, the fluorophore releases

energy in the form of a photon. Energy is lost during the process, so the photon

emitted by the fluorophore is of a lower energy (i.e. longer wavelength) than that

absorbed (termed the Stokes shift or Stokes law). The intensity and wavelength

of the emitted energy depend on both the fluorophore and its chemical

environment.

Intracellular calcium and NO flourophores

Fluorescent probes that show a spectral response upon binding Ca2+ or NO help

investigate changes in intracellular free Ca2+concentrations and NO generation

using fluorescence microscopy.

Fluo 4 AM - Fluorescent probe for cytosolic calcium: Fluo 4 AM is a membrane

permeable Ca2+ indicator that does not bind Ca2+, but when hydrolysed to Fluo 4

by cytoplasmic esterase binds Ca2+. Fluo-4 AM is an improved analog of Fluo-3

AM with the two chlorine substituents replaced by fluorines. This minor

structural modification results in a dye that loads faster and is brighter and

excited and emited at λEx488nm/λEm514nm (225).
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Rhod 2 AM - Fluorescent probe for mitochondrial calcium: Rhodamine

derivative rhod-2 is useful to distinguish between cytosolic and mitochondrial

Ca2+ transients in intact cells. Due to its positive charge Rhod 2 readily

accumulates in mitochondria in all cellular models and displays a single

wavelength modulation of intensity upon Ca2+ binding. A clear advantage of this

dye is that its λEx550nm/λEm580nm allows its use with cytosolic Ca2+-sensitive

dyes (226,227).

4-Amino-5-methylamino-2′,7′-difluorofluorescein (DAF-FM) is a photo-stable

fluorescent probe for the detection of nitric oxide (Sigma-Aldrich, USA). It is

excited and emited at λEx495nm/λEm515nm (228).

Live cell imaging of L6 myoblasts, rat and human primary myoblasts for

intracellular calcium and of L6 myoblasts for Nitric oxide

Myoblasts (L6 cell lines, rat and human primary cultures, 80,000 initial cells in

2ml) were cultured as described earlier but grown on 35mm glass bottom Petri

dishes.

Live cell Imaging

Fluorescence images were taken using a Leica DMI 6000 B inverted

fluorescence research microscope.

On the day of imaging

1. Remove DMEM media and wash Petri dishes with sterile PBS.

2. Add 1ml of DMEM media without FBS/bicarbonate to the petri dishes.

3. Add fluorophores to the appropriate group of cells as follows:
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a) Fluo-4 4µl/ml  (5mM dissolved in DMSO),

b) Rhod-2 4µl/ml (5mM dissolved in DMSO),

c) DAF-DC 2µl/ml (5mM dissolved in DMSO).

4. For the calcium fluorophores incubate the cells for 20 minutes at 37oC in the

CO2 incubator.

6. Before imaging discard the media and wash the cells with Ringer's buffer.

7. Add 1ml of Ringer's buffer and capture images at specific wavelength of each

fluorophore.

8. For the NO fluorophore time lapse images were captured immediately at 0 and

at 1 and 3 minutes at the specific wavelength.

9. All images were quantified with Image J software (Java-based image

processing program developed at the National Institutes of Health,

rsbweb.nih.gov/ij).
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CHAPTER 3

RESULTS
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Study 1

3.1 Laboratory diagnosis and frequency of LGMD 2A and dysferlinopathy

among muscular dystrophies of patients attending Christian Medical College

Hospital, Vellore.

Western blots were standardized for the detection of calpain 3 and dysferlin in

human skeletal muscle.

Calpain 3 was detected as a full fragment at 94KDa, autolysed peptides at 60-

66KDa and the regulatory subunit at 30KDa on Western blots. Calpain 3 was

considered present in muscle on detection of one or more of these proteins on

Western blots. In this study detection on Western blots of the 94KDa, 60-66 KDa

and 30KDa proteins or 94KDa and 30KDa or 60-66KDa and 30KDa proteins were

considered to indicate the presence of functional calpain 3 in muscle (Figure

3.1.1a and 3.1.1b).

Dysferlin was detected at 230KDa. Dysferlin was considered present in muscle on

detection of a protein band at 230KDa on Western blots (Figure 3.1.1a and

3.1.1b).
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Based on a clinical profile indicative of calpainopathy absence or reduction of

calpain 3 bands at 94, 60-66 and 30 KDa was noted in 5.0% (14/276) of the total

muscle biopsies analyzed (Figure 3.1.2).

The absence or reduction of dysferlin at 230 KDa was noted in 15.0% (41/276) of

all muscle biopsies analyzed (Figure 3.1.2).

Among all LGMD 2A and dysferlinopathy patients in this study, classified based

on Western blot analysis, 76% (42/55) were males and 24% (13/55) were females.

Among patients determined to have LGMD 2A based on Western blots, 86%

(12/14) were males and 14% (2/14) were females (Figure 3.1.3).

Among dysferlinopathic patients, determined by Western blots, 73% (30/41) were

males and 27% (11/41) were females (Figure 3.1.4).
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Three of 14 LGMD 2A patients had creatine kinase (CK) > 15,000 IU (normal

range of CK: 45-195 IU). Four of 41 dysfelinopathic patients had CK > 15,000 IU

(Table 3.1.1).

The average age of onset of symptoms in LGMD 2A patients was 15 ± 9 years

(Mean ± SD) and of dysferlinopathic patients 15 ± 10 years (Mean ± SD). The

average age at presentation to hospital for LGMD 2A patients was 23 ± 16 years

(Mean ± SD). The average age at presentation for dysferlinopathic patients was 22

± 13 years (Mean ± SD).
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Study 2

3.2 Mechanisms of muscle wasting in LGMD 2A and dysferlinopathy: the role

of oxidative and nitrosative stress, NF-κB signaling system and the ubiquitin-

proteasome system

Protein status of LGMD muscle

Non-collagen protein levels were reduced 34% in LGMD 2A (p<0.003) and 45%

in dysferlinopathic muscle (p<0.0004) compared to normal control muscle (Table

3.2.1).

There was no difference between myosin and actin content of normal control and

LGMD 2A and dysfelinopathic muscle (Figure 3.2.1) (Table 3.2.1).
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Protein degradation in LGMD muscle - The ubiquitin-proteasome system

Protein ubiquitinylation was increased 2 fold in LGMD 2A (p<0.01), 1.7 fold in

dysferlinopathic muscle (P<0.03) and 2.2 fold in non-LGMD muscle (p<0.005)

compared to normal control muscle (Figure 3.2.2) (Table 3.2.2).
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Muscle specific E3 Ubiquitin ligase MAFbx protein level was increased 3.3 fold in

LGMD 2A compared to control (p<0.008) (Figure 3.2.3) (Table 3.2.2). MURF 1

ligase protein level was also increased 3.4 fold in LGMD 2A compared to control

muscles (p<0.03) (Figure 3.2.4) (Table 3.2.2).

In dysferlinopathic muscle MAFbx and MURF 1 protein levels were not

significantly changed compared to control muscle (Table 3.2.2).

In non-LGMD muscle although there was no change in MURF 1 protein levels

MAFbx protein levels were reduced 77% compared to normal control muscle

(p<0.04) (Table 3.2.2).
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Oxidative stress in LGMD muscle

Lipid peroxidation was elevated 2.5 fold and reduced glutathione 1.9 fold

(p<0.005) but not protein thiols in the LGMD 2A muscle in comparison to control

muscle (Table 3.2.3).

Lipid peroxidation, protein thiols and reduced glutathione were increased 2.8 fold,

1.3 fold and 1.9 fold respectively in dysferlinopathic muscle compared to control

(Table 3.2.3).
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Nitrosative stress in LGMD muscle

Muscle nitrite was increased 1.9 fold (p<0.05) in LGMD 2A muscle compared to

control muscle. Protein nitro-tyrosinylation of 56KDa protein(s) was increased 4.1

fold in LGMD 2A muscle compared to control muscle (p<0.02) (Table 3.2.4).

There was no difference in protein nitro-cysteinylation between LGMD 2A and

normal control muscle (Figure 3.2.5) (Table 3.2.4).

In dysferlinopathic muscle, nitrite was increased 1.9 fold and protein nitro-

tyrosinylation of 56KDa protein(s) 1.8 fold (p<0.04) compared to normal muscle

(Figure 3.2.5) (Table 3.2.4).

Protein nitro-cysteinylation did not differ between dysferlinopathic and normal

control muscles (Figure 3.2.6) (Table 3.2.4).
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Source of oxidative stress in LGMD muscle - role of NADPH oxidase

NADPH oxidase (NOX) activity was elevated 28 fold in LGMD 2A compared to

normal control muscle (p<0.008). gp91phox (NOX 2) mRNA was highly expressed

in LGMD 2A compared to normal control muscles where it was undetectable

(p<0.004) (Figure 3.2.7) (Table: 3.2.5). Regulatory component of NADPH

oxidase gp40 protein and mRNA levels did not differ between LGMD 2A and

controls muscles (Figure 3.2.8) (Table 3.2.5). NOX activity was elevated 35 fold

in dysferlinoapahtic muscle compared to normal control muscle (p<0.004).

