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Abstract of Dissertation 

Understanding the Pathogenesis of Muscle Diseases Using In vivo SILAC Proteomic 

Strategy 

 

 In recent years, large-scale „omic‟ studies have helped to understand disease 

pathogenesis; however, these studies were done largely at the „transcriptome‟ level. 

Understanding the biological processes at the protein level is also equally important. In 

general, mass spectrometry (MS)-based quantitative proteomic strategies are used to study 

protein alterations in different biological states. Among these strategies, stable isotope 

labeling by amino acids in cell culture (SILAC) is most widely used for comparative 

proteomics. In SILAC, proteins in cell populations are metabolically encoded with „heavy‟ 

isotopes of lysine and arginine and are used as internal standards for relative quantification 

of differentially altered proteins.  In this dissertation, the use of SILAC was extended to 

study in vivo proteomic modulations in mice. A stable isotope (
13

C-lysine)-labeled 

„SILAC mouse‟ was generated in order to quantify and compare protein alterations 

between normal and pathological conditions. 

 The primary objective of this dissertation was to identify novel and disease specific 

pathogenic mechanisms implicated in duchenne muscular dystrophy (DMD: a genetic 

muscle disease) and myositis (an autoimmune muscle disease) in vivo considering the 

entire complexity of the tissue. More importantly, the goal is to study global protein 

alterations in an unbiased manner in the affected skeletal muscle tissue. However, it is 

impractical to study in-depth disease pathology at tissue level using human muscle biopsy 

samples due to heterogeneity, complexity, and limited availability of muscle tissues at 

different stages in the disease process. To overcome these issues, mouse models that 
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closely mimic the human disease phenotype i.e. a dystrophin deficient „mdx‟ for DMD and 

a conditional major histocompatibility complex (MHC) class-I transgenic mice for 

myositis, were used. It was hypothesized that identification of precise proteomic alterations 

in the affected muscle, using mass spectrometry based untargeted-stable isotope labeled-

proteomic strategy, would help to discover disease specific pathogenic mechanisms.  

 Firstly, the untargeted-labeled-proteomics approach using in vivo SILAC mouse 

proved to be a robust technique to uncover previously unidentified pathological pathways 

in mouse models of human skeletal muscle diseases. With respect to DMD, SILAC mouse 

proteomic profiling identified 73 significantly altered proteins in the early stage of the 

disease in mdx muscle compared to healthy muscle. Bioinformatics analyses of the altered 

proteins identified that integrin-linked kinase (ILK), actin cytoskeleton signaling, and 

mitochondrial energy metabolic pathways are significantly altered very early in the disease 

process in dystrophin deficient muscle. Disease specific protein modulations were further 

validated using an independent set of samples, SILAC spike-in strategy and specific 

antibody based biochemical assays. Moreover, the potential candidates of ILK pathway 

such as vimentin, desmin and ILK were confirmed to be significantly up-regulated in 

dystrophin-deficient human DMD samples suggesting the importance of these findings in 

relation to human disease pathology.  

 A novel association between the reduced mitochondrial activity and impaired 

sarcolemmal healing was identified in dystrophin deficient muscle. Live imaging of 

isolated single muscle fibers determined that reduced mitochondrial translocation to the site 

of injury negates the membrane repair processes even in the presence of compensatory up-
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regulation of repair proteins (dysferlin and annexin). Thus, current studies provided the first 

comprehensive understanding of the dystrophic muscle pathologies at the proteomic level. 

 In auto-immune myositis, SILAC mouse proteomic profiling identified significant 

alteration in the levels of 179 proteins. These proteins belong to the endoplasmic reticulum 

(ER) stress response, ubiquitin proteasome pathway (UPP), ER associated degradation 

(ERAD), oxidative phosphorylation, glycolysis, cytoskeleton, and muscle contractile 

apparatus categories. A significant increase in the ubiquitination of muscle proteins as well 

as a specific increase in ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1) was 

observed in myositis, but not in normal or other dystrophic muscles. Furthermore, 

inhibition of UPP using a specific proteasome inhibitor, bortezomib, significantly improved 

muscle function and also significantly decreased TNF-α (pro-inflammatory cytokine) 

expression in the skeletal muscle of myositis mice. Treatment with bortezomib, decreased 

GRP-78 (ER stress sensor) levels and also enhanced muscle regeneration. Thus, it can be 

concluded that UPP and ERAD activation in myositis muscle contribute to muscle 

degeneration. UCHL-1 is a potential biomarker for myositis disease progression and 

inhibition of UPP offers a potential therapeutic strategy for myositis. 

 These studies not only provided information on the implicated pathways both in 

„dystrophin-deficient‟ and „myositis‟ muscle but also identified potential therapeutic 

targets. Nevertheless, future experiments will help to associate pathways identified using 

this proteomic strategy with gene expression profiling to comprehensively understand 

disease specific as well as general pathogenic pathways. These studies will pave the way to 

enhance development of improved therapies for these rare muscle diseases.  
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 Chapter 1: Introduction 

 Global analyses of tissues both in physiological and pathological conditions have 

previously been performed at mRNA level using microarray and deep sequencing 

technologies [1-4]. It is beyond doubt that these methods provided a comprehensive 

understanding of biological systems, at „transcriptome‟ level. Nevertheless, modulations 

identified at transcript level do not always predict protein levels. Global analysis of 

proteomic modulations of a particular tissue is equally important, as proteins are one of the 

critical active units that determine the function of a tissue. This is particularly true in light 

of recent studies that showed only 40-60% correlation between mRNA and protein 

expression levels [5,6]. In general, MS-based quantitative proteomic strategies (either label 

free or labeled methods) are used to study protein alterations in the affected tissue. In this 

dissertation, a novel stable isotope labeled (
13

C-lysine) „SILAC mouse‟ proteomic 

strategy was applied to precisely quantify protein alterations in vivo both in normal and 

pathological conditions. One primary advantage of this methodology is that it considers 

the entire complexity of the tissue. An unbiased global proteomic analysis of two 

different skeletal muscle diseases was performed to test the validity of the method in 

identifying disease specific protein alterations.  Here, currently available MS-based 

quantitative proteomic strategies were compared with the SILAC mouse strategy. 

1.1 MS-based quantitative proteomic strategies 

 MS-based proteomic strategies are invaluable tools to identify and precisely 

quantify thousands of proteins from complex biological samples. These tools not only 
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improved our understanding of biological systems but also broadly affected biology and 

medicine. 

1.1.1 Mass spectrometer: basic instrumentation and principles 

 A mass spectrometer ionizes proteins or peptides into charged molecules and then 

measures their mass-to-charge ratio (m/z). The basic structure of a mass spectrometer 

consists of 3 parts; an ion source, a mass analyzer and a detector. The ion source converts 

some portion of the sample into charged ions. The mass analyzer measures m/z ratio of the 

ionized analytes, and the detector registers the number of ions at each m/z value. Primarily 

used ion sources include electrospray ionization (ESI), and matrix-assisted laser 

desorption/ionization (MALDI) [7,8]. ESI ionizes the molecules from a liquid phase and is 

therefore readily coupled to liquid-based chromatographic (LC) separation techniques. On 

the other hand, MALDI ionizes the samples from a dry phase (crystalline matrix) and hence 

cannot be coupled to any separation techniques [9,10]. In general, MALDI-MS is used to 

analyze relatively simple peptide mixtures; whereas, integrated LC-ESI-MS systems are 

preferred for complex mixtures. The most central component of a mass spectrometer is the 

mass analyzer. Sensitivity, resolution and mass accuracy are the key parameters of a mass 

analyzer, which determine its usage.  

 There are four types of mass analyzers currently used in proteomics research; 1) ion 

trap; 2) time-of-flight (TOF), 3) quadrupole and, 4) fourier transform-ion cyclotron (FTIC-

MS) analyzers, each of which has different design and performance with their own 

strengths and limitations. Ion-trap analyzers first trap the ions for a certain time interval and 

these are then subjected to MS or MS/MS analysis. Ion trap analyzers are robust, sensitive 

and relatively inexpensive; however, they have relatively low mass accuracy [11]. TOF 



 

 3  

analyzers accelerate the ions by an electric field of known strength and measure the time it 

takes for the particle to reach a detector. The time to travel for the particle depends on the 

m/z ratio i.e. lighter particles reach the detector first and heavier ones reach later. The major 

limitation of TOF analyzer is the formation of singly charged ions, which precludes the 

detection of peptides or proteins with larger mass.  

 Quadrupole mass analyzers have four cylindrical rods set parallel to each other 

where in the electric field between the rods acts as a „mass filter‟, permitting a stable 

trajectory only for ions with a particular m/z ratio. Quadrupole analyzers have limited 

resolution. Next, FT-MS analyzers trap ions under high vacuum and high magnetic field; 

thus, these analyzers have high sensitivity, mass accuracy, resolution and dynamic range. 

Limitations of FT-MS analyzers include high operational costs and low peptide-

fragmentation efficiency [12].  It should be noted that there is no ideal mass analyzer, 

which is suitable for all applications; hence, they are used together in tandem to take 

advantage of each of their strengths.  MALDI is usually coupled to TOF analyzers whereas 

ESI has mostly been coupled to ion traps and triple quadrupole instruments and used to 

generate fragment ion spectra via collision-induced dissociation (CID) of selected precursor 

ions.  

 After MS analyses the final step is to identify proteins using the available spectral 

information. This is achieved by „peptide-mass fingerprinting (PMF)‟ or by „peptide 

sequencing‟. In PMF, proteins are identified by matching a list of „experimental‟ peptide 

masses to the „calculated‟ list of peptide masses using a comprehensive database. Peptide 

sequencing is done using CID spectra where in the peak pattern provides information about 

peptide sequence. The CID spectra are scanned against comprehensive protein sequence 
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databases using a computer-based algorithm to identify the best sequence match. Methods 

such as „cross-correlation‟ or probability based matching are used to identify a best 

sequence match. More recently, there are tremendous modifications in the configuration of 

MS instruments; however, in this dissertation we described only the basic concepts and 

salient features of mass spectrometry instruments [13]. 

1.1.2 Quantitative proteomic methods 

 Precise quantification of protein alterations in both physiological and pathological 

states provides a comprehensive insight of the biological systems. Traditionally, gel-based 

quantification methods are used to quantitate relative differences in proteins (e.g., 

1dimension electrophoresis (DE) and 2-DE-gel electrophoresis). These techniques suffer 

with limitations such as poor reproducibility and frequent co-migration of multiple proteins 

under individual spots. Therefore, more recently, these gel-based techniques have been 

improved wherein fluorescent dyes are used for differential protein analyses (e.g., 

fluorescence difference in gel-electrophoresis (DIGE) technology) [14]. Even though, these 

methods provided good sensitivity, linearity and dynamic range they still have some 

inherent limitations. Firstly, these methods are not applicable for soluble proteins and do 

not reveal the identity of the proteins; secondly, they are not suitable for high throughput 

screening.  

 In the recent years, several technological developments have occurred in MS-based 

quantitative proteomic strategies and thus these methods have gained increasing popularity. 

Mainly, there are 2 categories of MS-based protein quantification methods; 1) label-free; 

and 2) labeling-based quantification.  
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Label-free quantification  

 This is achieved by measuring and comparing the MS signal intensity of peptide 

precursor ions belonging to a particular protein and by counting the number of peptide 

fragmentation events (spectral counting) as an estimate of the amount of protein [15-17]. 

Advantages of label free methods are that the sample preparation is easier, multiple 

samples can be directly compared, and they provide higher dynamic range for 

quantification as compared to labeling techniques. However, the major limitation is that 

both systematic and non-systematic variations between the experimental processes affect 

the overall quantification leading to relatively poor accuracy.  

Labeling methods 

 These methods are considered to be more accurate compared to label-free 

approaches. These are based on the theory that a stable isotope-labeled peptide is 

chemically identical to its native counterpart and therefore the two peptides behave 

identically during chromatographic and/ or MS analysis. These methods introduce a 

specific mass tag to a peptide in order to facilitate relative quantification in comparison to 

native peptide. These mass tags can be introduced into proteins or peptides using 3 

methods: 1) chemically; 2) enzymatically; and 3) metabolically. Relative quantification can 

also be performed by spiking exogenous synthetic peptide standards [18]. The workflow 

for each of these labeling strategies is shown in Figure 1.1. 
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Figure 1.1. Common quantitative MS workflows that use labeling strategies.  

Boxes in green and red represent two experimental conditions. Horizontal lines indicate 

when samples are combined. Dashed lines indicate points at which experimental variation 

and thus quantification errors can occur. This idea for this figure is adapted from Ong et al., 

2005 and Bantscheff etal., 2007 [18, 183].  
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Enzymatic or chemical labeling 

 Enzymatic labeling is performed either during proteolytic digestion or after 

proteolysis. In this method, 
18

O is incorporated into C-termini of peptides resulting in a 

mass shift of 2 Da per 
18

O atom. Achievement of full labeling or controlling the rate of 

labeling between different peptides is the practical disadvantage of this method [19-22]. In 

chemical labeling the side chains of lysine and cysteine residues are used to incorporate an 

isotope-coded affinity tag (ICAT) [23]. In this method, cysteine residues are specifically 

derivatized with a reagent containing either zero of eight deuterium atoms as well as a 

biotin group for affinity purification of cysteine-derivatized peptides and subsequent MS 

analysis. A major limitation of ICAT is that it is not suitable for quantifying the proteins 

that do not contain any or few cysteine residues. Another widely used chemical labeling 

strategy is „isotope tags for relative and absolute quantification‟ (iTRAQ) [24]. This 

technique allows multiplexed quantitation of up to eight samples. Nevertheless, a general 

drawback of all chemical labeling approaches is that they are prone to side reactions that 

can lead to unexpected products and may adversely influence quantification.  

Quantification by spiking in stable isotope standards  

 In this method, known quantities of isotope labeled synthetic standard peptides are 

added to a sample and, subsequently, the concentration of endogenous peptide is 

determined by comparing their MS signal. A potential drawback of this approach is that 

one has to estimate how much of the labeled standard should be spiked into the sample, 

variations of which might affect the MS signal. 
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In vitro metabolic labeling 

  This labeling procedure introduces a stable isotope signature into the proteins 

during cell growth and division. First introduced by Mann and coworkers  [25], this 

approach is popularly known as stable isotope labeling by amino acids in cell culture 

(SILAC). In SILAC, one group of cells is grown in a medium containing 
13

C6-arginine and 

13
C6-lysine („heavy‟) and another group of cells is grown in normal medium („light‟). 

Heavy amino-acid incorporation results in constant mass increment over the unlabeled 

counterpart. In this method, both „heavy‟ and „light‟ peptides are co-eluted and thus permit 

the relative quantification. The main advantage of SILAC is that the differentially treated 

samples can be combined at the level of intact cells; thus excluding all sources of 

quantification errors introduced during the processing of samples. Because of this early 

combination of samples, SILAC is considered the most accurate quantitative MS method. 

However, the limitations of SILAC are it cannot be applied to the cells that are sensitive to 

subtle changes in the media composition and also to the human tissues. In addition, there is 

a possibility of metabolic conversion of excess arginine into proline, which complicates 

data analysis and potentially introduces variability in the data [18,26]. Until recently, 

SILAC is mostly applied for in vitro cell culture systems due to the need for metabolic 

labeling of proteins. Nevertheless, more recently, SILAC technique has been extended in 

vivo to develop heavy stable isotope-labeled mammals [27-32].  

In vivo metabolic labeling 

 Recently, metabolic labeling of different animal model systems has been emerging. 

In general, feed consisting 
13

C6-lysine or 
15

N-labeled-algae are used to label proteins in 

animal tissues. To date, heavy isotope labeled mouse (SILAC mouse), drosophila (SILAC 
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fly), zebra fish and rat (Stable isotope labeling of amino acids in mammals: SILAM) have 

been reported [27, 28]. In the SILAC mouse strategy, the mice feed consists of a balanced 

synthetic feed labeled with 
13

C6-lysine. As lysine is an essential amino acid it cannot be 

synthesized de novo; hence, it incorporates the exogenously provided lysine into its 

proteins. In the SILAM strategy, the feed consists of 
15

N-labeled algae and enables labeling 

of entire peptide backbone. These techniques enable accurate measurement of all expressed 

proteins in various organs and tissues under different conditions [27-32]. The main 

advantages of in vivo labeling are: 1) it considers the entire complexity of the tissue; 2) it 

does not suffer from incomplete labeling or side reactions that might occur in chemical 

labeling methods; and 3) metabolically labeled samples are mixed at the earliest possible 

moment in the sample preparation process and hence minimize errors. 

 Even though, both 
13

C-lysine and 
15

N labeling have been used to label in vivo, each 

has its own advantages and limitations. In 
13

C-lysine the dynamic range of detection of 

proteins is less compared to 
15

N-labeling. For example, using 
13

C-lysine the probability of 

detection of proteins with fewer lysines is decreased; however, in 
15

N labeling as the entire 

peptide backbone and all nitrogen containing side chains are labeled the dynamic range of 

detection of proteins is enhanced. Moreover, in 
13

C-lysine-labeling the number of 

incorporated labels is defined, but is not the case in 
15

N-labeling and is dependent on the 

peptide sequence. Therefore, the spectra obtained after MS analysis and thus the 

quantification in 
15

N-labeling is complex. Even though in vivo labeling strategies are useful 

in detecting disease specific protein modulations at tissue level, one major bottle neck for 

its routine usage is the cost of generation of labeled model animals.  
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 In this dissertation research, MS-based in vivo 
13

C-lysine-labeling-SILAC mouse 

strategy was applied in order to understand the implicated pathways in two different muscle 

disorders; DMD and myositis. The reasons for selecting these disorders include: 1) DMD is 

genetic in origin; whereas, the etiology of myositis is not known yet; 2) Both muscle 

disorders show the involvement of inflammatory component in their pathology; however, 

they differ significantly in their histological and clinical features; 3) In contrast to DMD, 

myositis has an ongoing active immune response; and 4) the availability of well-defined 

mouse models for both diseases on C57BL6 background. Hence, this dissertation work is 

mainly focused on DMD and myositis. Brief descriptions of currently known pathogenic 

mechanisms of these diseases are given below. 

1.2 Duchenne muscular dystrophy: pathogenic mechanisms 

 DMD, an X-linked disorder occurs due to a mutation in the dystrophin gene leading 

to elevated levels of serum creatine kinase (CK), muscle weakness, cardiomyopathy and 

respiratory insufficiency [33,34]. DMD is a fatal muscle disease and has a debilitating 

clinical course characterized by muscle wasting. Initial onset of disease is in pelvic girdle 

and further progresses towards the distal and respiratory muscles. It has been well 

acknowledged that the primary function of dystrophin is to provide mechanical strength 

and to stabilize the myofiber membrane. The lack of dystrophin and its associated 

dystroglycan complex compromises myofiber strength as well as its homeostasis and, in 

turn, initiates several pathological consequences [35,36]. Important mechanisms discussed 

here under are summarized in Figure 1.2. 

 It has been proposed that the transient membrane breaks in dystrophin deficient 

myofiber cause unregulated influx of calcium ions leading to increased calcium content and 
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altered calcium handling at the sub-cellular level [37,38]. Expression profiling studies in 

dystrophin deficient muscles revealed a significant down-regulation of mitochondrial 

mRNA transcripts suggesting a general metabolic crisis in dystrophin deficient muscle [4]. 

Presumably, these mechanisms lead to muscle wasting and muscle weakness in DMD. 

Some studies suggested that lack of dystrophin in dystrophic muscle causes secondary 

deficiency of nNOS leading to dysregulated sympathetic vasoconstriction, which 

subsequently leads to functional ischemia in the affected muscle [39-41].  