Catalytic component of NOX, gp91phox (NOX 2) mRNA was also elevated in

dysferlinopathy compared to normal control muscle where it was not detected

(p<0.005) (Figure 3.2.7) (Table: 3.2.5). NOX gp40 protein and mRNA levels did

not differ between LGMD 2B and controls muscles (Figure 3.2.8) (Table 3.2.5). In

non-LGMD muscle NADPH activity were two fold higher than normal control

muscle. There was mild increase in expression of gp91phox (NOX 2) mRNA in non-

LGMD muscle compared to control muscle (p<0.03) (Table: 3.2.5).

Table 3.2.5 NADPH oxidase, NOX-2 and p40 in LGMD 2A and dysferlinopathic muscle

Parameter Unit Normal
muscle

LGMD 2A
muscle

Dysferlinopathic
muscle

Non LGMD
muscle

MEAN ± SD (p compared to normal muscle)
NADPH
oxidase

µmoles/l/mg
protein

5.0 ± 2.7
(n=5)

138 ± 110 (n=5)
p< 0.008

175 ± 214 (n=6)
p< 0.004

10 ± 5.3 (n=4)

NOX-2/
Actin

RT PCR -
Arbitrary Units

0
(n=5)

1.9 ± 1.0 (n=5)
p<0.005

2.93 ± 1.77 ( n=6)
p<0.004

0.34 ± 0.3 (n=4)
p<0.03

p40/Actin RT PCR -
Arbitrary Units

0.42 ± 0.13
(n=5)

0.76 ± 0.48 (n=5) 1.5 ± 0.9 (n=6) 0

p40/
GAPDH

Blot -
Arbitrary Units

1± 0.27
(n=7)

0.85 ± 0.28 (n=5) 0.9 ± 0.23 (n=5) 0
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NF-κB pathway in LGMD muscle

NF-kBp65 protein was increased 6.6 fold in LGMD 2A muscle compared to

normal control muscle (p<0.009) (Figure 3.2.9) (Table 3.2.6). IKKβ protein levels

were elevated in LGMD 2A muscle compared to normal control muscle where they

were not detected (p<0.006) (Figure 3.2.9) (Table 3.2.6).

NF-κBp65 protein was increased 3.5 fold (p<0.01) and mRNA 1.5 fold (p<0.04) in

dysferlinopathic muscle compared to control muscle. IKKβ protein levels were

elevated in dysferlinopathic muscle compared to normal control muscle where they

were not detected (p<0.01) (Figure 3.2.9 and 3.2.10) (Table 3.2.6).

In non-LGMD muscle NF-kBp65 protein was increased 2.4 fold compared to

normal control muscle (p<0.01) (Figure 3.2.9) (Table 3.2.6). IKKβ protein levels

were elevated in non-LGMD muscle compared to normal control muscle where the

protein was not detected (p<0.02) (Figure 3.2.9) (Table 3.2.6).

Table 3.2.6 NF-κB and IKKβ in LGMD 2A and dysferlinopathic muscle

Parameter Unit Normal muscle LGMD 2A
muscle

Dysferlinopathic
muscle

Non LGMD
muscle

MEAN ± SD (p compared to normal muscle)
NF-B p65/
GAPDH

Blot -
Arbitrary Units

0.20 ± 0.23 (n=8) 1.31 ± 2.3 (n=11)
p<0.009

0.75 ± 0.4 (n=9)
p<0.01

0.47 ± 0.27 (n=9)
p<0.01

NF-B p65/
Actin

PCR -
Arbitrary Units

0.26 ± 0.12 (n=5) 0.16 ± 0.06 (n=5)
p<0.06

0.4 ± 0.07 (n=5)
p<0.04

0.54 ± 0.38 (n=8)
p<0.07

Ikkβ/
GAPDH

Blot -
Arbitrary Units

0 (n=8) 1.0 ± 1.8 (n=9)
p<0.006

0.65 ± 0.5 (n=6)
p<0.01

0.025 ± 0.04 (n=7)
p<0.02
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Study 3

3.3 Biochemical pathways that differentiate wasted and spared muscles in

LGMD to understand selective muscle wasting that occurs in muscular

dystrophies.

Histology of wasted and spared muscle

Histopathology of the spared left hamstring muscle of the patient with Miyoshi

myopathy revealed preserved architecture with myopathic features. The wasted

gastrconemius muscle showed extensive replacement by fibrocollagenous tissue

(Figure 3.3.1).

Protein status in spared and wasted muscle

Non protein content of spared hamstring and wasted gastrocnemius muscle were

reduced 37% and 30% respectively, compared to normal muscle.

Myosin heavy chain and actin levels were normal in the hamstring muscle but

reduced 4 fold compared to normal in the gastrocnemius muscle (Figure 3.3.2)

(Table 3.3.1).
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Protein degradation - The ubiquitin proteasome system in spared and wasted

muscle

Ubiquitinylated proteins were increased 2.6 fold (5135 AU) in hamstring and 1.6

fold (3211 AU) in gastrocneumus muscle compared to normal muscle. MAFbx was

increased 1.9 fold in hamstring muscle but not in wasted gastrocnemius muscle

compared to control. No increase of MURF 1 was observed in either hamstring or

gastrocnemius muscle (Table 3.3.2).

NF-κBp65 pathway in spared and wasted muscle

NF-κBp65 protein increased 4.0 fold in hamstring and 7.0 fold in gastrocnemius

muscle compared to normal muscle (Table 3.3.2).

IKK β was not detected in normal and wasted calf muscle but expressed in spared

hamstring muscle (Table 3.3.2).

Oxidative stress and anti-oxidants in spared and wasted muscle

Lipid peroxidation and protein thiols were 3.5 and 2.5 fold higher in hamsting

muscle compared to normal muscle. Their levels in the gastrocnemius muscle were

less than 1.8 fold higher than normal (Table 3.3.3).

Reduced glutathione was elevated 5 fold in the hamstring muscle and decreased 2

fold in the gastrocnemius muscle compared to normal muscle (Table 3.3.3).

Catalase was elevated 8 fold in the hamstring muscle and 5 fold in the

gastrocnemius muscle (Table 3.3.3).
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Nitrosative stress in spared and wasted muscle

Nitrite levels were elevated 4 fold in hamstring and 6 fold in gastrocnemius muscle

compared to normal (Table 3.3.4).

nNOS levels, determined on Western blots, did not differ from normal in the

hamstring muscle and were not detected in the gastrocnemius muscle (Figure

3.3.3) (Table 3.3.4).

Tyrosine nitration of proteins in the range of 56KDa was 2.3 fold and 5 fold higher

in the hamstring and gastrocnemius muscles respectively compared to normal

muscle (Table 3.3.4). S-nitrosylation of cysteine groups was comparable between

proteins of hamstring and normal muscle (Table 3.3.4). Their levels were 35% less

in the gastrocnemius muscle compared to normal (Table 3.3.4).
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Study 4

3.4 To determine if curcumin protects myoblasts from oxidative stress

mediated cell death and stimulates myoblast regeneration: A study towards

the development of treatment for muscular dystrophies especially LGMD.

Oxidative stress and NF-κB silencing in rat L6 myoblasts

H2O2 (0.6mM) induced 50% cell death in rat L6 myoblasts (Figure 3.4.1).

Lipid peroxidation of rat L6 myoblasts was 15 pmoles /20 million cells. Lipid

peroxidation increased to 83 pmoles/20 million initial L6 cells in myoblasts

subject to 0.6mM H2O2 treatment (Figure 3.4.2).

0.6mM H2O2 increased NF-κBp65 mRNA and protein levels of rat L6 myoblasts

(Figure 3.4.2). NF-κBp65 silencing prevented 0.6mM H2O2 induced expression of

NF-κBp65 mRNA and protein levels in rat L6 myoblasts (Figure 3.4.2).
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Oxidative stress, NF-κB silencing and protein ubiquitinylation in L6

myoblasts

0.6mM H2O2 increased protein ubiquitinylation in rat L6 myoblasts (Figure

3.4.3). NF-κBp65 silencing prevented 0.6mM H2O2 increased protein

ubiquitinylation in rat L6 myoblasts (Figure 3.4.3).

Image analysis of the ubiquitin blots and post-transferred protein stained gels gave

the ubiquitin to protein ratio as 0.68 for control cells, 1.33 for cells treated with

0.6mM H2O2 and 0.77 for cells silenced for NF-κB (Figure 3.4.3).
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Oxidative stress, NF-κB silencing, cytosolic Ca2+ and cell death of L6

myoblasts

0.6mM H2O2 treatment of rat L6 myoblasts increased cytosolic Ca2+ 8 fold

(Figure 3.4.4). 0.6mM H2O2 treatment of NF-κBp65 silenced myoblasts increased

cytosolic Ca2+ 4 fold (Figure 3.4.4).

0.6mM H2O2 treatment of L6 myoblasts reduced cell number (Figure 3.4.5).

0.6mM H2O2 treatment of NF-κBp65 silenced myoblasts did not reduce cell

number (Figure 3.4.5).
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Oxidative stress, cell death, cytosolic Ca2+ and curcumin treatment of rat

primary myoblasts.

0.7mM H2O2 treatment of rat primary myoblasts reduced cell number compared to

untreated cells (Figure 3.4.6). Curcumin (10µM) treatment of rat primary

myoblasts protected against 0.7mM H2O2 induced reduction of cell number and

increased cell number (Figure 3.4.6).

0.7mM H2O2 treatment of rat primary myoblasts increased cytosolic Ca2+ (Figure

3.4.7). Silencing NF-κB or pretreatment of rat primary myoblasts with curcumin

(10µM) prevented 0.7mM H2O2 induced rise in cytosolic Ca2+ (Figure 3.4.7).

Mitochondrial Ca2+ was decreased in rat primary myopblast treated with 0.7mM

H2O2 (Figure 3.4.7). Silencing NF-κB or pretreatment with curcumin (10µM)

prevented 0.7mM H2O2 induced decrease of mitochondrial Ca2+ in rat primary

myoblasts (Figure 3.4.7).
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The effect of curcumin on Cytosolic Ca2+ of human primary myoblast

LGMD dysferlinopathic primary human myoblasts had higher levels of cytosolic

Ca2+ compared to normal primary human myoblasts (Figure 3.4.8).  Curcumin

(10µM) treatment reduced cytosolic Ca2+ in human dysferlinopathic primary

myoblasts (Figure 3.4.8).

Oxidative stress, nitric oxide generation and effect of curcumin on L6 rat

myoblasts.

Curcumin (10µM) reduced basal levels of nitric oxide generation in rat L6

myoblasts. 0.6mM H2O2 increased nitric oxide generation in rat L6 myoblasts

(Figure 3.4.9). Pretreatment with Curcumin (10µM) reduced 0.6mM H2O2

induced increase of nitric oxide in rat L6 myoblasts (Figure 3.4.9).



100

Chapter: 4

Discussion
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Study 1

4.1 Laboratory diagnosis and frequency of LGMD 2A and dysferlinopathy

among muscular dystrophies of Indian patients.

The reliability and advantages of Western blots in the diagnosis of LGMD are well

described by several groups (27,30,36,37,54,63,65). They are found to be

indispensible in the diagnosis of LGMD 2A and dysferlinopathy and especially

useful in centers and among populations where mutation analysis is not available

and/or has not been established. In our study Western blots negative for calpain-3

and dysferlin were found to be useful in confirming clinical diagnosis of LGMD

2A and dysferlinopathy in patients. They were also helpful in distinguishing

secondary absence of these proteins (e.g. secondary reduction of calpain-3 in

dysferlinopathy). False positives and false negatives were not difficulties

encountered with the tests.

Unlike for DMD, there is no comprehensive International Patient Registry for

calpainopathy or dysferlinopathy lending uncertainty to the overall prevalence of

these forms of LGMDs. There are very few reports on the frequency of LGMD in

the Indian population (23,27,30,40). A report from NIMHANS, Bangalore, that

examined 28 muscle biopsies by immunohistochemistry of clinically diagnosed

LGMD patients found dysferlinopathy to be common in India (229). In a clinico-

laboratory study from AIIMS, New Delhi, calpainopathy was detected in 44% of

171 muscle biopsies of patients clinically suspected of LGMD, unclassified



102

muscular dystrophy or myopathy. Western blots negative for full fragment calpain

3 at 94KDa was the laboratory criteria of disease in this study (30).

In a study of 166 patients from Brazil, 24 were deficient for dysferlin on Western

blots. This represtnts a frequency of 14% for LGMD 2B, making it the second most

common form of LGMD in the Brazilian population (54). A study from the United

States on 266 biopsies from a diverse population (approximately 90% White, 5%

Black, and 2.3% Asian-American) showed dysferlinopathy as the major LGMD

(18%) in the United States, followed by  LGMD 2A with a frequency of 12%

(230). Among European populations Nigro et al (231) showed 35% calpainopathy

and 10% of dysferlinopathy in Italians.  In a study from Turkey calpainopathy was

noted in 18% and dysferlinopathy in 8% of patients of 38 families (232). Among

1420 Japanese patients with muscular dystrophy, LGMD that affected 19% was

found to be the second most common form of muscular dystrophy. Among the

LGMDs calpainopathy at 26% and dysferlinopathy at 18% were common (233).

In our study, also based on clinical profile and Western blot results, a

predominance of dysferlinopathy (15%) over LGMD 2A (5%) was noted. This was

in a series of muscle biopsies received over 5 years and mostly comprising of

populations from South, East and North India. The LGMD profile in India appears

to differ from that in Western population, where the frequency of LGMD 2A is

greater than that of dysferlinopathy.
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Clinical parameters

The age of disease onset, age range of disease onset and extent of muscle injury as

detected by creatine kinase of our patients were similar to those from Europe and

rest of the World.

In conclusion Western blots are a useful and reliable laboratory test which support

clinical diagnosis of LGMD 2A and dysferlinopathy. This is especially important

in India, where mutation analysis has not yet been established for the population.

Unlike in cohorts of other populations where LGMD 2A is more common,

dysferlinopathy is more common among LGMDs in India.
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Study 2

4.2. Mechanisms of muscle wasting in LGMD 2A and dysferlinopathy: the role

of oxidative and nitrosative stress, NF-κB signaling and the ubiquitin-

proteasome system

Protein status of LGMD muscle

Progressive muscle wasting is a characteristic feature of muscular dystrophies.

Muscle wasting implies loss of muscle bulk and is directly correlated to the amount

of muscle protein. Muscle function is particularly dependent on myofibrillar

proteins, the major proteins in muscle. Among myofibrillar proteins, myosin and

actin which form more than 60% of all muscle proteins are crucial for muscle

function.

In this study it was found that both LGMD 2A and dysferlinopathic muscle

showed reduction in total muscle protein but the content of myofibrillar proteins,

myosin heavy chain and actin, was not affected.  This indicates an ongoing

dystrophic process in the muscle and also suggests active protective mechanisms

that preserve the myofibrillar proteins, the pillars of muscle architechture. The

ability to preserve myofibrillar proteins in a dystrophic muscle may partly explain

why muscle wasting in LGMD progresses slowly.

Protein degradation - The ubiquitin-proteasome system

The ubiquitin-proteasome system is the major pathway of protein degradation in

various muscle wasting conditions including myopathies, DMD, Becker muscular

dystrophy, occulopharyngeal muscular dystrophy and inclusion body myositis. In
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this study the ubiquitin-proteasome system appears to be up-regulated in LGMD

2A and dysferlinopathic muscle.

Protein ubiquitinylation is associated with E3 ligases, MAFbx and MURF 1, in

DMD and involved in degradation of regulatory transcription factors such as

myoD. Their role is also reported in muscle wasting associated with denervation

and glucocorticoid treatment (234). This would suggest that these E3 ligases may

also play role in muscle wasting of LGMD. In our study protein ubiquitinylation

was associated with upregulation of the two muscle specific E3 ligases, MAFbx

and MURF 1 in LGMD 2A but not in dysferlinopathic muscle.

As these E3 ligases are important rate limiting factors in muscle loss, their

pharmacologic inhibition may be useful towards therapy. In animal models knock

down of E3 ligases prevents muscle wasting induced by glucocorticoids and

denervation (235). Curcumin, a polyphenol, inhibits MAFbx expression and

prevents lipopolysacharide induced muscle wasting in mouse (235). MG132 a

proteasome inhibitor also inhibits MAFbx and MURF 1 and prevents disuse

induced muscle loss in mice (236).

Our experiments on non LGMD muscle samples (metabolic myopathy,

inflammatory myopathy, mitochondrial myopathy, neurogenic myopathy and

FSHD) showed that upregulation of the ubiquitin proteasome system occurs in

several myopathies.  As in dysferlinopathic muscle the E3 ligase MURF 1 was not

upregulated in these non LGMD muscles although MAFbx expression was

reduced. Our studies suggest that MURF 1 and MAFbx expression may
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differentiate LGMD 2A from dysferlinopathic and non LGMD muscles. The E3

ligases appear to be differentially regulated in different muscle wasting conditions.

Similar observations are noted in other cachetic muscle wasting conditions. E3

ligases MURF 1 and MAFbx were down regulated in muscle wasting associated

with ageing in rats (237). Forkhead box O4 (FOXO4) mediated suppression was

shown to underlie this downregualtion of E3 ligases in ageing related muscle

wasting of rats. In a cancer cachexia mouse model MURF 1 but not MAFbx was

involved in muscle wasting (238). In Rheumatoid and sepsis induced muscle

wasting both MAFbx and MURF 1 are upregulated (239).

Oxidative stress in LGMD muscle

It is well known that there is a strong association between oxidative stress and

muscle protein degradation (121–123,132,135,136,141,142,152,164,167,240–243).