 Dystrophic muscle is also characterized by the activated immune cell infiltrates and 

up-regulated inflammatory mediators (e.g., cytokines and chemokines) [2,42,43]. Immune 

cell infiltration is throughout the perivascular, perimysial, and endomysial regions in 

dystrophin deficient skeletal muscle. The muscle infiltrates predominantly contain 

macrophages, and CD4+ T-cells, with minimal CD8+ T-cells and B-cells [44,45]. In 

addition, mast cells, eosinophils, and neutrophils are also reported to contribute to muscle 

fiber wasting in dystrophic pathology [46-48]. The enhanced expression of MHC class-I 

molecules, on muscle fibers invaded by inflammatory cells, and on necrotic and 

regenerating fibers in dystrophic muscle indicate that immune effector mechanisms 

contribute to the muscle pathology in DMD [49,50]. It is possible that the general 

lengthening contractions exert shear force on the dystrophin deficient myofiber and cause 

acute damage and release several cytokines and chemo-attractants before undergoing 

necrosis. These processes potentially induce immune cell infiltration into the affected tissue 

and trigger degeneration-regeneration cycles. However, the progression and perpetuation of 

disease makes the normal regenerative capacity of muscle insufficient to continuously 

replace necrotic muscle fibers leading to tissue remodeling and subsequent replacement 
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with fibrotic tissue. Accumulation of fibrotic tissue severely impairs muscle function, 

especially respiratory and cardiac muscles leading to poor prognosis [51]. One line of 

evidence in support to the activation of pro-fibrotic pathways is the increased presence of 

transforming growth factor (TGF)-beta transcripts in DMD muscle biopsies [2]. 

Earlier studies have examined protein changes in dystrophic hind limb muscles, 

diaphragm, heart, and extra-ocular muscles. Previously, 2-DE and DIGE methods have 

been used to study protein changes in the diseased muscle. A study using 2-DE approach 

reported a 4-fold decrease in adenylate kinase (AK) levels in the dystrophin deficient hind 

limb muscles [52]. Additionally, a series of proteomic profiling studies have been reported 

in dystrophin deficient skeletal muscle as well as in diaphragm [53-56]. These authors 

reported a significant decrease in calsequestrin levels in the diseased muscle in comparison 

to controls [54]. Another study reported an increase in cardio-vascular heat shock protein 

(cvHSP) in dystrophin deficient diaphragm [55]. Nevertheless, these traditional proteomic 

techniques (2-DE, DIGE) suffer from a disadvantage that they detect alterations 

predominantly in abundantly expressed proteins and, hence, there is a need for precise 

proteomic quantitation techniques. 
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Figure 1.2. Pathological cascades implicated in dystrophin deficient muscle.  

Mechanisms implicated in dystrophin deficient muscle can be divided in to two categories: 

pathways intrinsic to the myofiber (left); and pathways that occur in the microenvironment 

of the myofiber (right). To guide the readers through the figure, each pathway is shown 

with a number. Intrinsic mechanisms include: disturbed calcium homeostasis (1); 

mitochondrial energy metabolism (2); loss of neuronal nitric-oxide synthase (nNOS) (3); 

and activation of Toll-like receptors (TLRs) (4). Influx of calcium into dystrophic myofiber 

potentially affects mitochondria and causes muscle weakness. Loss of neuronal nitric-oxide 

synthase (nNOS) causes functional ischemia. Induction of TLRs with danger associated 

molecular patterns (DAMPs) leads to activation of NF-kB pathway and production of pro-

inflammatory cytokines (e.g., TNF-α, IL-1β). Mechanisms associated with muscle 

microenvironment include: immune cells (e.g., macrophages, dendritic cells & T cells) (5). 

These immune cells mediate myofiber damage and induce tissue remodeling and fibrosis. 
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1.3 Auto-immune myositis: pathogenic mechanisms 

 A group of disorders such as polymyositis (PM), dermatomyositis (DM) and 

sporadic inclusion body myositis (sIBM) are collectively known as „myositis/idiopathic 

inflammatory myositis‟. The etiology of these groups of disorders is unknown. 

Characteristic features of PM and DM include symmetric proximal muscle weakness with 

elevated levels of serum muscle enzymes and auto-antibodies. In addition, DM patients 

also show the involvement of skin and connective tissue. Aberrant over-expression of 

MHC class I molecules on the surface of the affected myofibers, mononuclear cell 

infiltration, muscle degeneration and the presence of auto-reactive T cells are the 

pathognomonic features of auto-immune myositis. MHC molecules present processed non-

self and self-antigenic peptides to T-lymphocytes and mediate immune response. T-

lymphocytes express surface receptors (T-cell receptors; TCR) that recognize peptide 

fragments of foreign proteins when presented on the MHC molecules of antigen-presenting 

cells. Functional subsets of T cells include CD4+ T helper cells (which recognize MHC 

class II-presenting peptides) and CD8+ cytotoxic T cells (which recognize MHC class I-

presenting peptides). In the pathology of DM, CD4+T cells are thought to play a major 

role; in contrast, CD8+ T cells seem to be the predominant actors in PM [57,58]. CD8+ T 

cells infiltrating myositis muscle have been shown to express perforin-1 and granzyme-B 

enzymes, indicating that they have a cytotoxic effect on the affected muscle [59]. Recent 

studies demonstrate the presence of CD28
null

 T-cells, Th17 cells, and T regulatory cells in 

the muscle of PM and DM patients [60-64]. The CD28
null

 T cells arise as a result of a 

chronic inflammatory stimulus (such as infection from virus) and are generally long-lived 
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and pro-inflammatory in nature. Likewise, Th17 cells produce cytokines (IL-17 and IL-22) 

that have both tissue protection and pro-inflammatory properties.  

 Presence of myositis-specific antibodies against autoantigens such as histidyl-tRNA 

synthetase (anti-Jo-1) and chromodomain-helicase DNA-binding proteins (anti-Mi-2) has 

been well established in myositis patients. More than half of all patients show auto-

antibodies. Several different auto-antibodies have been reported in different myopathies, 

which are summarized in Table 1.1. The majority of antibodies reported are directed 

against ubiquitous cytoplasmic or nuclear components involved in critical cellular 

regulatory processes. The role of auto-antibodies in mediating muscle damage and injury is 

uncertain in myositis. However, auto-antibodies are extremely useful for diagnosing and 

classifying myositis patients and for predicting disease course and therapeutic outcomes. 

The presence of auto-antibodies implicates a role for B lymphocytes in myositis pathology. 

B-cells are derived from bone marrow migrate to secondary lymphoid organs to elicit 

antigen specific humoral immune response. B cells are terminally differentiated into 

plasma cells and play a pathogenic role in PM, DM and sIBM muscle [85]. More recent 

reports indicated an up-regulation of B-cell activating factor (BAFF) and also suggested 

that B cells might locally mature into antibody-producing plasma cells in myositis muscle 

[85,86].  

 Some reports also suggest that cytokines have a pro-inflammatory role in myositis 

muscle. The cytokines and chemokines reported in myositis muscle are summarized in 

Table 1.2. Predominantly reported cytokines and chemokines in myopathic tissues include 

IL-1α, IL-1β, TNF-α, and TGF-β [31,36,87-90]. IL-1α was predominantly expressed in 

capillary endothelial cells of PM, DM and sIBM muscle biopsies suggesting a prominent 
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role for endothelial cells in pathology [36,91]. TNF-α has been hypothesized to attract 

immune cells by enhancing transendothelial cell trafficking in affected muscle [92]. Also, 

TNF-α has been proposed to activate immune cells and induce MHC class-I expression in 

the myositis muscle. TGF-β was thought to play a pro-fibrotic role based on the correlation 

between its expression and connective tissue proliferation in DM muscle [90]. 

Because of the involvement of the immune components, it is generally believed that 

the autoimmune response to skeletal muscle derived antigens is primarily responsible for 

the muscle fiber damage and muscle weakness in myositis. However, there are several 

observations that suggest the involvement of non-immune mechanisms in myositis 

pathology. These observation include: 1) the lack of a correlation between the degree of 

inflammation and skeletal muscle weakness [104]; 2) the lack of a response to potent 

immunosuppresants by some myositis patients; and 3) the lack of any amelioration of 

clinical disease even after complete removal of inflammatory infiltrates from the myositis 

muscle [105,106]. Predominant non-immune mechanisms that are shown to be implicated 

in myositis are ER stress pathway, autophagy and metabolic/energy pathways [107-109]. 

Several lines of evidence for the involvement of ER stress in the pathogenesis of 

PM and DM have been provided, wherein enhanced expression of GRP78 and other ER 

stress-related genes, including GRP94, GRP75, GADD153, PERK, ATF3 were observed in 

the myositis muscle biopsies, together with the activation of the NF-kB pathway (EOR) 

[107,110]. More specifically, enhanced GRP94 expression was seen in the regenerating 

fibers of the myositis muscle, and an up-regulation of calreticulin and GRP75 was observed 

in the myofibers that were also positive for MHC class-I staining. These findings suggest 

that muscle repair mechanisms as well as systemic immune responses are probably linked 
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to ER stress pathways in myopathic muscle. Even though several studies observed the 

induction of ER stress response pathways in myositis muscle; there is a considerable gap in 

our understanding with regard to the cause-and-effect relationship between ER stress and 

myofiber damage in inflammatory myopathies. Determination of the mechanisms affected 

downstream of ER stress in myopathic muscle would help design novel therapeutic 

strategies for these groups of disorders. It was demonstrated that TNF-related apoptosis-

inducing ligand (TRAIL) and markers of autophagy are up-regulated in myositis muscle 

fibers [108]. More recently, a rate limiting enzyme in purine nucleotide pathway (AMPD1) 

has been demonstrated to be significantly down regulated at both mRNA and protein level 

in the myositis muscle [109]. Pathways mentioned here are summarized in Figure 1.3. 

Thus far, the majority of the studies conducted to explore the molecular 

mechanisms that are perturbed in myositis muscle have been conducted at the mRNA 

transcript level [107,111,112]. A few proteomic studies of sporadic inclusion body myositis 

(sIBM) and hereditary IBM have been reported, in which label-free proteomic approaches 

were used [113-115]. As mentioned earlier, label-free proteomic strategies inherently suffer 

from greater variation in quantification and the interpretation of results obtained using these 

methods is technically challenging. Hence, there is a need for better proteomic 

quantification methods. 
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Table 1.1 Some of the important auto-antibodies reported in inflammatory myopathies 

Auto-antibodies Disease Association References 

Anti-tRNA synthetases
1
 

(Anti-Jo; against histidyl 

tRNA synthetase) 

More common 

in PM than 

DM
 

Interstitial lung disease [65-67] 

Anti-chromodomain 

helicase DNA binding 

proteins (anti-Mi2)
 

DM Cutaneous lesions [68-70] 

Anti MDA5/Anti-CADM-

140 

DM Mucocutaneous lesions; 

severe lung disease minimal 

muscle involvement 

[71-73] 

Anti-TIF1γ
2 

DM Malignancy [74-76] 

Anti-nuclear matrix protein 

(NXP)-2/anti-MJ 

Mostly 

Juvenile DM 

Joint contractures; calcinosis 

 

[77] 

Anti-SAE
3
 DM Skin and muscle 

manifestations 

[78] 

Anti-signal recognition 

particle 

NM, PM Degenerating and 

regenerating muscle fibers 

and possible cardiac 

involvement  

[79-82] 

Anti-HMG-CoA 

reductase
4 

Statin 

associated 

myopathy 

Treatment with cholesterol 

lowering drugs 

[83,84] 

PM: Polymyositis; DM: Dermatomyositis; NM: Necrotizing myopathy 
1
additional antisynthetase antibodies found in myositis are targeted against threonyl-tRNA 

synthetase (PL-7); alanyl-tRNA synthetase (PL-12); isoleucyl-tRNA synthetase (OJ); 

glycyl-tRNA synthetase (EJ); asparaginyl tRNA synthetase (KS) 
2
TIF1γ: Transcription intermediary factor 1γ 

3
SAE: Small ubiquitin like modifier activating enzyme 

4
HMG-CoA reductase: 3-hydroxy-3-methylglutaryl-coenzymeA reductase 
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Table 1.2 Some of the important cytokines/chemokines reported in inflammatory 

myopathies. 

Cytokines/Chemokines Potential role References 

IL-1α/IL1-β Pro-inflammatory & probably 

myofibrillar protein break down 

[88,91,93] 

TNF-α Chemo-attractant [89] 

TGF-β Pro-fibrotic [90] 

IL-17 IL-6 production and HLA class I in 

muscle cells 

[94] 

IL-15
1 

T-cell activation, development of 

natural killer (NK) cells & NK-T cells 

[95] 

Type 1 interferons 

(IFNα, IFNβ) 

Enhance type 1 interferon inducible 

transcripts (ISG15, MX1, IFIT3, and 

IRF7)
 

 

[96,97] 

Leukotriene B4 Chemo-attractant [98] 

Macrophage inflammatory proteins 

(1α, 1β) 

Contribute to ongoing muscle 

inflammation 

[99] 

RANTES
2 

Chemo-attractant [99] 

Resistin /Adipocyte secreted factor Pro-inflammatory, probably involved 

in metabolic dysregulation 

[100-102] 

TWEAK
3 

Impairs muscle differentiation and 

myogenesis 

[103] 

1
IL-15 and IL-6 are also called myokines 

2
RANTES: Regulated on activation, normally T expressed and secreted 

3
TWEAK: Tumor necrosis factor-like weak inducer of apoptosis 
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Figure 1.3. Pathogenic mechanisms implicated in myositis muscle. Pathways are 

numbered to guide the readers. Induction of TLRs, activation of autophagy via TNF-related 

apoptosis-inducing ligand (TRAIL) and activation of NF-kB pathways are innate immune 

players in myositis muscle (1). Activation of these mechanisms produces pro-inflammatory 

cytokines. MHC class-I overexpression on the affected myofiber induces ER stress and 

activates downstream cell death mechanisms (2). The expression of a rate-limiting enzyme 

of the purine nucleotide cycle, AMPD1, is reduced in myositis muscle which might cause 

muscle weakness and fatigue (3). The mechanisms that cause AMPD1 reduction are not 

known yet. Adaptive immune mechanisms occur in the muscle microenvironment (4). 

Activated cytotoxic T-cells (CTL) exert their effects through the secretion of perforin-1 and 

granzyme-B enzymes. Activated B-cells differentiate into plasma cells (P) and produce 
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auto-antibodies. Macrophages (MΦ) produce inflammatory mediators in myositis muscle. 

Thus, the myositis muscle microenvironment is complex. 

1.4 Murine models homologues to human DMD and auto-immune myositis 

 There are well-established murine models, which are most widely used for both 

DMD and myositis. 

1.4.1 Dystrophin deficient mdx mice 

The „mdx‟ mice lack dystrophin and are one of the most widely used animal models 

for studying DMD pathophysiology and for testing various therapeutic regimens [116]. 

There are different strains of mdx mice such as mdx-23, mdx-52, mdx-4CV and DBA/2J-

mdx. Nevertheless, there is no consensus on which strain is ideal for the purposes of 

understanding disease pathology. Thus, people tend to use the strain readily accessible to 

them. Here, mdx-23 and mdx-52 strains are described as they are used more frequently.  

The mdx-23 is on a C57BL/10 background and is a spontaneous mutant with a 

point mutation (C-T transition) in exon 23 of the dystrophin gene [117]. This mutation 

results in a termination codon in place of a glutamine codon and a truncated dystrophin 

protein. Moreover, this mutation does not disrupt the expression of shorter isoforms that are 

also expressed from the dystrophin gene through differential promoter usage. This mdx-23 

strain is available through Jackson Laboratories.  

Another mutant mdx mouse model, mdx-52, is on a C57BL/6 background. This 

strain has been generated by disrupting the dystrophin gene through gene targeting and 

deletion of exon 52. The mdx-52 mice lack both dystrophin and the shorter dystrophin 

isoforms (Dp140 and Dp260). The skeletal muscles of both mdx-52 and mdx-23 mice 

exhibit a pathological profile similar to human DMD muscle [118]. Nevertheless, these 
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mdx strains show a mild phenotype when compared to human disease, but they display 

substantial myofiber degeneration, muscle weakness, elevated serum creatine kinase, and 

extensive inflammatory infiltrates in the muscle tissue [116,119]. Initial disease onset in 

mdx mice occurs at around 3 weeks of age, with recurring bouts of myofiber degeneration 

and regeneration. These bouts are limited by 12-16 weeks of age, but the tissue infiltration 

and muscle weakness continue for the remainder of the animal‟s life. Hence, this model 

continues to be important for understanding the consequences of dystrophin deficiency and 

the alteration in the molecular events that lead to muscle pathology. 

1.4.2 Mouse model of myositis 

 Several murine models are used in myositis research. For instance, the infectious 

agent induced models, wherein, mice are infected with either virus particles (e.g., Ross 

River virus, Coxsackie B virus). Antigen induced models, wherein, mice are injected with 

proteins (e.g., C-protein, histidyl tRNA synthetase) to develop myositis like symptoms 

[120-122]. Even though, these models show some of the characteristic symptoms of 

myositis, the disease is highly variable and transient. Therefore, Nagaraju et al., 2000 have 

developed a mouse model for myositis by conditionally over expressing MHC class-I on 

the skeletal muscle. This model recapitulates several characteristic features of the human 

myositis [123]. These mice exhibit significant muscle degeneration and lymphocytes 

infiltration (macrophages, T cells, and B cells) and also show low affinity myositis-specific 

auto-antibodies (anti-Jo-1).  These transgenic mice possess two genes: 1) a tetracycline 

transactivator (tTA) under the control of muscle specific creatine kinase (mCK) promoter 

(T gene) and 2) MHC class-I gene (H-2K
b
 haplotype) under the control of tetracycline 

response elements (TRE) (H gene). Mice with both transgenes are referred to as HT-mice 
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and with either one of the transgenes are referred to as H or T- control mice. These 

transgenic mice are in C57BL/6 background. The transgenes are doxycycline (a 

tetracycline analog) dependent and are inducible only in mice having both of them. 

Administration of doxycycline to HT mice suppresses tTA from binding to the TRE region, 

thereby preventing MHC class-I expression. Doxycycline hycyclate (200 µg /ml) in 2% 

sucrose solution is provided via drinking water to suppress the transactivator. Upon 

withdrawal of doxycycline, tTA is released to bind to TRE elements and induces MHC 

class-I expression. Since, tTA is under mCK promoter this gene is induced specifically in 

skeletal muscle. Thus, this unique system permits control of both time and location of 

MHC class-I expression. This transgenic mouse colony is maintained in house, and all the 

breeding and genotyping protocols are well standardized [123]. In general, for experiments, 

doxycycline withdrawal occurs at 5 weeks of age, which results in the up-regulation of 

MHC class-I and development of muscle disease only in double transgenic-HT mice at 

about 16 weeks of age. Single-transgenic (H or T) mice do not show any symptoms of 

disease. Female mice develop consistently severe and early disease; whereas, male mice 

develop disease at a later age. Hence, to reduce variation, generally only female mice are 

used for all experiments. This model is widely used to understand myositis disease 

pathology [107-109,112,124]. 

1.5 Current treatment strategies for DMD and myositis 

 Synthetic glucocorticoids (GCs) (i.e. prednisone and deflazacort) are the standard-

of-care for DMD. Prednisone has been shown to improve muscle strength and delay the 

progression of disease in DMD boys [125].  Myositis patients are also often treated with 
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high-dose immunosuppressive drugs for 4 to 12 weeks and sometimes in combination with 

other cytotoxic drugs (e.g. methotrexate) [126].   

 More recently, impressive advances have been made on several fronts in 

developing novel therapies for inflammatory muscle diseases. For instance, gene therapies 

using adeno-associated virus to functionally rescue the dystrophic muscle and the 

correction of the dystrophin gene mutation using exon skipping are a few examples [127]. 

Although the complete correction of the primary biochemical defect is the best strategy; 

nevertheless, there exist many practical difficulties for these strategies to reach the clinic. 

Thus, strategies that stop the disease progression are equally viable approaches to treat 

inflammatory muscle diseases. However, one of the major limitations to drug discovery is 

our relative ignorance of progressive tissue pathology (e.g., the „downstream‟ pathological 

consequences of dystrophin deficiency or MHC class-I overexpression). With the 

emergence of new tools (gene expression profiling, proteomic profiling) that are beginning 

to shed light on complex pathophysiological cascades in many human disorders. 