In cachectic muscle of mdx mice, loss of muscle mass is induced by NF-κB

activation mediated by lipid peroxidation (121). We find lipid peroxidation to be

increased in both LGMD 2A and dysferlinopathic muscle that exhibit increased

protein ubiquitinylation. It is therefore possible that oxidative stress is also

involved in loss of muscle mass in these dystrophic conditions.

Cellular oxidative stress is also described by the thiol redox status of a cell, as

thiols are oxidation sensitive. The thiol redox state exhibited by both protein and

non-protein thiols, is a critical determinant in maintaining normal biological

processes of cells.  Reduced glutathione (GSH) is among the most important and

abundant non-protein thiol that contributes to the redox potential of a cell
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especially of muscle, arising from its effective antioxidant ability. Protein thiols act

in a similar manner to GSH and reflect oxidative stress.

Oxidative stress and consequent oxidative damage to proteins can destabilize

quaternary protein conformation through increased formation of inter disulfide

linkages and also induce protein aggregates through exposure of thiols groups and

formation of intra disulfide linkages. Both phenomena alter the redox potential and

stress the cell and can potentially activate the ubiquitin-proteasome system and lead

to protein degradation. It has been noted that in prolonged oxidative stress

associated with an anti-oxidant response, there is up-regulation of protein thiols

groups that maintain the redox potential of the cell and afford cellular protection.

In the current study the redox buffering system in the dystrophic LGMD 2A muscle

that undergoes oxidative stress for prolonged periods of time showed elevated GSH

levels although no rise in protein thiols. The dystrophic dysferlinopathic muscle

showed rise in both GSH and protein thiols. It is not clear why protein thiols were

not increased in LGMD 2A muscle, or what mechanisms regulate protein thiols in

these different muscle pathologies.

Nitrosative stress in LGMD

Nitric oxide possesses important biological activities. In the muscle it is involved in

muscle contraction and activation and differentiation of muscle satellite cells (244).

Although all types of NOS expression occur in muscle, nNOS is the major source

of NO in muscle and expressed as a variant called nNOSµ (148,245).  In skeletal

muscle nNOS is localized to the sarcolemma, where it is bound to the dystrophin

glycoprotein complex (DGC) (148,245).
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nNOS is involved in the pathology of the muscular dystrophy DMD (244). Animal

studies, in mdx mice find that dystrophy distrupts DGC and releases nNOS to the

sarcoplasam where it is shown to produce nitrosative stress (148). Brenman et al

(246), show that activity of nNOS in dystrophic muscle is increased 75% compared

to normal tissue in mdx mice. Dystrophic muscle is associated with nitrosative

stress due to these high levels of displaced sarcoplasmic nNOS.

NO is a short lived molecule. It is not toxic itself but in the oxidative environment

of the muscle converts to reactive nitrogen species by reaction with superoxide,

that modify proteins and activate different signaling pathways, including those that

act through NF-B (247). Peroxynitrite nitrosylation of tyrosine moieties of

proteins is a marker of NO mediated toxicity in several pathologies including

muscular dystrophies and generally not reversible (148). The other protein

modification induced by NO is S-nitrosylation of cysteine moieties. This is a

common reversible effect of NO and occurs in normal physiology (248). The

signaling properties of NO mostly occur through S-nitrosylation. It is observed that

changes in the S-nitrosylation profile of a cell underlie the pathology of a number

of cardiovascular, musculoskeletal and neurologic disorders (248).

In this study NO was found to be elevated in LGMD muscle both 2A and

dysferlinopathic muscle.  The increase in NO did not affect the S-nitrosylation

profile of proteins in the dystrophic muscle. Increased NO in LGMD 2A and

dysferlinopathic muscle was found to be associated with nitrotyrosinylation,

especially of a 56KDa protein(s). The role of this/these proteins in wasting of

LGMD muscle requires further study. Nitrotyrosinylation of muscle proteins
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contribute to the dystrophic pathology of DMD (122). We suggest that

nitrotyrosinylation of specific proteins may underlie a common pathomechanism of

wasting in the oxidative dystrophic muscle such as LGMD.

NF-kBp65 and IKKβ in LGMD

The versatile transcription factor, NF-κBp65, is involved in muscle wasting of

several different conditions such as disuse induced atrophy and DMD. Importantly

for muscle wasting, NF-κBp65 activates the ubiquitin-proteasome pathway and E3

ligases in disuse atrophy, denervation induced wasting and clinical cachexia

(76,249,250). It also mediates the effects of oxidative stress in conditions as diverse

as muscular dystrophies, cancer and sepsis (121,123,136,164,251)

In this study, upregulation of NF-κBp65 protein levels in LGMD 2A,

dysferlinopathy and non-LGMD muscles that also exhibit oxidative stress and

increased protein ubiquitinylation are noted.  As NF-κBp65 is a central mediator of

several cellular reactions, its activation may signal the effects of oxidative stress to

upregulate protein ubiquitinylation in LGMD and non-LGMD muscle. Our studies

indicate that the p65 component of NF-κB may be important in this process of

muscle wasting. The inability to detect NF-κBp65 mRNA in these muscles,

although proteins levels are high, may reflect the complexity regulating

transcription of transcription factors. The lack of correlation between mRNA and

protein levels is noted in numerous studies and attributed to complex post

transcriptional regulatory processes (252,253). Further, mRNA of regulatory

proteins such as NF-κBp65 may require to be extremely short lived and hence

difficult to isolate and detect (254).
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IKKβ mediated activation of NF-κB associated with pathology is commonly seen

in cachectic muscle wasting. This may also occur in LGMD 2A, dysferlinopathy

and non-LGMD muscle as IKKβ activation is directly associated with NF-κB

activation (251,255,256) .

Transcriptional activation of target genes of NF-κB requires translocation of NF-

κB from cytoplasam to the nucleus. Electrophoretic mobility shift assay (EMSA) is

the method usually employed to detect subcellular translocations of proteins.  In the

present study tissue available from muscle biopsies (25-50mg) is not enough for

EMSA. NF-κBp65 was detected by Western blots and RT-PCR of whole muscle

homogenate which did not permit sub-cellular localiziation of the molecule. This is

a limitation of the study and of several other studies that examined NF-κB in

human tissues.

In the absence of EMSA, we argue that IKKβ activation occurs exclusively when

the cell requires activation of NF-κBp65 for transcriptional up-regulation, i.e.,

indicating a nuclear localization for NF-κB (250,255).

NADPH oxidase - The source of ROS in LGMD muscle

Having determined that oxidative stress occurs in LGMD muscle and thus probably

involved in the dystrophic process, it was necessary to trace the source of ROS.

This is especially important if prevention of oxidative stress is to be considered in

the treatment of LGMD.

ROS are generated from five sources: Xanthine oxidase, NO, by the Fenton

reaction, from NADPH oxidase and from mitochondria (136). NADPH oxidase is

the source of ROS in several muscle wasting conditions including DMD and



111

unloading induced muscle wasting and may also be the source of LGMD

(156,157). Muscle contains NADPH oxidase type 2 (the type present in

phagocytes) that is made up of 5 subunits, gp97phox, gp22phox gp67phox,

gp47phox and the regulatory subunit gp40phox (157).

Both LGMD 2A and dysferlinopathic muscle exhibited significantly elevated

NADPH oxidase activity and non-LGMD muscle lower levels, implicating the

enzyme as a source of ROS inducing oxidative stress in these dystrophic muscle. It

is not clear why despite the high enzyme activity the regulatory gp40phox

component was normal both at the level of protein (Western blots) and mRNA.

Inflammatory processes occur in dystrophic muscle and are well documented in

LGMD. Our studies do not clarify if NADPH oxidase is of myogenic origin or a

result of infiltrating macrophages. Although NADPH oxidase appears to be a

significant source of ROS in LGMD 2A and dysferlinopathic muscle, ROS from

other sources cannot be ruled out and requires study.

In conclusion, the dystrophic processeses in both LGMD 2A and dysferlinopathy

associate with oxidative stress, increased protein ubiquitinylation and importantly

activation of NF-kBp65. In LGMD 2A, muscle protein ubiquitinylation may occur

through the activation of MURF 1 and MAFBx. NADPH oxidase appears to be one

of the possible sources of oxidative stress in these dystrophic muscles.
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Study 3

Biochemical pathways that differentiate wasted and spared muscles in

LGMD: A study to understand selective muscle wasting that occurs in

muscular dystrophies

Muscular dystrophies are characterized not only by slow progressive muscle

wasting but also by wasting of selective muscles despite the same mutation in all

cells. Mechanisms that promote wasting of select muscles are as important to

elucidate as dystrophic processes, as selectivity can also be a therapeutic target to

prevent progression of disease.