Specifically, an emerging whole proteome-wide approach, which involves the assay of  

precise levels of thousands of proteins simultaneously in a single experiment will provide a 

snapshot of the multitude of changes induced by dystrophin-deficiency or by auto-

immunity in muscle tissue. 

1.6 Purpose and Significance 

 The dissertation research presented here aims to identify pathogenic mechanisms in 

dystrophin deficient and in auto-immune myositis skeletal muscle by utilizing a novel in 

vivo SILAC proteomics approach. To our knowledge, this is the first application of in vivo 

SILAC mouse to understand muscle disease pathology. Findings reported here have two-
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fold application and benefits. Firstly, the catalogued proteome of mouse skeletal muscle 

will permit a comparison with currently annotated human skeletal muscle proteome and 

help to assess the usefulness of homologous mouse models to study human skeletal muscle 

diseases. Secondly, an investigation of protein alterations in diseased muscle not only 

elucidates perturbed pathways but also discovers potential disease specific biomarkers, 

Further, these findings help to identify potential therapeutic targets.  

 While this research helps to build a more complete paradigm for the muscle 

pathology of DMD and myositis, the investigated proteome will also provide clues to 

understand the pathology of other related muscular dystrophies (e.g., dysferlin deficient 

limb girdle muscular dystrophy and fasico-scapular humoral dystrophy). In addition, the 

collected muscle proteome can be compared to the existing transcriptomic data and help 

analyze networks at an integrated level in order to completely understand the biological 

processes both at transcript and protein levels. The knowledge gained from these studies 

has potential translational implications both in DMD boys and in myositis patients. 

Furthermore,  this dissertation offers a fresh research perspective on how to study disease 

mechanisms in vivo using MS-based SILAC proteomics approach; essentially to identify 

novel pathogenic mechanisms and to validate those using SILAC spike-in strategy. The 

experimental design implemented here not only gives a complete picture of disease 

processes at molecular level but also evaluates the significance of identified networks as 

potential therapeutic targets using proof of concept pre-clinical drug trials.  
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Chapter 2: Identification of disease specific pathways using in vivo SILAC proteomics 

in dystrophin deficient mdx mouse 

2.1 Abstract 

The molecular mechanisms underlying dystrophy-associated muscle weakness and 

damage are not well understood. Quantitative proteomic techniques would help to identify 

disease specific pathways. Recent advances in in vivo metabolic labeling of animals by 

stable isotope-labeled amino acids (
13

C6-lysine) have enabled accurate quantitative analysis 

of the proteomes of the whole organs and tissues as a function of disease. Here, in vivo 

SILAC mouse strategy was used to define the underlying pathological mechanisms in 

dystrophin-deficient skeletal muscle. Differential SILAC proteome profiling was 

performed on the gastrocnemius muscles of 3-week-old (early stage) dystrophin deficient 

mdx mice versus wild type (normal) mice. Generated data were further confirmed in an 

independent set of mdx and normal mice using SILAC spike-in strategy. A total of 789 

proteins were quantified, of these 73 were found to be significantly altered between mdx 

and normal mice. Bioinformatics analyses using Ingenuity Pathway software established 

that the integrin-linked kinase pathway, actin cytoskeleton signaling, mitochondrial energy 

metabolism, and calcium homeostasis are the initial pathways to be affected in dystrophin 

deficient muscle at early stage of the pathogenesis. Key proteins involved in these 

pathways were validated by immunoblotting and immunohistochemistry in independent set 

of mdx mice samples and in human DMD muscle biopsies. The specific involvement of 

these molecular networks early in dystrophic pathology makes them potential therapeutic 
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targets. In sum, our findings indicate that SILAC mouse strategy has uncovered previously 

unidentified pathological pathways in mouse models of human skeletal muscle disease. 

2.2 Introduction 

Dystrophin is an essential skeletal muscle protein that interacts with other 

glycoproteins such as the dystroglycans and sarcoglycans to form the dystrophin 

glycoprotein complex (DGC). This complex links the extracellular matrix and the 

cytoskeleton of the myofiber via F-actin, thereby protecting the skeletal muscle membrane 

against contraction-induced damage [35]. The absence of this complex due the lack of 

expression of dystrophin makes the myofiber membrane susceptible to damage and, in turn, 

activates various pathogenic processes and aberrant signaling cascades [45,128,129]. 

Specific pathogenic processes implicated in this disease have not been thoroughly 

investigated. 

Investigation of protein dynamics and their involvement in signaling pathways in 

the course of dystrophinopathy can provide valuable insight into its pathogenesis. Protein 

modulations can be monitored using mass spectrometry-based quantitative strategies. 

Previously, 2-DE and DIGE have been used to study protein changes in the muscle of 

dystrophic mdx mice [52-56]. These techniques suffer from a disadvantage that they detect 

alterations predominantly in abundantly expressed proteins [54, 55]. Furthermore, previous 

studies using the dystrophin deficient mdx mouse model focused on established disease 

instead of early disease where limited pathways drive the pathology. Proteomic profiling on 

established disease have identified perturbation in Ca
2+ 

handling and bioenergetic pathways 

but not specific mechanisms that are upstream in the pathogenesis [52-56]. 
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Here, SILAC mouse strategy was applied to study the underlying molecular 

alterations in gastrocnemius muscle in the early phase of dystrophic muscle disease. This 

method, not only confirmed the previously identified pathways (mitochondria and energy 

metabolism) that are differentially modulated in dystrophin deficient muscle but have also 

uncovered novel pathways such as actin cytoskeletal and integrin-linked kinase (ILK) 

signaling pathways to be implicated in dystrophic pathology. 

2.3 Methods 

2.3.1 Animals and feed  

C57BL/6 control mice and dystrophin-deficient mdx-52 mice weighing 20-25g 

were used for breeding to generate SILAC-labeled and unlabeled mice, using custom-made 

mouse feed as described below. The mdx-52 mice are on a C57BL/6 background [118]. All 

animals were handled according to Institutional Animal Care and Use Committee 

guidelines at the Children‟s National Medical Center (Approved protocol # 199-07-01). 

2.3.2 Generating 
13

C-lysine-C57BL/6-SILAC mice  

SILAC mice were generated by following the method described by Kruger and his 

co-workers [27]. Mouse-Express feed containing “heavy” L-lysine (
13

C6, 99%) or “light” 

L-lysine (
12

C6, 99%) at the 1% level that adhered to standard laboratory mouse nutritional 

standards was purchased from Cambridge Isotope Laboratories (Andover, MA). In this 

study, wild-type C57BL/6 mice were labeled. Breeding pairs were set up and, after 

confirmation of pregnancy, dams were fed the custom 
13

C6-lysine diet, and breeding was 

continued to obtain F2 generation litters. In parallel, dystrophin-deficient mdx-52 breeding 
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pairs were maintained on unlabeled custom feed (
12

C6-lysine) and bred to obtain F2 

generation mdx litters.  

For all validation experiments, an independent set of C57BL/6 and mdx-52 mice 

(n=3/group) that had been maintained on non-custom (normal) feed were used. All animals 

were housed in an individually vented cage system under a controlled 12-h light/dark cycle, 

with free access to feed and water. 

2.3.3 Sample collection  

SILAC mice and age matched mdx mice were perfused with phosphate buffered 

saline to remove excess of blood from organs and tissues and were then euthanized using 

CO2. All organs including muscle tissues were harvested and flash-frozen in liquid 

nitrogen-chilled isopentane. The collected tissues were stored at -80ºC until use. Liver, 

gastrocnemius, and brain were collected from “labeled” C57BL/6 mice at each generation 

(F0, F1, and F2) in order to monitor the incorporation of 
13

C-lysine. For differential 

proteomic analysis between normal and dystrophic mdx mice, tissues were collected from 

F2 generation-labeled C57BL/6 mice and age-matched unlabeled mdx mice. Tissues were 

collected at 3, 6, and 12 weeks of age from labeled C57BL/6 and mdx mice (n=2/age 

group) for this study as well as for other projects. In the current study, we analyzed 3-week-

old mdx gastrocnemius to determine early changes in the dystrophic skeletal muscle 

proteome.  

2.3.4 Monitoring labeling efficiency (
13

C6-lysine) in SILAC mouse tissues  

Protein lysates were prepared from tissue samples harvested from the labeled 

C57BL/6 at F0, F1, and F2 generations. Aliquots (50 µg) of protein lysate from each 
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extract were separated by SDS-PAGE and stained with Coomassie blue. Individual bands 

were excised and digested with trypsin, and the resulting peptides were analyzed by LC-

MS/MS as described below. Raw spectra were analyzed using Integrated Proteomics 

Pipeline (IP2) version 1.01 software developed by Integrated Proteomics Applications, Inc. 

(http://www.integratedproteomics.com/). Labeling-efficiency was determined from 

unlabeled to labeled peptide ratios obtained for all identified proteins in each tissue (liver, 

brain, and muscle). These ratios were converted into percentages and then averaged to 

obtain the overall labeling efficiency for each respective tissue at each generation. 

2.3.5 Sample processing and MS analysis to identify proteomic alterations  

Gastrocnemius muscle was collected from 3-week-old F2 generation SILAC-

labeledC57BL/6 and age-matched, unlabeled dystrophic mdx mice. Furthermore, 

gastrocnemius muscle was also collected from age-matched unlabeled C57BL/6 mice. 

Total proteins were extracted from each muscle with RIPA buffer (50 mM Tris-HCl, pH 

8.0, with 150 mM sodium chloride, 1.0% Igepal CA-630 [NP-40], 0.5% sodium 

deoxycholate, and 0.1% sodium dodecyl sulfate) with protease inhibitors (Halt protease 

inhibitor cocktail 1X) (Pierce, Rockford, IL). Aliquots of the protein extracts from the 

muscles of unlabeled C57BL/6 and unlabeled mdx mice were each mixed 1:1 (50 µg) with 

protein extract from the muscle of a SILAC-labeled mouse. Protein concentration was 

estimated using BCA protein assay (Pierce, Rockford, IL). Labeled and unlabeled protein 

mixtures were further resolved by SDS-PAGE. The gel was stained with Bio-Safe 

Coomassie (Bio-Rad, Hercules, CA), and each lane was cut into 30-35 serial slices. 

Proteins in each gel slice were in-gel digested with trypsin. The resulting peptides from 

http://www.integratedproteomics.com/
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each slice were injected via an autosampler (6 μL) and loaded onto a Symmetry C18 trap 

column (5 μm, 300 μm i.d. x 23 mm) (Waters, Milford, MA) for 10 min at a flow rate of 10 

μL/min and eluted with 0.1% formic acid. The sample was subsequently separated on a 

C18 reversed-phase column (3.5 μm, 75 μm x 15 cm, LC Packings) at a flow rate of 250 

nL/min using an Eksigent Nano-HPLC system (Dublin, CA). The mobile phases consisted 

of water with 0.1% formic acid (A) and 90% acetonitrile (B). A 65-min linear gradient 

from 5 to 40% B was employed. Eluted peptides were introduced into the mass 

spectrometer via a 10-μm silica tip (New Objective Inc., Ringoes, NJ) adapted to a nano-

electrospray source (ThermoFisher Scientific, Rockford, IL). The spray voltage was set at 

1.2 kV and the heated capillary at 200 °C. The LTQ-Orbitrap-XL (Thermo Fisher 

Scientific, Rockford, IL) was operated in data-dependent mode with dynamic exclusion, in 

which one cycle of experiments consisted of a full MS in the Orbitrap (300-2000 m/z, 

resolution 30,000) survey scan and five subsequent MS/MS scans in the LTQ of the most 

intense peaks, using collision-induced dissociation with the collision gas (helium) and 

normalized collision energy value set at 35%. 

2.3.6 Database search and SILAC ratio measurement:  

Protein identification and quantification were performed using Integrated 

Proteomics Pipeline (IP2) version 1.01 software developed by Integrated Proteomics 

Applications, Inc. (http://www.integratedproteomics.com/). Mass spectral data were 

uploaded into IP2 software. Files from each lane were searched against the forward and 

reverse Uniprot mouse database (UniProt release 15.15, March 2010, 16333 forward 

entries) for partially tryptic peptides, allowing two missed cleavages and possible 
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modification of oxidized methionine (15.99492 Da) and heavy Lys (6.0204 Da). IP2 uses 

the Sequest 2010 (06_10_13_1836) search engine. Mass tolerance was set at ± 30 ppm for 

MS and ± 1.5 Da for MS/MS. Data were filtered by setting the protein false discovery rate 

at less than 1%. Only proteins that were identified by at least two unique peptides were 

retained for further quantitative analysis. Census software version 1.77, built into the IP2 

platform, was used to determine the ratios of unlabeled to labeled peptide using an 

extracted chromatogram approach. Quantitative data were filtered based on a determinant 

value of 0.5 and an Outlier p-value of 0.1. 

2.3.7 Data validation using spike-in strategy 

To increase the robustness and to statistically validate the data obtained in the initial 

differential SILAC experiments between mdx and wild type mice, the spike-in SILAC 

strategy was employed. This spike-in SILAC strategy was previously used for cell culture 

systems [131,132]. In brief, gastrocnemius muscle lysates were obtained from both 

unlabeled C57BL/6 (n=3), and unlabeled mdx (n=3) mice. These lysates were spiked with 

equal amount of lysate from labeled C57BL6 mouse that was used as reference. 

Downstream sample preparation and MS analysis were performed as described above. To 

determine significant protein alterations between the mdx and wild type mice groups, mean 

relative ratio (unlabeled/labeled values) was compared for each protein between mdx (n=3) 

and control mice (n = 3) using a non-parametric Wilcoxon rank sum test. Significance was 

set at the p value < 0.05 level and no adjustments for multiple testing were performed. 
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2.3.8 Ingenuity pathway analysis to determine the molecular mechanisms 

implicated in dystrophic muscle 

A bioinformatics approach was used to elucidate the global implications of 

differentially expressed proteins in dystrophic muscle. Ingenuity computational pathway 

analysis (IPA) (Ingenuity systems; Redwood city, CA) software was applied to identify 

potentially perturbed molecular pathways in dystrophic muscle. The IPA program uses a 

knowledge database derived from the literature to relate the proteins to each other, based on 

their interaction and function.  

The knowledge base consists of a high quality expert-curated database containing 

1.5 million biological findings consisting of more than 42,000 mammalian genes and 

pathway interactions extracted from the literature. In brief, proteins that were confidently 

identified in at least two samples (of both C57BL/6 and mdx comparisons) were considered 

for IPA analysis.  

All the proteins that fell into the specified criteria were shortlisted and, their SILAC 

ratios were converted to -fold changes and were uploaded into IPA software 

(http://www.ingenuity.com). Ingenuity then used these proteins and their identifiers to 

navigate the curated literature database and extract overlapping network(s) between the 

candidate proteins. Associated networks were generated, along with a score representing 

the log probability of a particular network being found by random chance. Top canonical 

pathways associated with the uploaded data were presented, along with a p-value. The p-

values were calculated using right-tailed Fisher's exact tests. 
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2.3.9 Validation using biochemical assays 

Immunoblotting 

Gastrocnemius protein lysates (25 µg of protein) from dystrophic (n=3) and control 

(n=3) muscles were mixed with 4x NuPage sample buffer (Invitrogen, Carlsbad, CA) and 

heated for 5 min at 85ºC. Samples were loaded onto the Novex® 4-12% Tris-acetate mini 

gels (Life Technologies, Grand Island, NY), and proteins were separated at 150 V in 

MOPS running buffer (1X) for 90 min at room temperature (RT). Separated proteins were 

transferred at 300 mA for 90 min at RT onto a nitrocellulose membrane (Millipore, 

Billerica, MA). Membranes were blocked in TBS-T (20 mM Tris, 500 mM NaCl, pH 7.5, 

with 0.1% Tween 20) supplemented with 5% non-fat dry milk (Bio-Rad, Hercules, CA) for 

1 h at RT. The membranes were then incubated overnight at 4ºC with primary antibodies 

against: desmin [1:2000; Santa Cruz (Santa Cruz, CA)]; annexin-2 (1:1000; Santa Cruz); 

ILK (1:1000; Santa Cruz); vimentin, cofilin, and profilin [1:1000; Epitomics (Burlingame, 

CA)]. All antibodies were diluted in TBS-T-5% milk. Membranes were washed three times 

for 10 min each in TBS-T and incubated with goat anti-rabbit or rabbit anti-mouse 

secondary antibodies (Dako, Carpinteria, CA) conjugated to horse radish peroxidase 

(1:3000 in TBS-T-5% milk) for 1 hr at RT. The protein bands were revealed with ECL 

chemi-luminescence substrate (Amersham, Piscataway, NJ). Membranes were then 

stripped and exposed to β-actin antibody as a loading control. For quantification, the x-ray 

films were scanned, and densitometry analysis was carried out using a BioRad GS-800 

calibrated densitometer running Quantity One software (Bio-Rad, Hercules, CA). Ratios of 
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the optical density of each specific protein to the corresponding β-actin were compared 

between mdx and C57BL/6 samples in order determine significant differences. 

Lactate dehydrogenase (LDH) and citrate synthase (CS) activity 

LDH activity was monitored in mdx (n=3) and C57BL/6 (n=3) muscle lysates as 

described earlier [133]. In brief, 2.5 µl of protein extract (1:2 dilution) were mixed with 225 

µl assay buffer in order to measure enzyme activity. Assay buffer consists of 2.5 ml of 1 M 

Tris [pH 7.6], 500 µl of 200 mM EDTA, 500 µl of 5 mM NADH, H
+
, and 48 ml of water. 

Oxidation of NADH, H
+
 was recorded after pyruvate addition (10 µl, 100 mM). NADH 

fluorescence was detected by Mithras LB 940 analyzer (Berthold Technologies, Germany). 

LDH activity was normalized to the protein concentration and expressed as mean ± SE. 

Citrate synthase activity was measured in mdx (n=3) and C57BL/6 (n=3) muscle 

lysates as described earlier [133]. In brief, 2.5 µl of protein extract (1:30 dilution, vol/vol) 

were added to 225 µl of assay buffer (100 mM, Tris, pH 8.0, 2 mM EDTA, 1.25 mM L-

malate, 0.25 mM NAD), 0.01% Triton X-100 (vol/vol), and 6 U/ml malate dehydrogenase 

to monitor the enzyme activity. Production of NADH, H
+
 was recorded after the addition of 

acetyl-CoA (50 µM). Enzyme activities were fluorometrically measured (excitation, λ 340 

nm and emission, λ 450 nm) and represented as mean ± SE. 

Immunohistochemical staining 

Frozen human muscle biopsies of mutation-defined dystrophin deficient (DMD) 

(n=3) and control (normal) (n=3) tissues were obtained without any identifiers (IRB 

protocol# 2405). Muscle tissues were sectioned and immunostained using rabbit anti-

vimentin (Epitomics, Burlingame, CA) and mouse anti-ILK antibodies (Santa Cruz, Santa 
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Cruz, CA) and HRP-conjugated anti-rabbit or anti-mouse (Dako, Carpinteria, CA) as the 

primary and secondary antibodies, respectively. As a specificity control, other serial 

sections were stained with secondary antibody alone. 

For all validation assays, the statistical significance between mdx and C57BL/6 

parameters was determined using Student‟s t-test. For all measurements, p<0.05 was 

considered a statistically significant difference. 

2.4 Results  

2.4.1 Incorporation of 
13

C6-lysine complete by F2 generation 

The efficiency of 
13

C6-lysine incorporation was monitored in the liver, brain, and 

muscle tissue of generations F0, F1, and F2. Feeding of mice with the custom diet showed 

progressive incorporation of the 
13

C-lysine into the proteins of different tissues at each 

generation (Figure 2.1A &B). Most proteins were fully labeled (labeling efficiency ≥96%) 

in the liver, muscle, and brain by the F2 generation (Figure 2.1B). Liver proteins showed 

the fastest incorporation rates for heavy lysine as the relative abundance of heavy peptide 

was higher even at F0 (Figure 2.1A). In contrast, brain and muscle tissues showed slower 

incorporation rates (Figure 2.1A). By F2 generation, the % labeling efficiency (mean ± SE) 

by heavy lysine was 97.88 ± 0.38, 96.50 ± 0.95, and 98.26 ± 0.38, in liver, brain and 

muscle tissues respectively. Furthermore, 
13

C-lysine diet did not affect the overall health of 

the C57BL/6 mice including their growth or fertility. 
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Figure 2.1A.
13

C6-lysine labeling efficiency in various tissues.  

Representative spectra for labeled (L) and unlabeled (U) peptide pairs are shown for the 

same peptide of the same protein in each tissue across the F0, F1, and F2 generations. The 

Liver panel shows doubly charged ions at m/z 639.85 and 642.86 for unlabeled and labeled 

peptides [TLGVDFIDVATK] for carbamoyl phosphate synthase. The Muscle panel shows 

doubly charged ions at m/z 830.39 and 833.40 for unlabeled and labeled peptides 

[QAEEAEEQSNVNLAK] for myosin-4.The Brain panel shows doubly charged ions at m/z 

740.38 and 743.39 for unlabeled and labeled peptides [MYGVLPWNAFPGK] for the 

myelin proteolipid protein. 
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Figure 2.1B. Overall labeling efficiency of several proteins identified in liver, muscle and 

brain across F0, F1, and F2 generations. Incorporation of 
13

C6-lysine into the proteins 

reached maximum by F2 generation in all tissues. 
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2.4.2 Differential protein expression in the gastrocnemius of dystrophin-deficient 

mdx mice relative to age-matched C57BL/6 controls  

Signs of muscle necrosis start at about 3 weeks of age in mdx mice; therefore, 

skeletal muscle proteome was investigated at this early stage. Differential proteome 

profiling of the skeletal muscle was performed in pairs: 1) SILAC-labeled-C57BL/6 vs. 

unlabeled-C57BL/6 and 2) SILAC-labeled C57BL/6 vs. unlabeled dystrophic mdx mice. 

The control experiment showed a narrower distribution of unlabeled to labeled protein 

ratios, with an average mean ± SD of 0.96 ± 0.5, indicating that there were fewer 

differences in the skeletal muscle proteome between the two wild type mice examined 

(Figure 2.2). In contrast, the comparison of unlabeled mdx and SILAC-labeled C57BL/6 

mice showed a wider distribution of protein ratios, with an average mean ± SD of 1.52 ± 

1.3 indicating that there are several proteins whose relative abundances are significantly 

altered in the skeletal muscle proteome of mdx mice relative to C57BL/6 control mice 

(Figure 2.2). 

Furthermore, Figure 2.3A, B show a representative mass spectrum and extracted 

ion chromatogram for a peptide belonging to dystrophin protein that is completely absent 

from mdx muscle but present in C57BL/6 muscle. Figure 2.3E & F show data for a peptide 

of talin-1 that was significantly up-regulated in mdx muscle when compared to C57BL/6 

muscle. In contrast, Figure 2.3C, D show the data for glyceraldehyde phosphate 

dehydrogenase (GAPDH) protein which remained unchanged between mdx and C57BL/6 

muscle. Taken together, these data indicate that the SILAC strategy can efficiently detect 
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specific protein alterations in the dystrophin deficient skeletal muscle in comparison to 

normal skeletal muscle. 

2.4.3 Differentially altered proteins and pathways identified in dystrophin deficient 

muscle 

In the initial proteomic analysis, 750 to 850 proteins (with ≥ 2 unique peptides) 

were identified and quantified in gastrocnemius muscle. Among these ~ 250 proteins were 

found to be differentially altered in their levels by at least a factor of ±1.5 in mdx muscle 

relative to C57BL6 control muscle. These proteins mainly belonged to the muscle 

cytoskeleton, mitochondrial energy metabolism, glycolysis, citric acid cycle, sarcoplasmic 

reticulum, and calcium homeostasis pathways.  To further validate, the initial proteomic 

data, a spike-in strategy was performed using an independent set mdx (n = 3) and C57BL/6 

control mice (n = 3) that were maintained on regular feed. These analyses identified ~75 

proteins whose abundance was significantly altered (p<0.05) between the mdx and wild-

type mice (Table 2.1). Proteins such as vimentin, annexin-2, and desmin were found to be 

up-regulated (>2.5-fold) in the muscle of mdx mice relative to C57BL/6 mice; while 

proteins such as the myosin and tropomyosin were found to be significantly down-

regulated (-2.0-fold) in mdx relative to C57BL/6 muscle (Table 2.1). Ingenuity Pathway 

analysis of the proteome profiling data revealed significantly (p<0.05) altered pathways 

involved in mitochondrial function, energy metabolism (citrate cycle, glycolysis), actin 

cytoskeleton signaling, and ILK pathways in dystrophin deficient skeletal muscle, 

indicating their potential role in early dystrophic pathology (Figure 2.4). 
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Figure 2.2. Distribution profiles of unlabeled-to-labeled protein ratios.  

Gastrocnemius muscle was harvested from the 
13

C6-lysine labeled C57BL/6 mice (F2 

generation) and from age-matched unlabeled mdx-52 and unlabeled C57BL/6 mice. SILAC 

ratios obtained for unlabeled C57BL/6 vs. labeled C57BL/6 (blue) and in unlabeled mdx 

vs. labeled C57BL/6 (red) were transformed to log values and plotted. An overlay for these 

plots shows the distribution profiles. Ratios of unlabeled to labeled peptide pairs were 

obtained using IP2 software. The overall mean ± SD was 1.52 ± 1.3 for unlabeled mdx vs. 

labeled C57BL/6  and 0.96 ± 0.5 for the unlabeled vs. labeled C57BL/6 mice. 
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Figure 2.3. MS spectra of selected proteins with differential modulation in 

dystrophin-deficient muscle.  

Gastrocnemius muscle was obtained from 
13

C6-lysine labeled C57BL/6 and unlabeled 

mdx-52 mice and MS analysis was performed. A representative mass spectrum for labeled 

and unlabeled peptide of dystrophin protein and its elution profile, indicate a complete 

absence of dystrophin peptide in mdx mice (A, B). A peptide of glyceraldehyde 3 

phosphate dehydrogenase (GAPDH) and its elution profile, indicating no change in its level 

between C57BL/6 and mdx mice (C, D). A peptide of talin-1 protein, indicate its up-

regulation in mdx as compared to C57BL/6 mice (E, F). All peptide ions shown were 

detected as doubly charged species at their respective m/z values, with a mass error <10 

ppm.  
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Figure 2.4. Pathways implicated in dystrophin-deficient muscle at 3 weeks of age. 

Differential proteomic modulations obtained between C57BL/6 (control) and mdx muscles 

were analyzed by ingenuity pathway analysis (IPA) software. The top network obtained by 

IPA analysis in dystrophin-deficient muscle at 3 weeks of age is shown. This network 

shows up-regulation of proteins involved in actin cytoskeletal and ILK pathways. Fold 

changes (mdx/control) are given below the proteins identified by proteomic analysis. 

 



 

 46  

2.4.4 The ILK pathway is up-regulated in dystrophin-deficient muscle 

Since differential SILAC proteome profiling and IPA identified the involvement of 

the actin cytoskeleton and ILK pathways in dystrophin-deficient muscle pathology, these 

findings were validated by assaying an independent set of mice that were maintained on 

regular mouse feed. Proteins involved in this pathway and those that were found 

differentially altered in proteome profiling experiments such as vimentin, desmin, and 

annexin-2, were validated using immunoblotting. As expected these proteins were found to 

be significantly up-regulated (p<0.05) in dystrophin-deficient muscle as compared to 

C57BL/6 muscle (Figure 2.5A,B,D,E). These results are in agreement with the SILAC 

proteome profiling data. Furthermore, we also validated the significant up-regulation of 

ILK itself in dystrophin-deficient muscle, even though we did not detect this protein in our 

profiling studies (Figure 2.5A,C). In addition, the presence of coordinate players of the 

actin cytoskeletal and integrin linked pathways, such as cofilin and profilin, were also 

examined in dystrophin-deficient muscle using immunoblot analysis (Figure 2.6). Profilin 

showed a 1.6-fold up-regulation in the proteomic analysis, but immunoblotting showed no 

difference between mdx and C57BL/6 muscle. In sum, these results indicate that proteins 

involved in the actin cytoskeletal and ILK pathways are up-regulated in dystrophin-

deficient muscle, indicating their potential role in disease pathology. 
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2.4.5 Vimentin and ILK are elevated in human DMD muscle biopsies 

Immunostaining was performed in normal and DMD muscle tissues to validate the 

data obtained in the mdx mouse model. This analysis revealed increased staining for 

vimentin and ILK in the muscle biopsies of DMD patients when compared to normal 

tissues (Figure 2.7). In the normal skeletal muscle, the vimentin staining was 

predominantly observed in capillaries; however, in the dystrophic muscle a striking 

vimentin staining was observed in the capillaries and muscle infiltrates, including staining 

in some myofibers (Figure 2.7A,B). ILK staining was observed in the capillaries of normal 

skeletal muscle; however, in dystrophic muscle, ILK staining was striking in both the blood 

vessels and myofibers (Figure.2.7C-E). These results indicate that altered pathways 

identified in the muscle of mdx mouse model are also perturbed in the muscle of human 

DMD patients.   

2.4.6 Mitochondria and metabolic enzymes are affected in dystrophin-deficient 

muscle  

Differential SILAC proteome profiling identified various mitochondrial and 

metabolic enzymes, including hydroxyacyl-coenzyme A dehydrogenase, trifunctional 

enzyme subunit beta, aconitate hydratase, isocitrate dehydrogenase [NAD] subunit α and 

lactate dehydrogenase, as being down-regulated in dystrophin-deficient muscle (Table 2.1). 

Further, IPA analyses of the data pointed to mitochondrial and metabolic dysfunction in 

dystrophin-deficient muscle; therefore, we sought to validate these findings by using 

independent biochemical assays. The activities of two enzymes LDH and CS were 

monitored in normal and dystrophin-deficient muscle (Figure 2.8). Dystrophin-deficient 
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muscle showed significant decrease (-2 fold) (p < 0.05) in LDH activity when compared to 

C57BL/6 muscle (p < 0.05). Even though, LDH is generally considered to be a cytosolic 

enzyme, some studies report that LDH is localized on the mitochondrial inner membranes 

in skeletal muscle [190]. Thus, a reduction in LDH activity might indirectly suggest 

decreased mitochondrial dysfunction in dystrophin deficient muscle. On the hand, no 

difference was observed in CS activity between the dystrophic and C57BL/6 muscle (data 

not shown). No difference was observed in the levels of other mitochondrial proteins, 

including cytochrome c and transcription factor A mitochondrial (TFAM) monitored by 

immunoblotting analysis of dystrophin-deficient and normal muscle. In summary, these 

results indicate that there may be subtle differences in some of the mitochondrial and 

metabolic enzymes between mdx and C57BL/6 mice that cannot be detected by 

immunoblotting but can be detected by a sensitive proteome profiling method using stable 

isotope labeling strategy. 
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Figure 2.5. Up-regulation of actin cytoskeletal and integrin-linked kinase (ILK) 

pathways in dystrophic muscle.  

(A) Gastrocnemius muscle lysates were obtained from 3-week old C57BL/6 and mdx-52 

mice (n=3/group). The muscle homogenates were immunoblotted with antibodies against 

vimentin, ILK, desmin, and annexin 2. Equal amounts of the protein (30 µg) were 

separated by electrophoresis in each gel lane, and representative immunoblots are shown. 

β-actin was used as a loading control. The ratios of respective proteins to β-actin were 

calculated by performing densitometric analysis using Quantity One software, and the data 

are represented as means ± SE. (B-E) Quantifications for the respective proteins (
*
p<0.05). 
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Figure 2.6. Cofilin and profilin protein expression levels in dystrophin-deficient 

muscle.  

Gastrocnemius lysates were obtained from 3-week old C57BL/6 and mdx mice 

(n=3/group). Proteins were separated by electrophoresis and the analysis was perfomed as 

described in Figure 2.5. The homogenates were immunoblotted with antibodies against 

cofilin and profilin (A). β-actin was used as loading control. The data are expressed as 

means ± SEM, and quantitations are shown in (B) and (C). The expression of these proteins 

was not statistically different when compared between the groups. 
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Figure 2.7. DMD patient muscle biopsies show enhanced vimentin and ILK staining.  

Frozen sections (n = 3/group) of DMD and control human muscle biopsies were stained 

with rabbit anti-vimentin and mouse anti-ILK antibodies. Anti-rabbit and anti-mouse 

secondary antibodies that are conjugated to horse-radish peroxidase were used as secondary 

antibodies, respectively. Representative pictures (20X) are shown for vimentin (A,B) and 

ILK (C-E) for normal (A,C) and DMD (B,D,E) muscle biopsies.  
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Figure 2.8. Lactate dehydrogenase activity (LDH) is reduced in dystrophin deficient 

mdx muscle.  

Gastrocnemius muscle lysates from obtained from 3-week old C57BL/6 and mdx mice 

(n=3/group). These homogenates analyzed for LDH activity in dystrophic vs. normal 

muscle. Enzyme activity was assayed biochemically as described in section 2.3.9. Data are 

represented as mean ± SEM (
*
p<0.05). 
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Table 2.1. Significantly modulated proteins in gastrocnemius muscle of 3 week old 

dystrophin deficient mdx mice in comparison to C57BL/6 mice. 

Accession
1 

Protein Name
2 Fold  

change
3 

P20152 Vimentin 3.51 

P07356 Annexin-2 3.18 

P31001 Desmin 2.69 

Q6ZWV3 60S ribosomal protein L10 2.46 

P35979 60S ribosomal protein L12 2.25 

P19253 60S ribosomal protein L13a 2.18 

P62242 40S ribosomal protein S8 2.09 

P62908 40S ribosomal protein S3 2.02 

P68040 Guanine nucleotide-binding protein subunit beta-2-like 1 1.94 

Q8BTM8 Filamin-A 1.88 

O88990 Alpha-actinin-3 1.79 

Q9JI91 Alpha-actinin-2 1.79 

P26039 Talin-1 1.77 

P15864 Histone H1.2 1.77 

Q00897 Alpha-1-antitrypsin 1-4 1.74 

Q921I1 Serotransferrin 1.71 

P62962 Profilin-1 1.65 

P07724 Serum albumin 1.64 

P97457 Myosin regulatory light chain 2, skeletal muscle isoform 1.64 

P01027 Complement C3 1.61 

P14824 Annexin A6 1.55 

P99024 Tubulin beta-5 chain 1.52 

P20029 78 kDa glucose-regulated protein 1.46 

Q9ERD7 Tubulin beta-3 chain 1.43 

Q9JK37 Myozenin-1 1.42 

Q8VHX6 Filamin-C 1.42 

P48036 Annexin A5 1.39 

Q99PT1 Rho GDP-dissociation inhibitor 1 1.38 

P23953 Liver carboxylesterase N 1.36 

Q62234 Myomesin-1 1.29 

P63101 14-3-3 protein zeta/delta 1.28 

Q9CQZ5 NADH dehydrogenase [ubiquinone]subcomplex subunit 6 1.25 

Q3V1D3 AMP deaminase 1 1.25 

Q8QZY1 Eukaryotic translation initiation factor 3 subunit L 1.23 
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Q9ERS2 NADH dehydrogenase [ubiquinone] subcomplex subunit 13 1.22 

Q9WUB3 Glycogen phosphorylase, muscle form 1.21 

P20108 Thioredoxin-dependent peroxide reductase, mitochondrial 1.18 

P99029 Peroxiredoxin-5, mitochondrial 1.17 

Q64727 Vinculin 1.17 

Q9D051 Pyruvate dehydrogenase subunit β mitochondrial 1.07 

Q9D6R2 Isocitrate dehydrogenase [NAD] subunit α, mitochondrial -1.12 

Q99KI0 Aconitate hydratase, mitochondrial -1.12 

P47934 Carnitine O-acetyltransferase -1.15 

P48962 ADP/ATP translocase 1 -1.17 

Q9WUZ7 SH3 domain-binding glutamic acid-rich protein -1.17 

O55126 Protein NipSnap homolog 2 -1.18 

P32848 Parvalbumin alpha -1.18 

P41216 Long-chain-fatty-acid--CoA ligase 1 -1.19 

Q61425 Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial -1.21 

Q6P8J7 Creatine kinase, sarcomeric mitochondrial -1.23 

Q99JY0 Trifunctional enzyme subunit beta, mitochondrial -1.23 

P51174 Long-chain specific acylCoA dehydrogenase, mitochondrial -1.24 

Q8BMS1 Trifunctional enzyme subunit alpha, mitochondrial -1.25 

P42125 3,2-trans-enoyl-CoA isomerase, mitochondrial -1.27 

P05201 Aspartate aminotransferase, cytoplasmic -1.29 

P13412 Troponin I, fast skeletal muscle -1.35 

P16125 L-lactate dehydrogenase B chain -1.36 

P11404 Fatty acid-binding protein, heart -1.38 

A2ASS6 Titin -1.43 

P68033 Actin, alpha cardiac muscle 1 -1.64 

P68134 Actin, alpha skeletal muscle -1.65 

P13541 Myosin-3 -1.71 

P13542 Myosin-8 -1.83 

Q5SX40 Myosin-1 -1.86 

Q5SX39 Myosin-4 -2.12 

P58771 Tropomyosin alpha-1 chain -2.33 

P58774 Tropomyosin beta chain -2.63 
1
Accession # is from Uniprot database; 

2
Protein name is from Uniprot database.  

All proteins that were statistically significantly altered in mdx compared to C57BL/6 

muscles were reported; signficane (p<0.05) was determined using Wilcoxson rank sum test 

3
Fold change is calculated using mdx/wt ratios quantitated from integrated proteomics 

pipeline software. Ratios were obtained from n=3 mice/ group. 
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2.5 Discussion 

Initially, proteome profiling using SILAC strategy could only be implemented to in 

vitro cell-culture based systems or to some extent in vivo using nematodes and Drosophila 

[25,31,134,135]. More recently, this versatile technique has been extended to metabolically 

label whole mammals with stable isotopes using 
13

C-lysine supplemented feed  (SILAC 

mouse) or 
15

N supplemented feed (
15

N-labeled rat). These strategies allowed accurate 

proteome profiling of tissues and organs in in vivo systems under different physiological 

conditions [27,136]. In the current study, SILAC mouse strategy was applied to bring 

insights into proteomic alterations in dystrophin deficient skeletal muscle at the early stage 

of the pathology. Examination of the gastrocnemius muscle of dystrophic mdx mice, at 

early stage of the disease showed significant alterations in its proteome. Altered pathways 

included ILK, actin cytoskeleton signaling, mitochondrial energy metabolism, and calcium 

homeostasis. Some of these pathways were further validated in a separate group of mdx 

mice and also in human DMD biopsies. 

Feeding C57BL/6 mice with synthetic diet supplemented with 
13

C6-lysine did not 

affect their growth or reproductive parameters, even after prolonged feeding period, over a 

course of two generations. These observations are in accordance with an earlier report 

using this diet [27]. The labeling efficiency in different organs and tissues including liver, 

muscle, and brain by the 
13

C-lysine reached a maximum by the F2 generation. Of the three 

tissue types, liver had the fastest incorporation rate (≥70% of its proteins were 90-95% 

labeled with heavy-lysine at about 50 days of feeding of an F0 generation), this is probably 

due to the rapid protein turnover in the liver. In contrast, terminally differentiated tissues 
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such as muscle and brain incorporated 
13

C -lysine at a slower rate, as indicated by the wider 

distribution of labeling percentages at the F0 and F1 generations. These results suggest that 

proteomic profiling studies involving muscle need to use tissues from mice fed with 
13

C-

lysine diet at least for two generations. The overall labeling efficiency in the liver, muscle, 

and brain was ≥96% by the F2 generation and is in agreement with earlier reports [27,30]. 