The arguments in this study for suggesting mechanisms of selective and

preferential loss of the gastrocnemius muscle in Miyoshi myopathy are based on

the earlier severe wasting of this muscle compared to the hamstring muscle that

remains preserved even six months later. In both muscles absence of dysferlin was

associated with significant protein loss by degradation through the ubiquitin

proteasome system. However the nature of the lost proteins was different and this

may be important in the pathogenesis of Miyoshi myopathy. Muscles with the

capacity to protect their major myofibrillar proteins from degradation maybe

spared in Miyoshi myopathy, as noted in the hamstring muscle, where loss may

mainly be of sarcoplasmic and extracellular proteins.

As described earlier (Study 2) mediators of intracellular signaling that regulate

protein degradation include oxidative and nitrosative stress (257,258,259). Absence

of dysferlin appears to induce oxidative stress in both spared hamstring and

affected gastrocnemius muscles. The ability to mount a strong anti-oxidant defense
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in the spared muscle but only a weak response in the wasted muscle suggests that

guarding against oxidative damage is important to spare muscle in Miyoshi

myopathy.

The NO profiles of spared and affected muscles of Miyoshi myopathy differ and

suggest a role for NO in committing cells to dystrophy. In muscles that are spared,

although NO is elevated, the NO signature resembles that of normal muscle with

respect to nitro-cysteinylated proteins. Tyrosine nitration of protein(s) of 56kDa is

minor. Elevated levels of GSH in this muscle may scavenge NO and maintain the

normal NO profile. In contrast predominant tyrosine nitration of 56kDa protein(s)

with concomitant reduction of nitro-cysteinylated proteins and increased NF-B

P65 in wasted muscle may underlie signaling pathways that direct selective muscle

wasting of Miyoshi myopathy. Similar findings are noted in disuse-induced

atrophy.

In rats subject to space flights or hind limb suspension, where the gastrocnemius

muscle is selectively wasted, preferential wasting of myosin heavy chain, increased

lipid peroxidation, decreased glutathione (GSH) and increased muscle protein

polyubiquitinylation are also reported (260,261).

In conclusion oxidative and nitrosative stress that lead to tyrosine nitration on

protein(s) of 56kDa may signal degradation of the actinomyosin complex and result

in weakness. A strong antioxidant defense that guards against loss of contractile

proteins may spare the muscle.
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Study 4

Curcumin protects myoblasts from oxidative stress mediated cell death and

stimulates myoblast regeneration: A study towards the development of

treatment for muscular dystrophies especially LGMD

Our studies established that dystrophy of LGMD 2A and dysferlinopathic muscle

was associated with oxidative stress, increased protein ubiquitinylation and

activation of NF-κB but did not clarify the sequential relationship between these

phenomena in the pathogenesis of muscle loss. A major aim of the study is to

understand pathways of muscle loss in LGMD muscle to develop treatment

strategies that prevent progression of dystrophy. To design treatment it is essential

to know the sequential processes that underlie pathology.

We used live cell imaging of cultured cells manipulated by RNA silencing of a

target gene, to delineate the pathogenesis of muscle loss in a cell milieu of

oxidative stress, protein degradation and NF-κB activation. The pathogenesis was

studied in rat myoblast cell lines and primary cultures as well as in human primary

dysferlinopathic myoblasts to confirm the findings. It was noted that oxidative

stress mediated protein ubiquitinylation through NF-κB activation in muscle cells

since silencing NF-κBp65 prevented protein ubiquitinylation in the cells.

It was also noted that oxidative stress induced muscle cell death through NF-κBp65

signaling as myoblast death was prevented on NF-κBp65 silencing.

Raised cytosolic Ca2+ is widely related to cell death in muscular dystrophies (162).

We found oxidative stress induced rise in cytoplasmic Ca2+ through NF-κB

signalling as silencing NF-κB prevented the Ca2+ rise in both myoblast cell lines
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and primary cultures. The mitochondria contributed to cytosolic Ca2+ rise. We did

not study the contribution of the sacroplasmic recitculum and extra cellular sources

to the raised cytosolic Ca2+ levels.

As oxidative stress appeared to be an upstream signal of protein degradation and

muscle cell death through NF-κB, inhibition of the transcription factor was

considered a possible strategy to prevent oxidative stress induced muscle cell

death. Curcumin is an inhibitor of NF-κB as well as an anti-oxidant and anti-

inflammatory compound. Curcumin treatment of oxidatively stressed cultured rat

muscle cells prevented cytosolic Ca2+ rise and cell death. The treatment also

effectively suppressed basal oxidative stress induced NO. Importantly curcumin

supported myoblast growth.

Human dysferlinopathic myoblasts had higher levels of cytosolic Ca2+ than normal

myoblasts that were effectively reduced by treatment with curcumin. This

indicates possible application of curcumin in treatment of human LGMD

myoblasts.

In conclusion it was found that oxidative stress mediated protein ubiquitinylation,

increase of cytosolic Ca2+ and myoblast death through NF-κBp65. This pathogenic

process leading to cell death of rat muscle was prevented by treatment with

curcumin, a potent inhibitor of NF-κB activation. Curcumin also exhibited cell

proliferation properties which are important in dystrophies as they require muscle

regeneration.
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CHAPTER 5

SUMMARY & CONCLUSION
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5.1 Summary of findings

Western blots indicated 15%

dysferlinopathy and 5% LGMD 2A in a

total of 276 biopsies from patients

clinically suspected for LGMD,

unclassified muscular dystrophies and

myopathy.

Limb girdle muscular dystrophies

are common in India. Unlike most

of Western populations the

frequency of dysferlinopathy in

India is higher than LGMD 2A.

→

Protein estimation of LGMD muscle

showed reduction of protein content in

LGMD 2A and dysferlinopathy. Western

blot analysis of the ubiquitin-proteasome

pathway showed upregulation of this

system in LGMD 2A and

dysferlinopathy.

Spectrophotometric analysis of oxidative

and nitrosative stress parameters showed

increased markers of oxidative and

nitrosative stress in LGMD muscle.

→

Similar to most cachectic muscle

wasting, LGMD 2A and

dysferlinopathy associate with the

ubiquitin-proteasomal pathway.

Therefore reduction of total protein,

rather than reduced protein

synthesis may underlie muscle

wasting in these dystrophies.

Oxidative and nitrosative stress

involved in muscle wasting of

DMD may also govern wasting of

LGMD 2A and dysferlinopathy.

Study 1: Frequency of LGMD 2A and Dysferlinopathy in India

Study 2: Mechanisms of muscle wasting: oxidative and nitrosative stress, NF-kB

signaling and the ubiquitin pathway in muscle protein degradation of LGMD

Ubiquitinylated muscle proteins MAFbx (37 KDa)
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SDS-PAGE of wasted and relatively

spared dysferlinopathic muscle revealed

selective degradation of major

myofibrillar proteins, myosin heavy chain

and actin. Western blots showed a

prominent nitro-tyrosinylated protein in

wasted muscle but not in spared muscle.

Spectrophotometric analysis showed high

antioxidant reponse in spared muscle and

less in wasted dysferlinopathic muscle.

Preferential degradation of major

myofibrillar proteins may underlie

selective muscle wasting in

dysferlinoapthy.

Inadequate antioxidant capacity

may accelerate the process of

protein degradation. Nitro-

tyrosinylation may signal the

process of selective degradation.

→

→

Spectrophotometric analysis of activity,

western blots and RT-PCR of protein and

mRNA of NADPH oxidase showed

increased activity and upregulation of the

catalytic component of NADPH oxidase

in LGMD muscle.

Western blots and RT-PCR showed

upregulation of NF-κB protein in LGMD

2A muscle and both mRNA and protein

in dysferlinopathic muscle. IKKβ protein

expression was also observed in LGMD

muscle.

NADPH oxidase is a major

contributor of oxidative stress in

LGMD 2A and dysferlinopathic

muscle.

IKKβ and NF-κB signaling may

mediate protein degradation of

LGMD muscle.

→

Study 3: Selective muscle wasting of LGMD

METHODS, PARAMETERS AND
RESULTS

INFERENCE
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Rat myoblasts silenced for NF-κB and

subjected to oxidative stress did not show

upregulation of NF-κB or increased

protein ubiquitinylation as determined by

RT-PCR and Western blots. Oxidative

stress did not induce death in NF-κB

knockdown myoblasts as observed by

phase contrast microscopy.

Live cell imaging showed NF-κB

silencing or curcumin treatment prevented

oxidative stress induced cytosolic Ca2+

increase and death of rat myoblasts.

Curcumin treatment also increased

myoblast number.

Live cell imaging indicated high

intracellular Ca2+ in dysferlinopathic

human myoblasts that was reduced by

treatment with curcumin.

Live cell imaging showed curcumin

efficiently reduced basal and oxidative

stress induced NO in rat myoblasts.

Oxidative stress induced protein

ubiquitinylation and myoblast

death is mediated by NF-κBp65.

NF-κBp65 also mediates oxidative

stress induced increase of

cytosolic Ca2+ in myoblasts.

Curcumin prevents oxidative stress

induced increase of cytosolic Ca2+,

NO, and myoblast death.

Curcumin induced myoblast

division.