Comparison of the proteomes of skeletal muscle of the mdx and control mice using 

differential SILAC strategy identified previously known as well as the novel pathways 

associated with dystrophin deficiency. Approximately 750 to 850 proteins were identified 

and quantified in the gastrocnemius muscle. These numbers are similar to those previously 

reported in other skeletal muscle proteome studies [137,138]. However, these numbers are 

lower than a recent study where highly sensitive mass spectrometer was used on samples 

that are subjected to extensive fractionation [90].  Identification of low number of proteins 

in skeletal muscle can be attributed to the huge dynamic range between high and low 

abundant proteins in the skeletal muscle tissue [139]. Indeed, skeletal muscle is mainly 

composed of structural proteins such as myosin and actin, which account for more than 

40% of the total proteins and thus masks the detection of low abundance proteins.  

Initial SILAC proteome profiling was performed on pairs of labeled-normal versus 

unlabeled-normal and labeled-normal versus unlabeled-mdx mice. As expected, a complete 

absence of the dystrophin expression, and the down-regulation of dystroglycan complex 

was observed in the mdx muscle. Furthermore, greater differential protein expression was 

observed when comparing dystrophin-deficient to normal gastrocnemius muscle while only 

few proteins were altered between labeled and unlabeled normal gastrocnemius muscle. To 
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statistically validate the initial findings, a spike-in-SILAC strategy was performed using an 

independent set of normal and mdx mice. Of the total number of proteins identified and 

quantified, ~73 were found to be significantly altered in their levels between dystrophin-

deficient and normal (p < 0.05) mice. The top candidate proteins include vimentin, desmin, 

annexin-2, ribosomal proteins, GRP78 and actinin whose levels were increased in 

dystrophin deficient muscle. Enhanced expression of these proteins in dystrophic muscle 

indicates a perturbation of various signaling mechanisms. The high levels of vimentin and 

other extracellular matrix proteins were found maintained in the diaphragm of a 22-month 

old mdx mouse [140]. These data suggest that vimentin is increased very early and stays 

up-regulated during the disease progression. In addition, these results indicate a significant 

up-regulation of GRP78 (a stress-related protein; chaperone) in dystrophic muscle, 

suggesting the activation of stress responses early in the disease process. These profiling 

results also identified a significant down-regulation of the contractile apparatus (e.g., 

myosin and tropomyosin), and a significant down-regulation of proteins involved in 

mitochondrial energy metabolism such as LDH-B chain, 3,2-trans-enoyl-CoA isomerase 

and trifunctional enzyme subunit alpha. These results might suggest that the perturbed 

mitochondrial energy metabolism and the underlying muscle weakness occurs very early in 

the pathogenesis of dystrophin deficiency.  

Earlier studies have examined protein changes in dystrophic hind limb muscles, 

diaphragm, heart, and extra-ocular muscles (mdx mice) at different ages; however, few 

studies involved dystrophic gastrocnemius muscle [52-56,141-143]. A study using 2-DE 

approach reported a 4 fold decrease in adenylate kinase (AK) levels in the hind limb 
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muscles of 3 month old mdx mice in comparison to C57BL/10 muscles [52]. Current 

proteomic analyses also identified AK in the gastrocnemius muscle (with at least 12 

peptides and 50% sequence coverage); however no significant difference was observed in 

the relative abundance of AK between mdx and C57BL/6.  The disparity in the proteomic 

alterations observed between these studies can be attributed to the differences in strain, age 

and type of muscles tested.  

A series of proteomic profiling studies have been reported in dystrophin deficient 

skeletal muscle as well as in diaphragm [53-55]. These authors reported a significant 

decrease in calsequestrin levels in the skeletal muscle of 9 week old mdx mice in 

comparison to controls [54]. Furthermore, these authors also reported reduced expression 

of regucalcin and sarcalumenin (an intracellular calcium signaling protein) both in young 

and aged mdx diaphragm indicating abnormal cytosolic calcium handling in dystrophin-

deficient muscle. Even though current proteomic analyses identified calsequestrin (with at 

least 10 peptides and 20% sequence coverage) no significant difference was observed in its 

relative abundance between mdx and C57BL/6. Current proteomic analysis did not detect 

regucalcin; however, sarcalumenin was identified with good peptide numbers and sequence 

coverage. No significant alteration was noted in the relative abundance of sarcalumenin. 

 These studies used isolated gastrocnemius muscle from perfused mice for the 

analyses; whereas, other studies used either diaphragm or hind limb muscles (mixture of 

several muscle groups). It is unclear whether the tissues in other studies were collected 

from perfused or non-perfused mice. The differences in tissues and the techniques used 

could be one of the reasons for discrepant results between these studies. Another study 
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reported an increase in cardio-vascular heat shock protein (cvHSP) in dystrophin deficient 

diaphragm [55]. Proteomic profiling in this study did not identify cvHSP; nevertheless, 

several other heat shock proteins were identified. No significant differences were observed 

in the heat shock proteins between mdx vs. C57BL/6. However, additional comparative 

evaluations are needed to sort-out whether these differences between studies are technical 

or biological in nature. 

Ingenuity Pathway Analysis was used to delineate the perturbed molecular 

networks associated with altered protein levels. The significantly altered canonical 

networks included actin cytoskeleton signaling, ILK pathway, glycolysis, the citric acid 

cycle, and mitochondrial function. These results indicate the usefulness of the current 

method for identifying multiple perturbed pathways in a single analysis, and they suggest 

that it may be particularly useful for understanding disease processes at the systems level. 

Validation of data by immunoblotting and the complete agreement of these results with the 

proteomic profiling results indicate the robustness of the SILAC mouse strategy. 

Furthermore, utilization of biochemical assays also validated perturbed mitochondrial 

function although no changes in protein levels were detected by immunoblotting in the 

dystrophic muscle. This suggests that subtle differences can also be measured by the 

SILAC mouse strategy.  

Identification of the involvement of the actin cytoskeletal signaling and ILK 

pathways in dystrophic pathology early in the disease process is an important finding. 

Indeed, silencing ILK expression in skeletal muscles of mice using a cre/lox system has 

shown the role of the ILK pathway in causing muscle pathology [144]. Deletion of ILK 
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leads to the development of progressive muscular dystrophy, which was accompanied by 

degenerating myofibers and fibrosis. It was also reported that the pathological features 

were more severe near the myofascial junctions [145].  A subsequent report also showed 

that skeletal muscle expresses high levels of ILK, predominantly at myotendinous junctions 

and costameres. Further, they reported that ILK binds the cytoplasmic domain of beta-1 

integrin and mediates the phosphorylation of protein kinase B (PKB)/Akt, which in turn 

plays a central role during skeletal muscle regeneration. In addition, an association between 

beta-1 integrin and insulin-like growth factor 1 receptor (IGF-1R) was also shown in 

muscle and this association is considered critical for IGF-1R/insulin receptor substrate 

signaling to PKB/Akt during mechanical stress in skeletal muscle [144]. Taken together, 

these results indicate that the up-regulation of the ILK and actin cytoskeletal pathways may 

be a compensatory mechanism to overcome the loss of dystrophin protein and to help 

protect the susceptible myofiber membrane from contraction-induced damage. 

Exploitation of integrin signaling and related pathways as therapeutic targets for 

DMD appears promising, since enhanced expression of beta-1D integrin in dystrophic 

muscle decreases the damaged myofibers and is attributed to the presence of more 

functional integrin at the sarcolemma [146]. Modulation of these pathways in dystrophic 

mdx muscle by using chemical mediators or drugs should provide valuable insight into 

their specific role in muscle pathology. Furthermore, the validation of some of the 

candidate proteins in human DMD samples suggests their relevance to human disease.  

This study identified that the levels of several mitochondrial proteins were affected 

in dystrophin deficient muscle. A role for mitochondria in dystrophic pathology has been 
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previously observed [38,147-149]. An increase in calcium content has been detected in the 

sarcoplasmic reticulum and mitochondria of dystrophic skeletal muscle, along with 

impaired ATP production and metabolic abnormalities [38,147-149]. In addition, a recent 

work from our laboratory, showed that mitochondrial mass is decreased in the EDL fibers 

using inner mitochondrial membrane stain (10-N- Nonyl acridine orange (NAO) staining). 

Moreover, it has also been shown that the mdx muscle is more fatigable than wild-type 

muscle, suggesting that dystrophin deficiency leads to significant alterations in 

mitochondrial function and muscle metabolism [150]. In summary, these findings 

corroborate a role for mitochondria and metabolic pathways in dystrophic pathology.  

Based on previous data in the literature and the results from current study, a model 

has been proposed for underlying dystrophic pathology. The primary functional defect of 

dystrophin deficiency causes susceptibility to contraction-induced damage of the myofiber 

membranes. The injured fibers cause compensatory upregulation of actin cytoskeletal and 

ILK pathways to protect from further damage. In parallel, dystrophin deficient myofiber 

may have possibly leaky calcium channels, which enhances the calcium influx into 

dystrophic fibers, leading to protease activation and free radical formation from cytosolic 

and mitochondrial sources, causing dysregulation of mitochondria, energy metabolism and 

calcium homeostasis. The activation of these pathways can potentially lead to myofiber 

damage and progression of the dystrophic pathology. Based on this model, it can be 

speculated that therapies that simultaneously target multiple perturbed pathways might be 

beneficial for DMD patients and have the potential to ameliorate dystrophic pathology. 
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Chapter 3: Sarcolemmal healing is impaired in dystrophin deficient muscle due to 

reduced mitochondrial activity 

3.1 Abstract 

 It has been well acknowledged that the loss of dystrophin and its associated protein 

complex reduces the mechanical stability of the sarcolemma and makes it susceptible to 

injury. However, the mechanistic link between dystrophin-deficiency, sarcolemmal 

leakiness, mitochondrial and calcium dysfunction and eventual myofiber degeneration has 

not been fully elucidated. Findings reported in Chapter 2 and elsewhere indicate that pre-

symptomatic dystrophin-deficient muscle fibers show mitochondrial dysfunction. They 

further suggest that mitochondrial activity and their accumulation at the injured area of 

sarcolemma are critical for repair of injured skeletal myofibers [151,152]. Based on these 

observations, it was hypothesized that enhanced leakiness of the dystrophin deficient 

muscle contributes to mitochondrial dysfunction in turn leading to poor membrane repair. 

This hypothesis was tested both at cellular and tissue levels by real time imaging of live 

myofibers and ex vivo muscle contraction assays, respectively. Monitoring mitochondrial 

dynamics, repair kinetics and susceptibility to damage in mdx myofibers indicated that 

there is significantly reduced mitochondrial activity and reduced translocation of 

mitochondria to the site of injury in these myofibers compared to normal myofibers. 

Moreover, it was found that the mdx myofiber fails to heal when injured similarly as 

control fibers. These findings were confirmed at tissue level by monitoring the force loss of 

mdx muscles following eccentric contraction and loss in sarcolemmal integrity measured 

by dye leakage into the myofibers. Compared to normal muscles, pre-symptomatic 

dystrophic myofibers were more susceptible to eccentric contraction induced injury and 
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showed significantly increased uptake of procion orange dye. It was also found that the 

membrane repair pathway, involving cell membrane repair by dysferlin-and annexin-

induced membrane fusion is up-regulated in dystrophin deficient muscle. A consequence of 

up-regulation of this pathway is that upon mild focal injury, mdx sarcolemma repairs at a 

faster rate compared to normally injured control muscle.  

 Taken together, these findings reveal a novel association between dystrophin 

deficiency, mitochondrial activity and membrane repair. These findings provide evidence 

for a novel role of mitochondrial deficit and a mechanistic model for the progression of 

disease and myofiber degeneration in dystrophin deficient muscle. 

3.2 Introduction 

 Sarcolemmal repair is an important ongoing process in the skeletal muscle as the 

sarcolemma is routinely subjected to contraction induced damage. Membrane repair can be 

temporally divided into early and late phases. Molecular events that occur immediately 

after acute damage to the sarcolemma (i.e. trafficking of proteins) can be considered as 

early phase; whereas, events that occur few days after injury (i.e. immune cell infiltration, 

activation of satellite cells) are considered late events. In the early phase of healing, 

proteins involved in repair process accumulate at the site of injury and form a stump to 

contain the spread of injury and prevent necrosis of the rest of the myofiber [153,154]. In 

the late phase, immune cells infiltrate to the injured area, clear the necrotic tissue and also 

activate muscle regeneration processes [155,156]. Disturbances in any of these events lead 

to poor healing or enhanced damage of the myofiber. These repair mechanisms are 

particularly critical for dystrophin deficient muscular dystrophy, as the affected skeletal 

muscles are reported to be more prone to contraction-induced injuries. It was proposed that 
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loss of dystrophin and the associated dystroglycan complex reduces the mechanical rigidity 

and compromises the myofibers. However, there is no mechanistic explanation of how the 

compromised membrane rigidity leads to subsequent rise of sarcoplasmic calcium levels 

and further progression of disease. Emerging evidence from recent studies suggest that 

mitochondrial activity plays a critical role in sarcolemmal repair processes [152].  In the 

current study, the membrane susceptibility to injury and healing kinetics of dystrophin 

deficient myofiber (very early in the disease process at 3-weeks of age) have been 

investigated. It was found that these myofibers are poor at repairing from eccentric and 

focal injuries compared to dystrophin sufficient myofiber. Furthermore, it was determined 

that there is compromised mitochondria-mediated sarcolemmal repair and enhanced 

dysferlin dependent sarcolemmal repair in presymptomatic dystrophin deficient myofibers. 

3.3 Methods 

3.3.1 Animals 

 Three week old C57BL/6 control mice and dystrophin-deficient mdx-52 mice that 

were bred in-house were used for all experiments. All animals were maintained in an 

individually vented cage system under a controlled 12h light/dark cycle with free access to 

food and water. Animals were handled according to Institutional Animal Care and Use 

Committee guidelines at the Children‟s National Medical Center.  

3.3.2 Isolation of live single myofibers 

 Prior to harvesting of tissues, mice were euthanized with carbon dioxide 

asphyxiation. Extensor digitorum longus (EDL) and soleus muscles were carefully 

dissected and placed in a sterile solution of collagenase type 1 (2 mg/ml in Dulbecco‟s 

modified Eagle medium (DMEM). They were incubated at 35 °C shaking water bath for 1–
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2 h. Individual muscle fibers were carefully separated from each muscle by gentle 

trituration with a fire-polished wide-mouthed pasteur pipette. The pipettes were prior rinsed 

in DMEM containing 10% horse serum to avoid sticking of fibers to the glass surface. 

Next, the individual fibers were washed 3 times with DMEM to remove the collagenase. 

Thoroughly washed single fibers were then placed in 35 mm glass bottom petri dishes that 

were pre-coated with matri-gel and supplied with growth medium (DMEM, 20% FBS, 2% 

chicken embryo extract, 1:100 dilution of Pencillin/streptomycin stock solution). The 

isolated fibers were maintained for 1-2 days at 37°C and 5% CO2 for further live imaging. 

3.3.3 Live imaging of myofibers to monitor mitochondrial dynamics and 

sarcolemmal repair kinetics 

 For live imaging, growth medium was removed and the myofibers were washed 

once with pre-warmed CIM/Ca
2+ 

at 37
o
C. For monitoring mitochondrial dynamics 

myofibers were incubated for 15 min at 37 °C in 100 nM Mito-Tracker Red CM-H2XRos 

(Invitrogen, Carlsbad, CA). The excess dye was washed off, and the fibers were 

transferred to cell imaging medium (HBSS with 10 mM HEPES, pH 7.4). For monitoring 

the healing kinetics 1 mL of CIM/Ca
2+ 

containing 1.66 µg/µL of FM1-43 dye was added. 

Next, sarcolemma was injured by selecting a 1-2µm
2
 square, such that each pixel gets 

irradiated for <100 milliseconds with the pulsed laser (Ablate
TM

) at 40 - 50 % 

attenuation. This setting provides enough power to injure most cell lines without causing 

lethal damage. Repair kinetics or mitochondrial dynamics were monitored real time 

following injury at an interval of 1-10 seconds for the next 5 minutes. The live imaging is 

performed using an inverted Olympus IX81 microscope (Olympus America) custom 

equipped with a CSUX1 spinning disc confocal unit (Yokogawa Electric Corp., Tokyo, 
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Japan), pulsed laser Ablate
TM

 (Intelligent Imaging Innovations, Inc., Denver, CO), and 

diode laser of 561 nm (Cobolt, Stockholm, Sweden). Images were acquired using Evolve 

512 EMCCD (Photometrics, Tucson,AZ) at 1 Hz. Image acquisition and laser injury were 

controlled using Slidebook 5.0 (Intelligent Imaging Innovations, Inc., Denver, CO). 

Repair kinetics was quantified by measuring the amount of FM1-43 dye fluorescence that 

entered the myofiber and plotting the change in intensity (ΔF/F) during the first five 

minutes following injury. For mitochondrial dynamics the fluorescence intensity of 

MitoTracker dye at the site of injury was measured. Data are represented as means ± S.E. 

3.3.4 Monitoring the susceptibility of mdx myofibers to mechanical injury induced 

by eccentric contraction and in vitro force measurements 

 EDL muscles were obtained from 3-week-old mdx and C57BL6 mice (n=5/group). 

These muscles were carefully isolated after anesthetizing the mice. Both proximal and 

distal tendons of the EDL were secured using 6-0 silk sutures and placed in a bath 

containing buffered mammalian Ringer‟s solution (137mM NaCl, 24mM NaHCO3, 11mM 

glucose, 5mM KCl, 2mM CaCl2, 1mM MgSO4, 1mM NaH2PO4 and 0.025mM 

turbocurarine chloride) maintained at 25˚C and bubbled with 95% O2-5% CO2 to stabilize 

the pH at 7.4.  For specific force measurements, EDL was placed between two stainless 

steel plate electrodes and stimulated with 0.2-msec square at optimal muscle length (0.45 

for EDL) and the maximal force [milli Newtons (mN)] generated was measured first. Next, 

specific force is derived from maximal force measurements using the following formula: 

specific force = maximal isometric force/ (muscle mass * (density of muscle tissue * fiber 

length)
-1

). The muscle tissue density was 1.056 kg/L and the specific force is expressed as 

kN/m
2
. For eccentric injury assays, EDL muscles were subjected to 9 lengthening 
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contractions of 10% strain. Each contraction separated by 1 min rest interval and the 

subsequent force generation was monitored and expressed as percentage of first contraction 

(mean ± S.E) 

3.3.5 Monitoring the membrane damage at tissue level using procion orange uptake 

 After performing the lengthening contraction experiments, EDL muscles from both 

mdx and C57BL/6 mice (n=5/group) were placed in 0.2% procion orange dye solution for 

1 hour at room temperature. Next, the muscles were rinsed in Ringer‟s solution and 

immediately frozen using isopentane pre-chilled using liquid nitrogen. Frozen tissues were 

sectioned (8 microns) and imaged under red channel using a Nikon Eclipse E800 (Nikon, 

Japan) microscope using that was fitted with a SPOT digital color camera with SPOT 

advanced software (Diagnostic Instruments, Sterling Heights, MI).  Representative pictures 

(20X) were taken and procion orange positive areas were measured for each section. Data 

are represented as percentage of procion orange area (mean ± S.E). 

3.3.6 Immunoblotting 

 Protein lysates (25 µg of protein) from dystrophin deficient mdx (n=3) and control 

(n=3) muscles were separated by electrophoresis using 3-8% Tris-acetate gels (Invitrogen, 

Carlsbad, CA) at 150 V for 90 min at RT. Separated proteins were transferred at 300 mA 

for 90 min at RT onto a nitrocellulose membrane as described in Chapter 2. The 

membranes were incubated overnight at 4ºC with primary antibodies against dysferlin 

(1:1000; NCL-Hamlet) and dystrophin (1:1000, Novocastra). Polyclonal rabbit anti-mouse 

secondary antibodies (Dako, Carpinteria, CA) conjugated to horseradish peroxidase 

(1:3000) was used and incubated for 1 hr at RT. The protein bands were revealed with ECL 

chemi-luminescence substrate. For quantification, the x-ray films were scanned, and 
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densitometry analysis was carried out using a BioRad GS-800 calibrated densitometer and 

Quantity One software. Ratios of the optical density of each specific protein normalized to 

the corresponding loading control were compared between mdx and C57BL/6 samples in 

order determine significant differences. 