→

Study 4: Curcumin to treat muscular dystrophies especially LGMD

METHODS, PARAMETERS AND
RESULTS

INFERENCE

→
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5.2 Overall conclusion

This study shows that LGMD is common in the Indian population.

Dysferlinopathy is more predominant than Calpainopathy (LGMD 2A) in India.

Absence of calpain 3 or dysferlin induces oxidative and nitrosative stress in

dystrophic muscle. The ubiquitin proteasomal pathway, the major pathway that

governs protein degradation in DMD and other cachectic conditions, is also

upregulated in LGMD 2A and dysferlinopathy. Ubiquitin E3 ligases MAFbx and

MURF 1 underlie protein ubiquitinylation of LGMD 2A muscle. MAFbx but not

MURF 1 plays a role in ubiquitinylation of dysferlinopahtic muscle. IKKβ

mediated activation of NF-κBp65 appears critical in the pathology of LGMD 2A

and dysferlinopathy (Figure 5.1). Loss of major myofibrillar proteins and failure

of the antioxidant system may underlie selective loss of muscle in LGMD.

Oxidative stress mediated activation of NF-κBp65 that causes protein

ubiquitinylation and myoblast death indicates this as the the probable order of

pathological events in LGMD muscle.

Oxidative stress mediated intracellular calcium disturbance and myoblast death is

related to NF-κBp65 signalling and could be effectively prevented by curcumin,

an anti-oxidant and NF-κB inhibitor. Curcumin is effective in preventing basal

and oxidative stress induced NO generation in myoblasts. Importantly curcumin

induces myoblast division (Figure 5.1). All these properties of curcumin suggest

it could be used as a therapeutic drug for muscular dystrophies especially LGMD

2A and dysferlinopathy. Further studies are needed to determine bio-delivery and

therapeutic doses of curcumin.
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Impact of the study

There are no comprehensive studies from the Indian subcontinent on muscular

dystrophies, especially LGMD and very few centers diagnose LGMD 2A and

dysferlinopathy. This thesis describes Western blots suitable for the diagnosis of

LGMD in the Indian population, which were used to determine the frequency of

LGMD 2A and dysferlinopathy in a series of dystrophic muscles of patients from

several parts of India.

This study showed the efficacy of the nutraceutical, curcumin, to protect against

muscle wasting of muscular dystrophies. Inclusion of curcumin in the therapeutic

regimen of muscular dystrophies should be considered.
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Figure 1.1 Schematic representation of the domains of the large and

small subunits of calpain

Figure 1.2 Schematic representation of the domains of calpain 3

(Figures from Zatz M, Starling A. Calpains and disease. N. Engl. J. Med. 2005
Jun 9;352(23):2413–23).
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Figure 1.3 Typical calf head sign in dysferlinopathy

(From Pradhan S. Calf head sign in Miyoshi myopathy. Arch. Neurol. 2006

Oct;63(10):1414–7).
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Figure 1.4 NF-κB signaling pathway

(From Baldwin AS Jr. The NF-kappa B and I kappa B proteins: new discoveries and

insights. Annu. Rev. Immunol. 1996;14:649–83).
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Figure 1.5 Scheme of combination cell and gene therapy (iPS therapy) for

muscular dystrophies

(From Park I-H. DYS-HAC-iPS cells: the combination of gene and cell therapy to treat
duchenne muscular dystrophy. Mol. Ther. 2010 Feb;18(2):238–40).
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Figure 3.1.1a Representative Western blots of dysferlin and calpain 3

Figure 3.1.1b Representative Western blots of calpain 3 bands at 94, 60 and 30 KDa

100µg non collagen protein of each muscle was subject to SDS-PAGE (3.5-12%),
electro blotting and blots probed with anti-calpain 3 or anti-dysferlin antibodies as given
in section 2.2.1.

Dysferlin Calpain 3
MW    : Molecular weight marker
Lane 1: Muscle with dysferlin absent Lane 1: Muscle with calpain 3 reduced
Lane 2: Muscle with dysferlin present Lane 2: Muscle with calpain 3 present

100µg non collagen protein of each muscle was subject to SDS-PAGE (3.5-12%),
electro blotting and blots probed with anti-calpain 3 antibodies as given in section 2.2.1

Calpain 3

MW    : Molecular weight marker
Lane 1: Muscle with 60KDa calpain-3 band.
Lane 2: Muscle with 94, 60 and 30KDa calpain 3 bands.
Lane 3: Muscle with 30KDa band and reduced 94 and 60KDa calpain 3 bands

94 KDa

60 KDa

30 KDa

KDa Mw 1 2         3

97

66

43

29
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Figure 3.1.2 Total number of LGMD 2A and dysferlinopathic (LGMD 2B)
muscle among all muscle biopsies

Figure 3.1.3The male and female distribution among all LGMD 2A patients

Figure 3.1.4 The male and female distribution among all dysferlinopathic
(LGMD 2B) patients

276

41
14

All cases

LGMD 2B

LGMD 2A

86%

14%

LGMD 2A male

LGMD 2A female

73%

27%

LGMD 2B male

LGMD 2B female
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Table 3.2.1 Non collagen protein, myosin heavy chain and actin in LGMD 2A and
dysferlinopathic muscle

Figure 3.2.1 Representative SDS-PAGE of myosin heavy chain and actin in LGMD
2A and dysferlinopathic muscle

Parameter Unit Normal muscle LGMD 2A
muscle

Dysferlinopathi
c muscle

MEAN ± SD
Non collagen
protein

mg/g tissue 229 ± 54 (n= 8) 152 ± 42 (n= 11)
p< 0.003

126 ± 49 (n= 37)
p< 0.0004

Myosin Heavy
Chain

Arbitrary units
(AU)

250 ± 50 (n= 5) 242 ± 48 (n= 6) 180 ± 110 (n= 6)

Actin Arbitrary units
(AU)

180 ± 20 (n= 5) 220 ± 90 (n= 5) 170 ± 85 (n= 5)

p compared  to normal muscle

Human skeletal muscle non collagen protein (20 µg) was subject to SDS-PAGE (3.5
– 12% gels) and gels stained with Coomassie Brilliant Blue - R 250 as given in
Section 2.2.2.
Lane 1 – LGMD 2A muscle, Lane 2 – dysferlinopathic muscle, Lane 3 – normal
muscle, M – Molecular weight marker.

205

97

66

44

29

20

KDa1 2 3 M

Myosin heavy chain
(205KDa)

Actin
(42KDa)



151

Table 3.2.2 Ubiquitin, MAFbx and MURF 1 in LGMD 2A and dysferlinopathic
muscle

Figure 3.2.2 Representative Western Blots of protein ubiquitinylation in LGMD
2A and dysferlinopathic muscle

100µg non collagen protein of each muscle was subjected to SDS-PAGE (3.5-12%),
electro blotting and blots probed with anti ubiquitin antibodies as given in section
2.2.2.
Lane 1 – dysferlinopathic muscle, Lane 2 – LGMD 2A muscle, Lane 3 – normal
muscle.

Parameter Unit Normal
muscle

LGMD 2A
muscle

Dysferlinopathic
muscle

Non LGMD
muscle

MEAN ± SD
Ubiquitin/
GAPDH

Blot -
Arbitrary Units

9.6 ± 4.2
(n=6)

19 ±13 (n=9)
p<0.01

16 ± 7 (n=9)
p<0.03

21 ± 8 (n=9)
p<0.005

MAFbx/
GAPDH

Blot -
Arbitrary Units

0.30 ± 0.17
(n=8)

1.00 ±1.15 (n=9)
p<0.008

0.65 ± 0.4 (n=8) 0.11 ± 0.12 (n=7)
p<0.04

MURF1/
GAPDH

Blot -
Arbitrary Units

0.18 ± 0.16
(n=8)

0.61 ± 0.80
(n=9)

0.19 ± 0.19
(n=8)

0.35 ± 0.32 (n=7)

p compared to normal  muscle

Ubiquitinylated muscle proteins

1           2          3

GAPDH (37 KDa)

Ubiquitinylated muscle proteins

GAPDH (37 KDa)
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MAFbx (37 KDa)

GAPDH (37 KDa)

MAFbx (37 KDa)

Figure 3.2.3 Representative Western Blots of MAFbx in LGMD 2A and
dysferlinopathic muscle

Figure 3.2.4 Representative Western Blots of MURF 1 in LGMD 2A and
dysferlinopathic muscle

100µg non collagen protein of each muscle was subjected to SDS-PAGE
(3.5-12%), electro blotting and blots probed with anti-MAFBx antibodies
as given in Section 2.2.2.
1 – Normal muscles, 2 – LGMD 2A muscles, 3 – dysferlinopathic
muscles

100µg non collagen protein of each muscle was subjected to SDS-PAGE
(3.5-12%), electro blotting and blots probed with anti-MAFBx antibodies as
given in Section 2.2.2.
1 – Normal muscle, 2 – LGMD 2A muscle, 3 – dysferlinopathic muscle.