3.4 Results 

3.4.1 Mdx myofibers show reduced mitochondrial activity and translocation to the 

site of injury 

 Visualization of mitochondrial dynamics after laser-induced injury indicated that 

active mitochondria accumulate at the site within seconds of injury in control myofibers 

(Figure 3.1A, B). On the other hand, reduced mitochondrial accumulation was observed at 

the site of sarcolemmal injury in mdx myofibers (Figure 3.1A, B and C). Mitochondrial 

activity is reduced by 20% in mdx myofibers compared to controls (Figure 3.1D). 
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Figure 3.1. Mdx myofibers show reduced mitochondrial activity and translocation to 

the site of injury.  

A) Isolated single fibers from C57BL6 (wt) and mdx EDL muscles were stained with mito-

tracker dye. Myofibers were focally injured and real time live imaging was performed. 

Accumulation of mitochondria at the site of injury in wt (upper panel) and mdx (bottom 

panel) fibers are shown. Region 1 indicates injured area and Region 2 indicates non-injured 

area. B) Fluorescence intensity of accumulated mitochondria over time was quantified at 

Region 1 and Region 2 for the fibers shown in panel A. C) Fluorescence intensity was 

quantified for 20 fibers/group (mean ± S.E) (*p<0.05). Mitochondrial activity is monitored 

using mean fluorescence intensity of Mito Tracker for the representative fiber images (n=7-

10/group). Dystrophin deficient mdx myofibers showed a 20% decrease in mitochondrial 

activity; however, this difference was not statistically significant. 
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3.4.2 Mdx myofibers do not tolerate same power injury as control myofibers 

 Live imaging of control (C57BL/6) fibers after focal pulsed injury at 40% 

attenuation showed they heal normally after injury (Figure 3.2 wt-injury panel). However, 

following a similar focal laser induced sarcolemmal injury, the mdx myofibers were unable 

to heal and hypercontracted completely (Figure 3.2 mdx-injury panel).  

3.4.3 Mdx muscle is more susceptible to mechanical injury induced by eccentric 

contraction 

 The susceptibility of dystrophic fibers to eccentric contraction induced mechanical 

injury was monitored at tissue level using in vitro force contraction assays. Results indicate 

that mdx muscles produce 30% less specific force compared to C57BL/6 controls (Figure 

3.3A). Moreover, after 9 eccentric contractions mdx muscles showed a 50% drop in force; 

whereas, control muscles showed only a 15% drop force (Figure 3.3B). Furthermore, 

monitoring the membrane damage at tissue level using procion orange dye uptake indicated 

that mdx myofibers showed significantly increased procion orange positive area in 

response to mechanical injury when compared to control (C57BL/6) myofibers (Figure 

3.3C and representative C57BL/6 and mdx panels). These findings suggest that compared 

to normal muscle fibers, mdx myofibers are poor at healing from sarcolemmal injury 

caused by the mechanical activity of the muscle.  

3.4.4 Membrane repair protein (dysferlin) is up-regulated in mdx muscle 

 Another mechanism for skeletal muscle sarcolemmal repair involves the use of 

membrane fusion through the involvement of proteins such as dysferlin and annexins. MS 

analysis showed that in the presymptomatic mdx muscle annexin-2 is up-regulated in the 

affected muscle. Immunoblotting results indicated that dysferlin is up-regulated by 40% in 
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dystrophin deficient mdx muscle at 3 weeks of age (Figure 3.4 A, B). This raises the 

possibility that the membrane repair deficit induced due to increased susceptibility of mdx 

myofibers to injury and poor repair caused by mitochondrial dysregulation may be 

compensated for by an increase in the dysferlin-and annexin-mediated sarcolemmal repair.    

3.4.5 Mdx myofibers heal efficiently following mild focal injury  

 In order to investigate the functional role of upregulated dysferlin and annexin, the 

repair kinetics of dystrophin deficient myofibers was compared to control myofibers. As 

mdx fibers have enhanced susceptibility to laser-induced damage at 40% attenuation level, 

we now injured them with 10-15% less power (mild injury) and monitored the real time 

membrane healing kinetics. Following such a mild focal injury, the mdx fibers repaired 

(Figure 3.2; mdx mild injury panel). Interestingly, healing in mdx myofibers following a 

mild injury was faster compared to the repair of C57BL/6 myofibers. The mdx fibers 

healed in about 45-60 sec; whereas, control fibers took 120-135 sec to heal post injury 

(Figure 3.5).  
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Figure 3.3. Mdx muscle is more susceptible to mechanical injury induced by eccentric 

contraction. A) EDL muscles were separated from 3-week old C57BL/6 and mdx mice 

(n=5/group). In vitro force contraction (specific force) was monitored and data are 

presented as kN/m
2
. B) EDL muscles were subjected to 9 lengthening contractions of 10% 

strain. These contractions were separated by 1 minute rest intervals and force generated 

after rest was monitored and expressed as percentage of first contraction. C) Frozen 

sections of procion orange stained EDL muscles were imaged using fluorescent microscope 

and the representative pictures (20X) are shown here. D) PO positive (+ve) area is 

quantified (n=5 sections/group) and the data are presented as mean± S.E. (*p<0.05). 
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Figure 3.4. Membrane repair protein (dysferlin) is up-regulated in mdx muscle.  

A) Gastrocnemius muscle lysates were obtained from 3-week old C57BL/6 and mdx-52 

mice (n=3/group) and immunoblotted with anti-dysferlin and anti-dystrophin antibody. β-

actin was used as a loading control. (B) The ratio of dysferlin to β-actin were calculated 

and represented as mean ± SE. Dystrophin deficient mdx myofibers showed a 40% increase 

in the expression of dysferlin protein; however, this difference was not statistically 

significant. 
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Figure 3.5. Mdx myofibers heal efficiently following mild focal injury.  

Single isolated myofibers were injured with a laser beam and live imaged as described in 

Figure 3.2. Repair kinetics of mdx and C57BL6 fibers for milder injuries (n=20 

fibers/group) as monitored by the entry of FM-143 dye. Quantification is done by 

measuring the amount of FM1-43 dye fluorescence that entered the myofiber and plotting 

the change in intensity (ΔF/F) during the 5 minutes. Data are represented as means ± S.E. 

B) Representative time lapse pictures for mildly injured mdx fiber are shown. 
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3.5 Discussion 

 In the present study, it was determined that there is reduced mitochondrial activity 

very early in the disease process in dystrophin deficient muscle. A significant reduction in 

mitochondrial activity and their translocation to the site of injury was observed in 

dystrophic myofibers compared to normal myofibers. Proteomic profiling using in vivo 

SILAC mouse also suggested a mitochondrial dysfunction in dystrophic muscle (Chapter 

2). Based on these findings, it can be proposed that mitochondria play a critical role in 

membrane repair and, in turn, on the progression of disease in dystrophic muscle. In fact, 

mitochondria have been implicated with a variety of processes in skeletal muscle. They are 

reported to be associated with sarcolemma during myogenesis [157]. It is also possible that 

mitochondria play a functional role in membrane repair process by acting as an energy 

source. As membrane repair processes are energy dependent mechanisms, mitochondrial 

presence at the site of injury meets the local demand for energy [158,159]. This might be 

one plausible reason why mitochondrial activity enhancing drugs ameliorate disease 

phenotype and improve muscle pathology in dystrophin deficient mdx mice. For example, 

recent reports indicated that daily administration of drugs such as AMP-activated protein 

kinase (AMPK) activator 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside 

(AICAR) to 5-7-week-old mdx animals induced an elevation of mitochondrial cytochrome 

c oxidase enzyme activity and improved muscle function [150,160]. However, more studies 

are required in order to determine the specific role for mitochondria in sarcolemmal healing 

both in normal and diseased conditions.  
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 Laser injury and real time live imaging experiments using single fibers suggested 

that dystrophin deficient myofibers cannot repair from similar extent of focal injury as 

healthy myofibers. These findings were further confirmed at tissue level by monitoring the 

force production after physiological eccentric damage of the affected skeletal muscle. 

These assays indicated that mdx muscle produce significantly less specific force compared 

to control muscle, suggesting an ongoing disease process even in the young mdx mice (3 

weeks of age). Moreover, after an ex vivo eccentric damage, mdx muscles produced 50% 

less force than control muscles indicating that dystrophin deficiency makes the skeletal 

muscle more susceptible to an eccentric damage. These findings are in agreement with an 

earlier study, which reported a 35% drop in force after eccentric contractions [161]. 

However, the reported study was conducted using adult skeletal muscle and suggested that 

the drop in force was due to a myofibrillar dysfunction in mdx muscle.   

 Enhanced procion orange dye uptake by dystrophin deficient myofibers clearly 

indicates that eccentric contraction induced damage results in sarcolemmal injury. In sum, 

these results suggest that mdx myofibers are poor at healing from sarcolemmal injury 

caused due to the mechanical activity of the muscle when compared to normal myofibers.  

 In order to cope up from the continuous insult, dystrophic muscle might show a 

compensatory up-regulation of membrane repair proteins. Presumably, the up-regulation of 

annexin-2 and dysferlin can be correlated to the improved repair of mdx myofibers 

following mild injury. These findings suggest that the up-regulation of dysferlin and 

annexin-2 has a functional consequence on the repair of mdx myofibers.  Thus, studies 

reported here, provide a potential mechanistic explanation why genetic ablation of dysferlin 

significantly worsened the dystrophic phenotype in mdx skeletal muscle [162]. 
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Furthermore, an up-regulation of dysferlin, annexin A1, and mitsugumin 53 was also 

reported in human muscular dystrophy patients suggesting an implication of membrane 

repair pathways in the dystrophin deficient muscle [163]. From these data, it can be 

assumed that up-regulation of dysferlin might be a compensatory mechanism in dystrophin 

deficient muscle. However, it is not clear if this compensatory up-regulation is a direct 

consequence of loss of dystrophin or a secondary consequence due to the disturbed 

sarcoplasmic calcium homeostasis. In summary, the findings from current studies indicate 

that mitochondria play a critical role in disease progression via the modulation of 

membrane repair in dystrophin deficient muscle. Thus, a novel mitochondria-centric model 

can be proposed for the progression of disease in dystrophin deficient skeletal muscle. Lack 

of dystrophin makes the myofiber membrane susceptible to contraction-induced 

sarcolemmal damage and causes repeated injuries to the sarcolemma. These repeated 

sarcolemmal breaks cause increased calcium and oxidative load for mitochondria, 

contributing to decline in mitochondrial activity. This loss of mitochondrial activity 

subsequently leads to poor repair in the dystrophin deficient fibers (Figure 3.6). Perhaps, 

the dystrophin deficient muscle up-regulates the dysferlin and annexin-dependent 

membrane repair pathway to compensate for the repeated injury or reduced repair due to 

mitochondrial deficit. However, persistent injury to the mdx myofibers keep them in a 

continuous loop of injury and poor repair cycle, eventually causing myofiber degeneration 

and progression of disease.  
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Figure 3.6. A novel mitochondria-centric model for the progression of disease in 

dystrophin deficient skeletal muscle. Lack of dystrophin makes sarcolemma susceptible 

to contraction-induced damage and might potentially form breaks in the sarcolemma.  

Unregulated influx of calcium might affect mitochondria and contribute to the decline in 

mitochondrial activity. Loss of mitochondrial activity subsequently leads to poor repair in 

the dystrophin deficient fibers. Presumably, dysferlin-annexin-dependent membrane repair 

pathway is enhanced to compensate for the repeated injury or reduced repair due to 

mitochondrial deficit. These events initiate a continuous cycle of injury and repair in the 

affected myofibers eventually causing their degeneration and progression of disease.  
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3.6 Publications 

A manuscript is under preparation using the results from this chapter. 

Rayavarapu S, Defour A, Nagaraju K and Jaiswal JK. Sarcolemmal healing is impaired 

in dystrophin deficient muscle due to reduced mitochondrial activity. 
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Chapter 4: Activation of the Ubiquitin Proteasome Pathway in a Mouse Model of 

Inflammatory Myopathy: A Potential Therapeutic Target 

4.1 Abstract  

 The objective of this study is to identify perturbed pathways and assess their 

contribution to muscle disease in myositis (HT) mouse model. It has been previously 

shown that endoplasmic reticulum (ER) stress plays a role in the pathogenesis of myositis. 

Here, it was proposed that ER stress activates downstream ubiquitin proteasome pathways 

(UPP) and contributes to muscle degeneration. An in vivo 
13

C6-Lys-SILAC-mouse was 

used to identify alterations in the skeletal muscle proteome of myositis mice. Differentially 

altered protein levels identified were validated using a LC-MS/MS spike-in strategy and 

further, confirmed by immunoblotting. In addition, the effect of a proteasome inhibitor, 

bortezomib, on the disease phenotype was evaluated using well-standardized functional, 

histological, and biochemical assessments. The SILAC mouse technique identified 

significant alteration in the levels of proteins belonging to the ER stress response, UPP, 

oxidative phosphorylation, glycolysis, cytoskeleton, and muscle contractile apparatus 

categories. A significant increase in the ubiquitination of muscle proteins as well as a 

specific increase in ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1) was 

observed in myositis but not in normal or other dystrophic muscles. Inhibition of UPP with 

bortezomib significantly improved muscle function and also significantly decreased TNF-α 

expression in the skeletal muscle of myositis mice. UPP activation in myositis muscle may 

contribute to muscle degeneration. UCHL-1 is a potential biomarker for disease 

progression. Inhibition of UPP offers a potential therapeutic strategy for myositis. 
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4.2 Introduction 

Emerging evidence indicates that over-expression of MHC class-I on skeletal 

muscle fibers leads to an accumulation of unfolded proteins in the ER and activates an 

unfolded protein response and ER overload response in the myositis muscle [107]. Several 

studies have confirmed that ER stress contributes to disease pathology in myositis muscle 

[110,112,164,165]. To further investigate the mechanisms activated downstream of ER 

stress, myositis (HT) mouse model and SILAC mouse strategy was used in order to 

determine disease specific protein alterations and perturbed pathways.  

 In this study, SILAC mouse strategy helped to identify both known and previously 

unknown disease-specific protein modulations and pathways in MHC class I transgenic 

mice. SILAC study identified that the UPP is highly active in myositis muscle, and 

inhibition of this pathway using bortezomib, an inhibitor of evolutionarily conserved 26S 

proteasome, resulted in decreased muscle inflammation and improved muscle function in 

the mouse model of myositis.  

4.3 Methods 

4.3.1 Animals 

All animals were handled according to the local Institutional Animal Care and Use 

Committee (IACUC) guidelines under IACUC-approved protocols. SILAC mice, myositis 

mice (MHC class-I over-expressing double-transgenic mice [HT]), and single-transgenic 

control mice (H or T) available in-house were used for all experiments. All of these strains 

are on C57BL/6 background. Generation of SILAC mice was described in Chapter 2. 

Labeling efficiency of the whole mouse proteome with the 
13

C-lysine was ≥96%. The 

generation and genotyping of the HT mice has been previously described [123]. The 
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characteristics of HT mice were described in Chapter 1. Briefly, doxycycline withdrawal at 

5 weeks of age results in up-regulation of MHC class-I and development of muscle disease 

only in HT at about 16 weeks of age but not in single-transgenic (H or T) mice. These 

studies were conducted using 16-18 week-old female HT and H or T mice. 

4.3.2 Sample collection 

 Sixteen-week-old female C57BL/6-SILAC (SILAC mice), C57BL/6-HT 

(myositis), and C57BL/6-H or T (control) mice were used for these studies; all mice were 

perfused with phosphate-buffered saline and euthanized using CO2. Quadriceps muscle was 

harvested and flash-frozen in liquid nitrogen-chilled isopentane and stored at -80 ºC until 

use. 

4.3.3 MS analysis and proteomic profiling  

 These analyses were performed in two phases: a discovery phase and validation 

phase. A schematic of the experimental methodology is given in Figure 4.1. 

Discovery phase 

 Aliquots of the protein extracts (50 µg each) from the quadriceps of unlabeled H or 

T mice or unlabeled HT mice were  mixed at 1:1 with protein extract from the muscle of a 

SILAC mouse and processed for proteome profiling as described below in Figure 4.1. 

Validation phase (spike-in strategy) 

 To increase the robustness of the analyses and quantitatively validate the data 

obtained in the initial experiments, a spike-in SILAC strategy was employed. An 

independent set of HT and H or T mice (n=3/group) that had been maintained on normal 

mouse feed were used for these experiments. Muscle lysates from individual HT and H or 
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T mice were spiked with equal amounts of lysate from a SILAC mouse and then used for 

further downstream sample preparation and MS analyses (Figure 4.1).  

Quantification of protein alterations 

 All the methods with regard to sample preparation, MS analysis were performed as 

described in Chapter 2 of this dissertation. SILAC ratios of unlabeled to labeled peptides 

were determined using an extracted ion chromatogram [Census (1.77 version) and IP2]. 

Mean relative ratios were calculated from the individual ratios obtained for unlabeled -to-

labeled proteins: i.e., the HT vs. SILAC mouse and H or T vs. SILAC mouse ratios and the 

significant protein alterations between HT vs. H or T mice were determined. Significantly 

altered proteins were assigned to a specific pathway based on thier function using UniProt 

knowledge database. The percentage of proteins assigned to each pathway was determined.  

4.3.4 Validation of potential candidates using immunoblotting 

Immunoblotting was performed as described previously using primary antibodies 

specific for UCHL-1 (1:1000, Cell Signaling Technology, Danvers, MA), ubiquitin 

(1:1000, Cell Signaling Technology), GRP-78 (1:1000, Epitomics, Burlingame, CA), 

dystrophin (1:1000, Novocastra, Buffalo Grove, IL) and dysferlin (1:1000, Santa Cruz, 

Santa Cruz, CA) followed by the corresponding HRP-conjugated polyclonal rabbit or 

mouse secondary antibodies (Dako, Carpinteria, CA). β-actin was used as loading control. 

Densitometry analysis was carried out on a BioRad GS-800 calibrated densitometer using 

the Quantity One software package. Data are presented as ratios of the optical density of 

each specific protein normalized to the corresponding loading control sample.   
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4.3.5 Effect of blocking proteasome with inhibitor (bortezomib) in HT mice 

Experimental design 

C57BL/6-HT (myositis) and C57BL6-H or T (control) mice (n=13) were generated 

through in-house breeding and genotyped at 21 days of age. We have used 16-18 week old 

(i.e., 12-15 weeks after transgene induction) female mice for these studies. Mice were 

randomly assigned to one of three groups: i) control (n=5; H or T), ii) untreated (n=4; HT-

Unt), and iii) bortezomib-treated (n=4; HT-Bort). Mice were injected IP with bortezomib at 

0.75 mg/kg body weight for 4 weeks (two injections per week). At the end of the trial, mice 

were euthanized with CO2, and various muscle tissues were harvested for functional studies 

and flash-frozen in liquid nitrogen-chilled isopentane and stored at -80 ºC until use.  Body 

weights (g) and individual muscle weights (mg) were recorded. 

Proteasomal activity 

 Quadriceps muscle lysates were prepared using 300 µl of lysis buffer (10 mM 

HEPES, pH 7.9 at 4ºC, 1.5 mM magnesium chloride, 10 mM potassium chloride, and 0.5 

mM DTT). Proteasomal activity was monitored using a proteasome activity assay kit 

(#APT280, Chemicon International) according to the manufacturer‟s instructions. Protein 

concentrations were estimated using BCA protein assays (Pierce), and the RFU values 

obtained were normalized to the protein concentration. Data were expressed as RFU/µg of 

protein. 

In vitro muscle function tests  

 Muscle function tests were performed on isolated EDL muscle as described 

previously [150,166]. Maximal force generated by EDL was measured as described in 
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Chapter 3. Data are represented as mN. The force produced after a fatigue protocol was 

measured as % of basal force. 

Measurement of inflammatory markers 

 Quadriceps tissues were obtained from H or T, HT-untreated, and HT-bortezomib-

treated mice (n=4-5/group). RNA was isolated using TRIzol reagent according to the 

manufacturer‟s protocol. cDNA was synthesized using  a Life Technologies High Capacity 

cDNA Reverse Transcription Kit with RNase Inhibitor (Life Technologies, Grand Island, 

NY). qPCR was performed using an Applied Biosystems 7900HT Real-Time PCR 

machine. TaqMan probe sets TNF-α (Mm00443260_g1), ICAM1 (Mm00516023_m1) and 

HPRT (Mm01545399_m1) were obtained from Applied Biosystems. The relative 

expression of each transcript was calculated according to the ΔΔCt method, with HPRT as 

the internal reference gene, and fold changes were expressed as means ± SE.   

Histology 

 Muscle (EDL) tissue was collected from all mice used in the drug trial. Formalin-

fixed tissues were sectioned and stained with hematoxylin and eosin (H&E) as described 

previously [116]. Histological analysis was performed in a blinded fashion, and staining 

was rated using a scale of 0-5: Sections with the highest number of inflammatory infiltrates 

were given a score of 5, and sections with no inflammatory cells were given a score of 0. 

Inflammatory scores were given as means ± S.E. Representative pictures (20X) were taken 

using a Nikon Eclipse E800 (Nikon, Japan) microscope fitted with a SPOT digital color 

camera with SPOT advanced software (Diagnostic Instruments, Sterling Heights, MI).  

Muscle regeneration was assessed using an antibody against embryonic myosin heavy 
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chain (eMHC) (1:20; DSHB) and the corresponding anti-mouse secondary antibody. The 

number of eMHC positive fibers per section were quantified and given as means ± S.E. 

4.3.6 Statistical analysis 

 To identify significantly altered proteomic modulations between HT (myositis) and 

H or T (control) mice, a non-parametric Wilcoxon rank sum test was used. Other statistical 

analyses were performed using either Student‟s t-test or one-way ANOVA (Bonferroni 

post-test) where appropriate. GraphPad Prism software (version 5) was used.  
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Figure 4.1. Schematic representation of the experimental methodology used for 

proteomic profiling studies.  

SILAC mouse proteomic profiling was conducted in two phases: 1) discovery and 2) 

validation, in order to identify disease-specific differential proteomic modulations in 

myositis muscle. 
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4.4 Results 

4.4.1 SILAC strategy enabled accurate proteome profiling in myositis mice muscle 

Doxycycline withdrawal in HT mice results in up-regulation of MHC class-I (H-

2Kb). The SILAC mouse technique validated this by detecting MHC class-I protein (H-2 

class-I histocompatibility antigen Kb alpha chain [H-2Kb]) specifically in HT but not in 

control muscles. A representative elution profile of labeled and unlabeled peptide pairs for 

H-2Kb is shown in Figure 4.2A as a proof of principle that the technique accurately 

detected the expected protein alterations. The protein ratio distribution of the unlabeled-HT 

(myositis) and SILAC-labeled C57BL/6 (normal) muscle showed a broader distribution 

involving both up-regulated and down-regulated proteins in the myositis muscle. These 

findings suggest a highly altered protein expression in the myositis muscle (Figure 4.3A). 

In contrast, a comparison of SILAC-labeled C57BL/6 vs. unlabeled-H or T muscle showed 

a narrow protein ratio distribution, suggesting minimal differences in their muscle 

proteomes (Figure 4.3A).  

Global proteomic analysis of quadriceps muscle identified 490±90 (mean ± SE) 

proteins with ≥2 unique peptides. Validation using a spike-in strategy in an independent set 

of mice identified 178 proteins to be significantly altered in their levels by at least a factor 

of ~1.5 in myositis muscle when compared to control muscle (Table 4.1). A significant 

down-regulation of adenosine monophosphate deaminase-1 (AMPD1), a muscle-specific 

rate-limiting enzyme in the purine nucleotide cycle of HT skeletal muscle has been recently 

reported [109]. The SILAC mouse strategy confirmed that the relative abundance of the 

AMPD1 is decreased by 3.5-fold in HT muscle relative to the control muscle (Figure 4.2B, 
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C). The SILAC mouse strategy also confirmed that the ER stress protein, GRP-78, is 

significantly up-regulated (+15 fold) in HT relative to control mice [107]. 

Furthermore, significant up-regulation of other ER stress-related proteins such as 

protein disulfide-isomerase A3 (PDIA3), eukaryotic elongation factor 1 A-2  (EF1A2), 

calnexin (CALX), and heat shock proteins (HSPB1; HSP7C), were observed in HT muscle 

(Table 4.1).  Other notably up-regulated proteins included UCHL-1, major vault protein, 

and annexin. The most drastically down-regulated proteins included titin, actinin, myosin 

binding proteins, and myosins (Table 4.1).  

4.4.2 The ER stress-associated degradation (ERAD) and ubiquitin proteasome 

pathways (UPP) are up-regulated in myositis muscle 

Annotation of identified proteins indicated that pathways such as ER stress, UPP, 

oxidative phosphorylation, cytoskeletal proteins, and glycolysis pathways were 

significantly altered in myositis muscle, indicating that metabolic pathways are perturbed in 

myositis muscle (Figure 4.3B). A closer examination of the profiles revealed that several 

members of UPP family (ubiquitin-activating enzyme E1, UCHL-1, ubiquitin-60S 

ribosomal protein L40, and polyubiquitins B and C) were significantly up-regulated (>2-

fold) in HT mice when compared to control mice (Figure 4.4A). Similarly, proteins 

involved in ERAD pathway were also significantly up-regulated (>2-fold) in HT mice.  

These include heat shock proteins (HSP90, HSP70 families), protein disulfide isomerase 

(PDIA3), calnexin, valosin-containing protein (VCP) (Table 4.1).  UCHL1 is one of the 

highly up-regulated UPP proteins in myositis muscle (Figure 4.4A). An unlabeled peptide 

from HT mice (doubly charged m/z, 839.92) was observed, but the corresponding heavy 

peptide (at m/z 842.93) was not (Figure 4.5). 
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Figure 4.2. Representative MS elution profiles of selected proteins with differential 

modulation in myositis muscle.  

Quadriceps muscle (n=3/group) was obtained from SILAC-labeled C57BL/6 and unlabeled 

H or T and unlabeled HT mice, and MS analysis was performed as described in section 

4.3.3. A) Representative elution profiles for labeled and unlabeled peptides of the H-2 

class-I histocompatibility antigen Kb alpha-chain protein (H-2Kb) is shown. This protein is 

below the detection limit in the skeletal muscle of C57BL/6 mice. B  and C) Representative 

elution profiles for labeled and unlabeled peptides of adenosine monophosphate deaminase 

1 (AMPD1), indicating down-regulation of this enzyme in HT (C) but not in H or T (B) 

mice when compared to C57BL/6 mice. All peptide ions shown were detected as doubly 

charged species at their respective m/z values, with a mass error <10 ppm. Green line 

indicates the time point at which „MS/MS‟ has been done for that particular peptide and 

yellow box indicates the „elution time‟ of both labeled and unlabeled peptides. 
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Figure 4.3. SILAC mouse proteomic profiling identified differentially modulated 

proteins and pathways implicated in the myositis muscle.  

Quadriceps muscle was harvested from the SILAC-labeled C57BL/6 mice and from age-

matched unlabeled HT and unlabeled H or T mice (n=3/group). A) SILAC ratios obtained 

for unlabeled H or T vs. labeled C57BL/6 (blue) and for unlabeled HT vs. labeled C57BL/6 

(red) mice were transformed to log values (U/L) and plotted against the % frequency of 

proteins. An overlay for these plots is shown. The ratios of unlabeled-to-labeled peptide 

pairs were obtained using IP2 software. B) Proteins with significantly altered modulations 

(≥ 1.5-fold) were annotated to specific pathways using the UniProt knowledge database, 

taking function into consideration.  The percentages of the proteins annotated to each 

pathway (as compared to the total number of proteins) are shown in a pie chart. 
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Figure 4.4. Up-regulation of the ubiquitin proteasome pathway (UPP) in myositis 

muscle.  

Quadriceps muscle (n=3/group) was obtained from SILAC-labeled C57BL/6, unlabeled H 

or T, and unlabeled HT mice, and MS analysis was performed. A) Ratios obtained for UPP 

proteins between unlabeled HT vs. labeled C57BL6 and unlabeled H or T vs. C57BL/6 are 

presented as means ± S.E. B) Quadriceps muscle lysates from 16-week old H or T and HT 

mice (n=4/group) were obtained, and the homogenates (30μg of protein) were 

immunoblotted with anti-UCHL-1 antibody (loading control: β-actin). Representative 

immunoblots are shown.  C) The ratio of UCHL-1 to β-actin was calculated using Quantity 

One software. The data are presented as means ± SE. Student‟s t-test was performed to 

identify significant differences between the groups (
*
p<0.05; 

**
p<0.01; 

***
p<0.001). 

 

 

 



 

 95  

 

 

 

 

 

 

 

 

 

Figure 4.5. Representative mass spectrum for a unique peptide of UCHL-1.  

A representative MS spectrum for unlabeled (U) and labeled (L) peptide pairs is shown for 

a unique peptide [QFLSETEKLSPEDR] of ubiquitin carboxy terminal hydrolase L1 

(UCHL-1). A doubly charged ion at m/z 839.92 is observed in the case of the unlabeled 

peptide; the corresponding labeled peptide ion at m/z at 842.93 is absent. 

 

 

 

 

 

 

 

 

 



 

 96  

4.4.3 UCHL-1 up-regulation is specific to myositis and not seen in other myopathies 

The global ubiquitination status as well as UCHL-1 expression were validated in 

myositis and dystrophic (dystrophin-and dysferlin-deficient) muscles by immunoblotting. 

Significant up-regulation of UCHL-1 (Figure 4.4B, C) and ubiquitination (Figure 4.6A, C) 

of proteins was observed in myositis muscle especially in symptomatic phase of the disease 

(Figure 4.7A & B). To ascertain whether the UCHL-1 up-regulation is specific to myositis, 

the expression of UCHL-1 was evaluated in the skeletal muscle of two dystrophic mouse 

models (dysferlin-deficient [SJL/J] and dystrophin-deficient [mdx]). Results indicate that 

UCHL-1 is not expressed in either of these two dystrophinopathies but is specific to 

myositis (Figure 4.6B, D). Since UCHL-1 is highly expressed in the brain, its expression in 

the brain tissues of HT and H mice was evaluated (Figure 4.7C, D). No significant 

differences were found between HT and H or T control mice, indicating that up-regulation 

of UCHL-1 is disease- and muscle-specific in this model.  

4.4.4 Bortezomib treatment reduces proteasomal activity in myositis muscle  

To assess the effect of inhibition of proteasome pathway in HT mice; these mice 

were treated with bortezomib, a 26S proteasomal inhibitor, for 4 weeks. Proteasomal 

activity in the quadriceps muscle of untreated HT mice showed a significant increase (45%) 

(p<0.01) when compared to control muscle (Figure 4.8A). Treatment of HT mice with 

bortezomib significantly reduced the proteasomal activity by 33% (p<0.05) in the 

quadriceps muscle when compared to control levels (Figure 4.8A). 
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Figure 4.6. Expression of UCHL1 is specific to myopathic muscle and not seen in 

other types of dystrophic muscle.  

A) Quadriceps muscle lysates were obtained from 16-week old H or T and HT mice 

(n=4/group). Equal amount of protein (30 μg) were separated by electrophoresis and 

immunoblotted for ubiquitin.  B) Another set of quadriceps muscle lysates were obtained 

from 16 week old H or T, and HT mice, age and sex matched SJL/J, and mdx mice 

(n=3/group). The homogenates were immunoblotted for UCHL-1 (loading control: β-

actin). The ratios of the respective proteins to β-actin were calculated using Quantity One 

software. Data are represented as means ± SE (C, D). Student‟s t-test was performed to 

identify significant differences between two groups. One-way ANOVA was performed 

when more than two groups were present (
*
p<0.05; 

**
p<0.01; 

***
p<0.001). 
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Figure 4.7. UCHL-1 was up-regulated at the symptomatic stage in HT mice.  

A) Muscle lysates from H or T and HT mice (n=2/group) were obtained at 8-weeks (pre-

symptomatic) and 16-weeks (symptomatic) of age. Immunoblotting was performed for 

UCHL-1 as described earlier. B) Quantification of UCHL-1 to β-actin is shown (means ± 

SE). C) Brain lysates from 16-week old H or T and HT mice (n=4/group) were obtained, 

and immunoblotted against UCHL-1 as described. B) Quantification of UCHL-1 to β-actin 

is shown (means ± SE) (***p<0.001). UCHL-1 protein expression in brain was not 

different between the groups.  
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Figure 4.8. Bortezomib treatment improves muscle function in myositis mice.  

Myositis (HT) mice and controls (H or T) mice were divided into three groups: H or T 

(n=5), HT-untreated (HT-unt) (n=4), and HT-bortezomib-treated (HT-Bort) (n=4). 

Bortezomib (0.75mg/kg body weight) was injected intra-peritoneally twice a week for 4 

weeks. A) Proteasomal activity was measured in quadriceps muscle lysates. Data are 

represented as relative fluorescence units (RFU) normalized to unit protein (means ± S.E). 

B) Body weights (g), and C) gastrocnemius muscle weights (mg) for each group are shown 

(means ± S.E). D) In vitro muscle function tests were performed on EDL muscles to 

determine the effect of treatment on muscle force. Maximal force (mN) (D) and force 

recovery (% of initial) after 9 lengthening contractions are shown. Statistical significance 

was determined using one-way ANOVA; 
*
p<0.05; 

**
p<0.01; 

***
p<0.001; “a” indicates 

significance when compared to H or T controls, and “b” indicates significance when 

compared to the HT-Unt group. 
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4.4.5 Bortezomib treatment increases muscle weights 

Untreated HT mice showed significantly lower body (p<0.01) and muscle (p<0.05) 

weights than did control mice (Figure 4.8B, C). Bortezomib-treated HT mice did not show 

a significant improvement in the body weight when compared to untreated HT or control 

mice (Figure 4.8B). However, gastrocnemius muscle from the bortezomib-treated HT mice 

showed a 37% increase in weight (Figure 4.8C) without increasing levels of structural 

proteins (dysferlin and dystrophin). (Figure 4.9 A, B & C). 

4.4.6 Bortezomib improves muscle function and reduces muscle inflammation 

Untreated HT mice showed significantly (p<0.001) lower maximal force than did H 

or T mice (Figure 4.8D). Bortezomib-treated HT mice showed a 33% increase in the 

maximal force. Further, untreated HT mice showed significantly (p<0.01) lower force 

recovery than did H or T mice (Figure 4.8E) after a series of isometric contractions. 

Bortezomib-treated HT mice showed a statistically significant increase in % force recovery 

when compared to untreated HT mice (Figure 4.8E). Histological examination revealed 

that HT muscle showed a significant muscle degeneration and inflammation (Figure 4.10 

B, D) but not in H or T muscle (Figure 4.10 A, D). Bortezomib-treatment resulted in 35% 

reduction in inflammation in HT mice (Figure 4.10 C, D). HT mice showed a significantly 

increased (p<0.05) level of transcripts of the pro-inflammatory TNF-α when compared to H 

or T mice. On the other hand, a significant reduction in TNF-α transcript levels (p<0.05) 

were observed in the bortezomib-treated HT mice (Figure 4.10 E) when compared to 

untreated HT mice. The reduction in inflammation measured via histology correlates with 

reduction in TNF-α. However, no differences were observed in the levels of ICAM-1 

transcripts between the groups (Figure 4.10 F). 
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4.4.7 Bortezomib treatment decreases GRP-78 levels, increases muscle regeneration 

in HT mice 

Next, the modulation of the levels of an ER stress sensor, GRP-78 were monitored 

and found that drug treatment significantly reduced the its levels in treated group when 

compared to untreated or control groups (Figure 4.11 A & B). In addition, bortezomib 

treatment increased number of eMHC positive muscle fibers suggesting an increase (50%) 

in regeneration in treated HT compared to untreated HT muscle (Figure. 4.11 C, D-F). 
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Figure 4.9. Bortezomib treatment did not alter the levels of dystrophin and dysferlin 

in HT muscle.  

A) Muscle lysates from H or T, HT-untreated (HT-unt) and HT-bortezomib-treated (HT-

Bort) mice (n=4/group; 16-weeks of age) were obtained, and immunoblotted for dystrophin 

and dysferlin. B, C) Densitometric analyses of dysferlin and dystrophin to vinculin are 

shown respectively (means ± SE). The differences were not statistically significant. 
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Figure 4.10. Bortezomib decreases muscle inflammation in the mouse model of 

myositis.  

Mice (HT and H or T) were divided into three groups: H or T (n=5), HT-untreated (HT-

unt) (n=4), and HT-bortezomib-treated (HT-Bort) (n=4). Bortezomib (0.75mg/kg body 

weight) was injected intraperitoneally twice a week for 4 weeks. A, B, and C) EDL 

muscles were collected in formalin, and the tissue sections were stained with H&E and 

representative pictures are shown. D) Quantification of stained sections was performed in a 

blinded fashion using a rating scale of 0-5 (0=no inflammation) (5=highest inflammation). 

Statistical analysis was performed using the Wilcoxon rank-sum test; p<0.05 was 

considered significant. E) TNF-α and ICAM-1 transcript levels were measured in 

quadriceps muscle lysates by using qPCR. Fold changes with respect to HPRT were 

calculated and are presented as means ± S.E. Statistical analysis was performed as 

described in the methods section; p<0.05 was considered significant. 
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Figure 4.11. Bortezomib treatment decreases GRP-78 levels and increases 

regeneration in HT muscle 

A) Quadriceps muscle lysates were obtained from 16-week old H or T, HT-untreated (HT-

unt) and HT-bortezomib-treated (HT-Bort) mice (n=4/group) and immunoblotted (30 μg of 

protein from each muscle) for GRP-78. B) Quantification of GRP-78 to β-actin is shown 

(means ± SE). C) Shown is the quantification of embryonic myosin heavy chain (eMHC) 

positive fibers/section from all 3 groups mentioned above (means ± SE). (D-F) 

Representative eMHC stained sections are shown (bar = 100μM). 
*
p<0.05; 

**
p<0.01; 

***
p<0.001; “a” indicates significance when compared to H or T controls, and “b” indicates 

significance when compared to the HT-Unt group. 
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4.5 Discussion 

 This study identified UPP as a novel pathway that contributes to muscle pathology 

in the myositis mouse model. Inhibition of UPP using proteasome inhibitor in vivo in 

myositis mice led to histological and functional improvements. These data suggest that 

UPP is a potential therapeutic target in myositis.  

 In order to know the implicated pathogenic mechanisms in myositis, an unbiased, 

quantitative proteomic analysis was performed in the quadriceps muscle of a myositis 

mouse model by applying the in vivo SILAC and MS analyses. Thus far, majority of 

studies conducted to explore the molecular mechanisms that are perturbed in myositis 

muscle have been conducted at the mRNA transcript level [107,111,112]. A few proteomic 

studies of sporadic inclusion body myositis (sIBM) and hereditary IBM have been reported, 

in which the authors used label-free proteomic approaches [113,115]; however, precise  

quantification of protein modulations is technically challenging when label-free proteomic 

approaches are used. The application of the SILAC mouse strategy enabled precise 

quantification of protein alterations such as H-2Kb protein in diseased vs. healthy muscle. 

 Greater differential protein modulations were observed between disease and normal 

mice, suggesting an underlying pathology in HT mice. Similar proteomic analyses 

performed using dystrophin-deficient mdx mice have identified an up-regulation of 

integrin-linked kinase and actin cytoskeleton pathway proteins in the diseased mice 

(Chapter 2). These findings suggest that the SILAC mouse strategy can detect disease-

specific protein modulations in skeletal muscle. 

Spike-in-SILAC strategy using independent set of normal and diseased mice 

identified a larger number of significantly modulated proteins (178) than did previously 
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reported studies. For example, investigators in one study conducted a proteomic analysis of 

IBM muscle using 2-DE and reported 22 differentially modulated proteins [113]. In another 

study, hereditary IBM samples were analyzed using 2-DE in combination with iTRAQ, and 

reported 41 differentially modulated proteins [115]. These results suggest the superiority of 

in vivo labeling over other unlabeled proteomic strategies. Nevertheless, some of the 

limitations of this technique include impracticality of its use with human tissues and 

difficulties to detect post-translational modifications. 