1 2 3

GAPDH (37 KDa)

MAFbx (37 KDa)

MURF 1 (39 KDa)

GAPDH (37 KDa)

1 2 3

MURF 1 (37 KDa)

GAPDH (37 KDa)
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1 2 3

GAPDH

Nitro-cysteinylated proteins

Figure 3.2.5 Representative Western Blots of protein nitro-tyrosinylation in
LGMD 2A and dysferlinopathic muscle

Figure 3.2.6 Representative Western Blots of protein nitro-cysteinylation in
LGMD 2A and dysferlinopathic muscle

100µg non collagen protein of each muscle was subjected to SDS-PAGE (3.5-12%),
electro blotting and blots probed with anti-nitro-tyrosine antibodies as given in section
2.2.2.
1 – Normal muscle, 2 – LGMD 2A muscle, 3 – dysferlinopathic muscle.

100µg non collagen protein of each muscle was subjected to SDS-PAGE (3.5-12%),
electro blotting and blots probed with anti-nitro-tyrosine antibodies as given in
section 2.2.2.
1 – Normal muscle, 2 – LGMD 2A muscle, 3 – dysferlinopathic muscle.

1 2 3

56 KDa
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gp 91phox (NOX 2) 340bp

Actin 130bp

1       2           3        4

Figure 3.2.7 Representative agarose gel electrophoresis image of gp91phox mRNA in
LGMD 2A and dysferlinopathic muscle

Figure 3.2.8 Representative Western Blot of p40 in LGMD 2A and dysferlinopathic
muscle

p40 of NOX-2   40 KDa

GAPDH  37 KDa

1 2 3

RT PCR of gp91phox (NOX 2) in LGMD muscle.
1µg muscle mRNA was reverse transcribed into cDNA. cDNA was amplified with
specific primers for gp91phox and actin as described in section 2.2.2. Amplified
products were separated by agarose gel electrophoresis and visualized with ETBr.
Lanes 1&2 – Normal muscle, Lane 3 – LGMD 2A muscle, Lane 4 – dysferlinopathic
muscle

100µg non collagen protein of each muscle was subjected to SDS-PAGE (3.5-
12%), electro blotting and blots probed with anti-p40 antibodies as given in section
2.2.2.
1 – Dysferlinopathic muscle, 2 – LGMD 2A muscle, 3 – Normal muscle.
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gp 91phox (NOX 2) 340bp

Actin 130bp
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Figure 3.2.7 Representative agarose gel electrophoresis image of gp91phox mRNA in
LGMD 2A and dysferlinopathic muscle

Figure 3.2.8 Representative Western Blot of p40 in LGMD 2A and dysferlinopathic
muscle

p40 of NOX-2   40 KDa

GAPDH  37 KDa

1 2 3

RT PCR of gp91phox (NOX 2) in LGMD muscle.
1µg muscle mRNA was reverse transcribed into cDNA. cDNA was amplified with
specific primers for gp91phox and actin as described in section 2.2.2. Amplified
products were separated by agarose gel electrophoresis and visualized with ETBr.
Lanes 1&2 – Normal muscle, Lane 3 – LGMD 2A muscle, Lane 4 – dysferlinopathic
muscle

100µg non collagen protein of each muscle was subjected to SDS-PAGE (3.5-
12%), electro blotting and blots probed with anti-p40 antibodies as given in section
2.2.2.
1 – Dysferlinopathic muscle, 2 – LGMD 2A muscle, 3 – Normal muscle.
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gp 91phox (NOX 2) 340bp

Actin 130bp
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Figure 3.2.7 Representative agarose gel electrophoresis image of gp91phox mRNA in
LGMD 2A and dysferlinopathic muscle

Figure 3.2.8 Representative Western Blot of p40 in LGMD 2A and dysferlinopathic
muscle

p40 of NOX-2   40 KDa

GAPDH  37 KDa

1 2 3

RT PCR of gp91phox (NOX 2) in LGMD muscle.
1µg muscle mRNA was reverse transcribed into cDNA. cDNA was amplified with
specific primers for gp91phox and actin as described in section 2.2.2. Amplified
products were separated by agarose gel electrophoresis and visualized with ETBr.
Lanes 1&2 – Normal muscle, Lane 3 – LGMD 2A muscle, Lane 4 – dysferlinopathic
muscle

100µg non collagen protein of each muscle was subjected to SDS-PAGE (3.5-
12%), electro blotting and blots probed with anti-p40 antibodies as given in section
2.2.2.
1 – Dysferlinopathic muscle, 2 – LGMD 2A muscle, 3 – Normal muscle.
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Figure  3.2.9 Representative Western blots of NF-κB and IKKβ in LGMD 2A and
dysferlinopathic muscle

Figure  3.2.10 Representative agarose gel electrophoresis image of NF-κBp65
mRNA in LGMD 2A and dysferlinopathic muscle

NF-κBp65
56 KDa

GAPDH
37 KDa

1 2

1 3

NF-κBp65
56 KDa

GAPDH
37 KDa

1 2 3

IKK β 85 KDa

GAPDH 37 KDa

Mw 1 2 3

NF-κBp65  164 bp

Actin 130bp

100µg non collagen protein of each muscle was subjectde to SDS-PAGE (3.5-12%),
electro blotting and blots were probed with anti NF-κBp65 and IKKβ antibodies as
given in section 2.2.2.
Lane 1 – Normal muscle, Lane 2 – LGMD 2A muscle, Lane 3 – dysferlinopathic
muscle.

RT PCR of NF-κBp65 in muscle.
1µg muscle mRNA was reverse transcribed into cDNA. cDNA was amplified with
specific primers for gp91phox and actin as described in section 2.2.2. Amplified
products were separated by agarose gel electrophoresis and visualized with ETBr.
Mw – 100bp DNA ladder, Lanes 1–Normal muscle, Lane 2 – LGMD 2A muscle, Lane
3–dysferlinopathic muscle.
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Figure  3.3.1 Histology of spared and wasted muscle of the patient with
Miyoshi myopathy (dysferlinopathy).

Photomicrographs of (1) Hamstring muscle, illustrating skeletal
muscle with myopathic features (2) wasted gastrocnemius muscle
illustrating the end stage muscle with marked fibrosis and
replacement by adipose tissue (H&E x200).

1 2

2 0 5

9 7

6 6

4 3

2 9

2 0

M w       1      2       3

Myosin Heavy Chain
(205 Kda)

Actin (42 KDa)

Figure  3.3.2 SDS-PAGE of spared and wasted muscle of the patient with
Miyoshi myopathy

20µg of non collagen protein of each muscle subjected to SDS-PAGE (3.5-
12%) and the gels stained with Commassie Briliant Blue R-250.
Mw - Molecular weight markers, Lane 1 – Normal control muscle, Lane 2-
Hamstr ing muscle, Lane 3 - Gastrocnemius muscle.

K Da

Table 3.3.1 Non collagen protein, myosin heavy chain and actin in wasted
and spared muscle

Parameter Unit Normal muscle Hamstring
muscle

Gastrocnemius
muscle

MEAN ± SD
Non collagen
protein

mg/g tissue 229 ± 54 (n= 8) 145 160

Myosin Heavy
Chain  / All muscle
proteins

Band
intensity ratio

0.063 ± 0.007
(n=5)

0.055 0.015

Actin/ All muscle
proteins

Band
intensity ratio

0.062 ± 0.006
(n=5)

0.055 0.017
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Table 3.3.4 Muscle nitrite, nNOS, nitro-tyrosine and nitro-cysteinylated proteins
in wasted and spared muscle of the patient with Miyoshi myopathy

Parameter Unit Normal
muscle

Hamstring
muscle

Gastrocnemius
muscle

MEAN ± SD
Nitrite nmoles/mg

protein
8.4 ± 4.3 34 45

nNOS/GAPDH Band intensity
ratio

0.22 ±
0.05

0.22 0

Nitrotyrosine Band intensity
(AU)

53.0 ±
16.0

125 263

Nitrocysteine Band intensity
(AU)

207 ±
90.6

313 136

Figure  3.3.3 Western blots of nNOS of spared and wasted muscle
of the patient with Miyoshi myopathy.

nNOS (150 KDa)

GAPDH (37 KDa)
1        2        3

100µg non collagen protein was subjected to SDS-PAGE (3.5-12%), electro
blotting and blots probed with anti nNOS antibodies as described in section
2.2.2.
Lane 1 - Normal muscle, Lane 2- Gastrocnemius muscle, Lane 3 - Hamstring
muscle.
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Figure 3.4.1 MTT Survival Assay to determine H2O2 LD50 of rat L6 myoblasts

Figure 3.4.2 Induction of oxidative stress and silencing of NF-B in rat L6 myoblasts.

Oxidative stress induction in rat L6 myoblasts Western blot of NF-B in rat L6 myoblasts

RT-PCR of NF-B in rat L6 myoblasts Image analysis of RT-PCR NF-B gel
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LD50 H2O2 was determined in rat L6 myoblasts by the MTT assay as described in section 2.2.4

Lane 1: Control cells, Lane 2: Cells + H2O2 (0.6mM), Lane 3: Cells + siRNA of NF-B + H2O2 (0.6mM).
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Figure 3.4.3 Effect of NF-κB knockdown on oxidative stress induced
ubiquitinylation in rat L6 myoblasts

Western blot of ubiquitin in rat L6 myoblasts

Image analysis of ubiqutin L6 myoblast blot
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10µl of each muscle subject to SDS-PAGE (3.5-12%), electroblot and blots
probed with anti-ubiquitin antibodies as given in section 2.2.2. Post transferred
gels (PT) stained with Commassie Brilliant Blue served as loading controls.
Blots and gels were imaged analyzed as given in section 2.2.2.
Lane 1: Control cells, Lane 2: Cells + H2O2 (0.6mM), Lane 3: Cells + siRNA
of NF-B + H2O2 (0.6mM).

1 2 3

Post transferred gel stained with
Coomassie Briliant Blue.

Protein
ubiquitinylation

Protein
ubiquitinylation

Post transferred gel
stained with Coomassie
Brilliant Blue
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Figure 3.4.4 Effect of NF-B knock down on oxidative stress induced
intracellular Ca2+ in rat L6 myoblasts

Figure 3.4.5 Effect of NF-B knock down on oxidative stress induced cell
death in L6 rat myoblasts

Control siRNAof NF-κBH2 O 2

(0.6mM)

1                        2 3 4

Mitochondrial calcium

Cytosolic calcium

siRNA NF-κB +
0.6mM H2 O2 )

A. Live cell cytosolic and mitochondrial Ca2+ imaging of 1. Normal L6 myoblasts, 2.
Myoblasts silenced for NF-κB, 3. Myoblasts subjected to oxidative stress, 4.
Myoblasts silenced for NF-κB and subjected to oxidative stress as described in
section 2.2.4.

B. Image J quantification of cytosolic Ca2+ of myoblasts.

Phase contrast images of rat L6 myoblasts.
A. Normal myoblasts.  B. Myoblasts silenced for NF-κB C. Myoblasts subject to
oxidative stress with 0.6mM H2O2. D. Myoblasts silenced for NF-κB and subjected to
oxidative stress as described in section 2.2.4.

Control siRNA NF-κB

H2O2 (0.6 mM) siRNA NF-B + H2O2 (0.6 mM)

A B

C D
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te

ns
ity

(A
U)

1. Control (n=24 cells)
2. 0.6mM H2O2 (n=14 cells)
3. 60nM siRNA for NF-βB (n=13 cells)
4. 60nM siRNA + 0.6mM H2O2 (n=17 cells)
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1        2          3       4
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Figure 3.4.6 Effect of curcumin on oxidative stress induced cell death in rat
primary myoblasts

Figure 3.4.7 The effect of curcumin on oxidative stress induced intracellular
Ca2+ in rat primary myoblasts

Control 10µM Curcumin0.7mM H2O2 10 µM Curcumin + 0.7mM
H2O2

A B C D

1. Control
2. 0.7mM H 2O2

3. 60 nM NF-kB siRNA + 0.7mM H 2O2

4. 10 µM Curcumin + 0.7mM H 2O2

n=3 for all groups .

0

10

20

30

B

Cytosolic calcium quantification
(Image J)
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Control 0.7mM H2 O2

A
1 2 3 4

Cytosolic calcium

Mitochondrial calcium

10µMCurcumin
H2 O2+ 0.7mM

NF-kB siRNA
+ 0.7mM H2O2

Phase contrast images of normal rat myoblasts.
A. Normal myoblasts, B. Myoblasts subject to oxidative stress with 0.7mM H2O2,

C. Myoblasts treated with curcumin, D. Myoblasts treated with curcumin and
subjected to oxidative stress as described in section 2.2.4.

A. Live cell cytosolic and mitochondrial Ca2+ imaging of 1. Normal rat myoblasts, 2.
Myoblasts subject to oxidative stress with 0.7mM H2O2, 3. Myoblasts treated with
curcumin. 4. Myoblasts treated with curcumin and subjected to oxidative stress as
described in section 2.2.4.

B. Image J quantification of cytosolic Ca2+ of myoblasts treated as given in Figure A
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Figure 3.4.8 Curcumin treatment of human dysferlinopathic primary myoblasts

Figure 3.4.9 Effect of Curcumin on nitric oxide in L6 rat myoblasts.

Normal cells LGMD cells
10µM curcumin +

LGMD cells

1 2                                     3

Live cell cytosolic Ca2+ imaging of 1. Normal human myoblasts, 2. LGMD human
myoblasts, 3. LGMD human myoblasts treated with curcumin as described in
section 2.2.4.

Live cell intracellular NO imaging of L6 myoblasts A. Normal rat myoblasts B.
Myoblasts treated with curcumin, C. Myoblasts subjected to oxidative stress, D.
Myoblasts treated with curcumin and subjected to oxidative stress as described in
section 2.2.4.

0 minute 3 minutes
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+ 0.6mM H2O2

+10µM Curcumin + 0.6 mM H2O2
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B
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Figure 5.1 Molecular mechanisms of muscle wasting in LGMD and targets of
curcumin intervention that prevent muscle cell death

163

Figure 5.1 Molecular mechanisms of muscle wasting in LGMD and targets of
curcumin intervention that prevent muscle cell death
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Figure 5.1 Molecular mechanisms of muscle wasting in LGMD and targets of
curcumin intervention that prevent muscle cell death
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Table 3.1.1 Creatine kinase in LGMD 2A and dysferlinopathic patients

LGMD 2A Dysferlinopathy
CK (IU) No. of patients CK (IU) No. of patients

>10000 3 >15000 4
5000-10000 3 10000-15000 6
1000-5000 3 5000-10000 7
< 1000 4 1000-5000 8

< 1000 9
Normal CK range : 40-195 IU
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Table 3.2.3 Lipid peroxidation, protein thiol and reduced glutathione in
LGMD 2A and dysferlinopathic muscle

Table 3.2.4 Nitrite, nitro tyrosinylated and nitro cysteinylated proteins in
LGMD 2A and dysferlinopathic muscle

Parameter Unit Normal muscle LGMD 2A
muscle

Dysferlinopathic
muscle

MEAN ± SD
Lipid
peroxidation

nmoles MDA/g
tissue

119 ± 47 (n=8) 300 ± 92 (n=6)
p< 0.001

333 ± 128 (n= 6)
p< 0.004

Protein thiol nmoles DTNB/mg
protein

22.0 ± 4.2 (n=8) 23.0 ± 8.6 (n=6) 29 ± 7.0 (n= 6)
p<0.03

Reduced
glutathione

µmoles/g tissue 419 ± 155 (n=8) 777 ± 294 (n=8)
p<0.004

800 ± 436 (n= 13)
p<0.004

p compared to  normal muscle

Parameter Unit Normal muscle LGMD 2A
muscle

Dysferlinopathic
muscle

MEAN ± SD
Nitrite nmoles/mg

protein
8.4 ± 4.3 (n=8) 16 ± 12 (n=9)

p< 0.05
15.6 ± 12.2 (n= 14)

p<0.04
Nitrotyrosine/
GAPDH

Blot -
Arbitrary Units

0.34 ± 0.10 (n=6) 1.4 ± 1.3 (n=6)
p<0.02

0.6 ±  0.2 (n= 6)
p<0.04

Nitrocysteine/
GAPDH

Blot -
Arbitrary Units

1.4 ± 0.7 (n=6) 1.8 ± 0.4  (n=6) 2.1 ± 0.7 (n=6)

p compared  to normal muscle
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Table 3.3.2 Ubiquitin, MAFbx, MURF 1, NF-κB and IKKβ in wasted and spared
muscle of the patient with Miyoshi myopathy

Table 3.3.3 Lipid peroxidation, protein thiols, protein carbonyls, GSH and catalase in
wasted and spared muscle of the patient with Miyoshi myopathy

Parameter Unit Normal
muscle

Hamstring
muscle

Gastrocnemius
muscle

MEAN ± SD
Ubiquitin Blot -

Arbitrary Units
1996 ± 806

(n=5)
5135 3211

MAFbx/
GAPDH

Blot -
Arbitrary Units

0.30 ± 0.17
(n=8)

0.55 0.27

MURF 1/
GAPDH

Blot -
Arbitrary Units

0.18 ± 0.16
(n=8)

0.09 0.013

NF-B p65/
GAPDH

Blot -
Arbitrary Units

0.20 ± 0.23
(n=8)

0.8 1.4

Ikkβ/
GAPDH

Blot -
Arbitrary Units

0 (n=8) 0.2 0

Parameter Unit Normal
muscle

Hamstring
muscle

Gastrocnemius
muscle

MEAN ± SD
Lipid peroxidation nmoles MDA/g

tissue
498 ± 99 1724 750

Protein thiols nmoles
DTNB/mg
protein

21.8 ±
3.8

55 40

Reduced glutathione µM/ g protein 2.2  ± 1.7 10.3 1.0

Catalase U/mg protein 30 ± 10.8 234 156