These proteomic profiling studies using SILAC mice found a marked down-

regulation (≥1.5 fold) of structural proteins such as myosins, actinins, and titin in HT mice. 

This is consistent with the 40% reduction in body and muscle mass reported in myositis 

mice [123]. It is generally difficult to compare mouse tissue to human samples because of 

heterogeneity and chronicity of the human disease; however, there is some degree of 

concordance between human and mice studies with respect to the pathways identified. 

Down-regulation of structural proteins, and notably titin, has been reported in the 

perifascicular atrophic fibers of dermatomyositis (DM) patient samples [114]. Current 

proteomic profiling studies also identified significant up-regulation (≥1.5-fold) of heat 

shock proteins (HSPB7, HSPB1, HSPB6, HSP74, and HSP7C), superoxide dismutase, and 

peroxiredoxin, indicating disturbances in stress response pathways as well as redox 

signaling mechanisms in the affected muscle. An earlier study conducted in sIBM muscle 

biopsies also reported an up-regulation of redox proteins and heat shock proteins [113].  
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An up-regulation of the glycolytic enzymes enolase 1 and 3β were reported in 

sIBM muscle. In contrast, we observed a significant down-regulation of enolase (-2.8-fold) 

in HT mice. Moreover, another proteomic profiling study conducted using IBM samples 

reported down-regulation of enolase, including fast twitch sarcomeric and other glycolytic 

enzymes [167]. Given the number of variable factors between these studies, it would be 

difficult to pinpoint the reasons for these differences.  

SILAC mouse proteomic analyses showed that several ER stress-associated 

proteins were up-regulated in HT mice; this finding is in agreement with earlier reports 

from our group as well as others [107,110,164,165]. These results indicate that chronic 

activation of ER stress occurs in myositis muscle. Annotation of differential protein 

modulations to specific pathways gives an indication of perturbed mechanisms at the tissue 

level. Endoplasmic reticulum stress, oxidative phosphorylation, cytoskeletal proteins, and 

glycolytic pathways were found to be significantly implicated in myositis muscle. An 

earlier study that included proteomic profiling of broncho-alveolar lavage fluid in three 

different subsets of PM/DM patients also reported disturbances in general metabolism, 

cytoskeletal proteins, and immunological response pathways [168]. The perturbed 

glycolytic and mitochondrial energy metabolic pathways are consistent with the underlying 

muscle weakness in myositis.  

The presence of UCHL-1 in myositis but not in other dystrophies and its 

concomitant appearance with symptoms suggests that this molecule may serve as a 

surrogate marker for disease progression. Although relatively little is known about UCH-

L1, it has recently been suggested to play a role in synaptic dysfunction and memory loss. 

Enhanced UCH-L1 expression has been reported to have a protective effect on memory 
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loss in a β-amyloid-induced mouse model of Alzheimer‟s disease [169]. A lack of released 

ubiquitin and a local deficiency of ubiquitin for other cellular functions may explain its 

enhanced expression. Nevertheless, it is important to understand the mechanism of action 

and the mode of regulation of UCHL-1 in relation to myositis pathology.  

Modulation of ubiquitination pathway proteins has been mentioned with relation to 

hereditary IBM, but their pathogenic relevance has not been elucidated [115]. Another 

study also reported an increase in the transcripts of ubiquitin-modifying enzymes (Ube1L, 

Ube2L6) in DM muscle, suggesting a potential role for UPP in DM pathology [114]. 

Current findings indicate that ER stress and ERAD pathways (GRP-78, HSPs, VCP 

PDIA3, calnexin) are associated with UPP in the myositis skeletal muscle.  The data from 

current study is consistent with a previous study that showed an up-regulation of 

homocysteine-induced endoplasmic reticulum protein (Herp) an essential player of ERAD 

pathway in s-IBM muscle [170]. Comparison of SILAC profiling with historical mRNA 

profiling data from our lab (age, tissue and sex matched animals) suggest that there is 41% 

overall concordance between protein and mRNA expression levels (Figure 4.12 A, B). 

Previously, the expression levels of proteins involved in ER stress were compared 

between human and MHC class-I mouse model and found to be similar with respect to 

GRP-78 expression [107]. Here, it can be proposed that over-expression of MHC class-I on 

the affected myofibers leads to an accumulation of MHC molecules in the ER, which, in 

turn, induces ER stress response and activates downstream ERAD and UPP. These 

mechanisms ultimately affect calcium homeostasis, energy metabolism and cause muscle 

degeneration [171].  
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The role of the UPP in pathogenesis has been appreciated in several diseases, 

including arthritis, neurodegenerative disorders, cachexia, and multiple myeloma [172-

175].  Since bortezomib is the inhibitor of evolutionarily conserved 26S proteasome and is 

active both in human and murine cells, the mice were treated with this drug [176]. 

Treatment with bortezomib at 0.75 mg/kg significantly reduced the proteasomal activity in 

the quadriceps muscle of HT mice, indicating that the concentrations used here have 

adequate bioavailability and therapeutic efficacy [177]. Although the treatment did not 

significantly affect mean body weights and the levels of structural proteins such as 

dystrophin and dysferlin, an increase in the mass of certain muscles was observed. This 

observation is consistent with previous findings wherein a reversible inhibitor of 

proteasome-MG-132 increased TA muscle mass without affecting body weight [178].  

These findings suggest that drug treatment preserves muscle function, as indicated by the 

increase in maximal force and % force recovery in treated mice when compared to 

untreated HT mice. Another study also reported a similar improvement in muscle function 

after treatment with MG-132 [178].  

Treatment with bortezomib reduced inflammation and TNF-α transcript in the 

affected muscle. Similarly, attenuation of inflammation and improvement in disease 

phenotype in response to treatment with a proteasome inhibitor has also been reported in a 

peptidoglycan/polysaccharide-induced polyarthritis model [179].  
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Current data also suggest that drug treatment significantly reduced the levels of 

GRP-78 in treated HT muscle.  It is possible that bortezomib decreases overall protein 

synthesis resulting in reduced protein load in the ER and ER stress in myositis muscle.  

The molecular mechanism by which bortezomib enhances muscle function is 

unclear from current studies; however, it is possible that inhibition of proteasome activity 

by bortezomib results in reduced NFkB levels by inhibiting the degradation of IkB and 

increased muscle regeneration [180,181]. This might be one probable reason for increased 

muscle regeneration in treated HT mice. Furthermore, bortezomib has also been implicated 

in blocking the transmigration of lymphocytes via the inhibition of NFkb, and in turn, 

reduction of adhesion molecules needed for transmigration into the affected tissue [182]. 

Above data suggest that beneficial effects of bortezomib are not exclusively dependent on 

the inhibition of proteasome activity but also on its anti-inflammatory properties. Thus, 

current findings suggest that bortezomib is a potential therapeutic option for autoimmune 

myositis.  
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Figure 4.12. Comparison of proteomic data from current study with previously 

available transcriptome data.  

A) Protein and mRNA expression levels in HT mice (symptomatic age) quadriceps muscle 

were converted to fold changes in comparison with H or T control mice. Correlation 

between mRNA and protein expression levels is shown as a scatter plot.  B) The fold 

changes for some proteins and the respective mRNAs levels that are detected in HT mice 

were listed. Select list of proteins involved in ER stress, ERAD and UPP are shown. 
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Table 4.1. Significantly modulated proteins in quadriceps muscle of 16-week old myositis 

mice in comparison to control mice. 

UniProt ID
1
 Protein Name

2
 

Fold change 

(HT/H)
3
 

P18826 Phosphorylase b kinase regulatory subunit alpha Healthy Only 

P70695 Fructose-1,6-bisphosphatase isozyme 2  Healthy Only 

Q9QUH0 Glutaredoxin-1  Healthy Only 

Q9R0P9 Ubiquitin carboxyl-terminal hydrolase isozyme L1  Disease Only 

A2ABU4 Myomesin-3  Disease Only 

Q9DCN2 NADH-cytochrome b5 reductase 3  Disease Only 

Q9EQK5 Major vault protein  Disease Only 

P27773 Protein disulfide-isomerase A3  Disease Only 

P43274 Histone H1.4  Disease Only 

P61750 ADP-ribosylation factor 4 Disease Only 

P35979 60S ribosomal protein L12 Disease Only 

P97315 Cysteine and glycine-rich protein 1  Disease Only 

P84084 ADP-ribosylation factor 5 Disease Only 

Q9D0R2 Threonine--tRNA ligase Disease Only 

Q9CPV4 Glyoxalase domain-containing protein 4 Disease Only 

Q9DCD0 6-phosphogluconate dehydrogenase Disease Only 

P18760 Cofilin-1  Disease Only 

P29699 Alpha-2-HS-glycoprotein  Disease Only 

Q8VDN2 Sodium/potassium-transporting ATPase alpha-1  Disease Only 

P60710 Actin, cytoplasmic 1  Disease Only 

P63260 Actin, cytoplasmic 2  Disease Only 

Q91WS0 CDGSH iron-sulfur domain-containing protein 1  Disease Only 

P49817 Caveolin-1 Disease Only 

P20029 78 kDa glucose-regulated protein  15.25 

P23927 Alpha-crystallin B chain  10.85 

P14602 Heat shock protein beta-1  8.59 

P35564 Calnexin 7.57 

P51667 Myosin regulatory light chain 2 6.87 

P09542 Myosin light chain 3  6.60 

P62962 Profilin-1  6.59 

Q9D783 Kelch repeat and BTB domain-containing protein 5 5.92 

P97447 Four and a half LIM domains protein 1  5.84 

Q5EBG6 Heat shock protein beta-6  5.83 
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P48036 Annexin A5  5.71 

P16045 Galectin-1  5.50 

Q8BTM8 Filamin-A  5.28 

Q8VHX6 Filamin-C  5.10 

Q9JI91 Alpha-actinin-2  5.06 

P26041 Moesin  4.78 

P70670 Nascent polypeptide-associated complex alpha 4.76 

P63101 14-3-3 protein zeta/delta  4.09 

P17742 Peptidyl-prolyl cis-trans isomerase A  4.08 

Q9Z2I0 LETM1 and EF-hand domain-containing protein 1 3.97 

P04117 Fatty acid-binding protein 3.93 

P10922 Histone H1.0  3.87 

P51885 Lumican  3.85 

Q9Z1E4 Glycogen [starch] synthase 3.83 

Q99JY0 Trifunctional enzyme subunit beta 3.72 

Q08857 Platelet glycoprotein 4  3.70 

P07901 Heat shock protein HSP 90-alpha  3.69 

P09103 Protein disulfide-isomerase  3.63 

P47738 Aldehyde dehydrogenase 3.59 

P0CG49 Polyubiquitin-B 3.59 

P0CG50 Polyubiquitin-C 3.59 

P62983 Ubiquitin-40S ribosomal protein S27a  3.59 

P62984 Ubiquitin-60S ribosomal protein L40  3.59 

P40142 Transketolase  3.53 

Q60936 Chaperone activity of bc1 complex-like 3.51 

P68372 Tubulin beta-4B chain  3.51 

Q8BMS1 Trifunctional enzyme subunit alpha 3.34 

Q63918 Serum deprivation-response protein  3.28 

O08539 Myc box-dependent-interacting protein 1  3.07 

P51174 Long-chain specific acyl-CoA dehydrogenase 3.07 

P05202 Aspartate aminotransferase, mitochondrial  2.92 

P68368 Tubulin alpha-4A chain  2.91 

P11499 Heat shock protein HSP 90-beta  2.90 

P04247 Myoglobin 2.86 

Q9CQQ7 ATP synthase subunit b, mitochondrial  2.86 

Q8CGC7 Bifunctional glutamate/proline--tRNA ligase  2.84 

P19096 Fatty acid synthase  2.84 

Q9D8N0 Elongation factor 1-gamma  2.75 

O54724 Polymerase I and transcript release factor  2.70 



 

 114  

Q60870 Receptor expression-enhancing protein 5  2.69 

P54071 Isocitrate dehydrogenase [NADP], mitochondrial  2.67 

P11404 Fatty acid-binding protein, heart  2.65 

P16125 L-lactate dehydrogenase B chain  2.65 

Q6P8J7 Creatine kinase S-type, mitochondrial  2.64 

Q01853 Transitional endoplasmic reticulum ATPase  2.62 

P99029 Peroxiredoxin-5, mitochondrial  2.55 

P63038 60 kDa heat shock protein, mitochondrial  2.50 

Q9CQV8 14-3-3 protein beta/alpha  2.47 

Q8K1Z0 

Ubiquinone biosynthesis protein COQ9, 

mitochondrial 2.44 

Q61425 

Hydroxyacyl-coenzyme A dehydrogenase, 

mitochondrial  2.41 

Q9CQ92 Mitochondrial fission 1 protein  2.40 

P38647 Stress-70 protein, mitochondrial  2.38 

Q9D2G2 Dihydrolipoyllysine-residue succinyltransferase 2.37 

Q8BMF4 

Dihydrolipoyllysine-residue acetyltransferase, 

mitochondrial  2.36 

Q9DCW4 Electron transfer flavoprotein subunit beta  2.35 

O35129 Prohibitin-2  2.35 

Q61171 Peroxiredoxin-2  2.34 

P63017 Heat shock cognate 71 kDa protein  2.33 

Q99LC5 

Electron transfer flavoprotein subunit alpha, 

mitochondrial  2.33 

P58252 Elongation factor 2  2.32 

O08528 Hexokinase-2  2.27 

Q9CR68 

Cytochrome b-c1 complex subunit Rieske, 

mitochondrial  2.26 

Q9D0K2 

Succinyl-CoA:3-ketoacid coenzyme A, 

mitochondrial  2.25 

Q64433 10 kDa heat shock protein, mitochondrial  2.24 

Q8VEM8 Phosphate carrier protein, mitochondrial  2.21 

P07758 Alpha-1-antitrypsin 1-1  2.21 

Q00896 Alpha-1-antitrypsin 1-3  2.21 

Q9WV55 

Vesicle-associated membrane protein-associated 

protein A  2.20 

P26043 Radixin  2.20 

Q9DCX2 ATP synthase subunit d, mitochondrial  2.14 

P50544 Very long-chain specific acyl-CoA dehydrogenase, 2.14 

Q02053 Ubiquitin-like modifier-activating enzyme 1  2.09 
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Q9CQA3 

Succinate dehydrogenase [ubiquinone], 

mitochondrial  2.07 

Q60930 Voltage-dependent anion-selective channel protein 2  2.07 

P45591 Cofilin-2  2.05 

P00405 Cytochrome c oxidase subunit 2  2.05 

Q60597 2-oxoglutarate dehydrogenase, mitochondrial  2.05 

P56480 ATP synthase subunit beta, mitochondrial  2.04 

P19783 

Cytochrome c oxidase subunit 4 isoform 1, 

mitochondrial  2.04 

P10639 Thioredoxin  2.04 

Q921G7 

Flavoprotein-ubiquinone oxidoreductase, 

mitochondrial  2.03 

Q9CR62 Mitochondrial 2-oxoglutarate/malate carrier protein  2.02 

Q06185 ATP synthase subunit e, mitochondrial  2.00 

P08228 Superoxide dismutase [Cu-Zn]  2.00 

P19157 Glutathione S-transferase P 1  1.99 

Q91VR2 ATP synthase subunit gamma, mitochondrial  1.99 

O55126 Protein NipSnap homolog 2  1.97 

P14152 Malate dehydrogenase, cytoplasmic  1.97 

Q9DB77 Cytochrome b-c1 complex subunit 2, mitochondrial  1.96 

P12787 Cytochrome c oxidase subunit 5A, mitochondrial  1.96 

P47934 Carnitine O-acetyltransferase  1.95 

Q9DB20 ATP synthase subunit O, mitochondrial  1.94 

Q8CAQ8 Mitochondrial inner membrane protein  1.93 

Q9D023 Mitochondrial pyruvate carrier 2  1.91 

Q9CPQ8 ATP synthase subunit g, mitochondrial  1.90 

Q9CXZ1 NADH dehydrogenase [ubiquinone]  1.90 

P41216 Long-chain-fatty-acid--CoA ligase 1  1.89 

Q9CZ13 Cytochrome b-c1 complex subunit 1, mitochondrial  1.88 

Q9D051 Pyruvate dehydrogenase E1, mitochondrial  1.85 

Q9D0M3 Cytochrome c1, heme protein, mitochondrial  1.84 

Q9DCJ5 NADH dehydrogenase [ubiquinone] 1.84 

Q9D172 ES1 protein homolog, mitochondrial 1.83 

P08249 Malate dehydrogenase, mitochondrial  1.83 

Q9CZU6 Citrate synthase, mitochondrial  1.83 

Q99KI0 Aconitate hydratase, mitochondrial  1.82 

P19536 Cytochrome c oxidase subunit 5B, mitochondrial  1.81 

Q9JKS4 LIM domain-binding protein 3  1.80 

Q9CQZ5 NADH dehydrogenase [ubiquinone] subunit 6  1.79 
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Q91ZJ5 UTP--glucose-1-phosphate uridylyltransferase  1.79 

Q9CQR4 Acyl-coenzyme A thioesterase 13  1.78 

Q9DCS9 NADH dehydrogenase [ubiquinone] subunit 10  1.75 

P97807 Fumarate hydratase, mitochondrial  1.74 

Q9ERS2 NADH dehydrogenase [ubiquinone] subunit 13  1.73 

P62631 Elongation factor 1-alpha 2  1.71 

Q91VD9 NADH-ubiquinone oxidoreductase mitochondrial  1.70 

P14824 Annexin A6  1.70 

O08749 Dihydrolipoyl dehydrogenase, mitochondrial  1.68 

Q9WUM5 Succinyl-CoA ligase ,mitochondrial  1.67 

Q11011 Puromycin-sensitive aminopeptidase  1.66 

Q9Z2I9 Succinyl-CoA ligase [ADP-forming] mitochondrial  1.66 

P61982 14-3-3 protein gamma 1.64 

Q9D6R2 

Isocitrate dehydrogenase [NAD] subunit alpha, 

mitochondrial  1.64 

Q9QYG0 Protein NDRG2  1.60 

P62897 Cytochrome c, somatic 1.59 

Q9D855 Cytochrome b-c1 complex subunit 7  1.56 

P56375 Acylphosphatase-2  -1.53 

Q8R429 

Sarcoplasmic/endoplasmic reticulum calcium 

ATPase 1  -1.66 

P52480 Pyruvate kinase isozymes M1/M2  -1.77 

O70250 Phosphoglycerate mutase 2  -1.93 

O55143 

Sarcoplasmic/endoplasmic reticulum calcium 

ATPase 2  -1.95 

Q9D0F9 Phosphoglucomutase-1  -2.07 

P06151 L-lactate dehydrogenase A chain  -2.10 

Q64521 Glycerol-3-phosphate dehydrogenase, mitochondrial  -2.18 

O88990 Alpha-actinin-3  -2.38 

Q5SX39 Myosin-4  -2.48 

Q9WUB3 Glycogen phosphorylase, muscle form  -2.49 

P21550 Beta-enolase  -2.78 

P13707 Glycerol-3-phosphate dehydrogenase [NAD -2.79 

Q3V1D3 AMP deaminase 1  -3.57 

Q5XKE0 Myosin-binding protein C, fast-type  -3.61 

1
UnProt ID as indicated by UniProt Knowledge base. 

2
Protein name as indicated in UniProt Knowledge base. 

3
Fold change of a specific protein in HT with respect to H or T mice. 
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4.6 Publications 

A manuscript was prepared based on the results from this chapter and was submitted to 

Arthritis & Rheumatism Journal. 

Rayavarapu S, Coley W, Cakir E, Van der Meulen JH, Tappeta K, Kinder T, Brown KJ, 

Hathout Y and Nagaraju K. Activation of ubiquitin proteasome pathway in a mouse model 

of myositis: a potential therapeutic target (Under review Arthritis & Rheumatism). 
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Chapter 5: Overall Discussion, Conclusions and Future Directions  

5.1 Choice of SILAC mouse proteomic strategy to understand muscle disease 

pathology 

 The use of in vivo SILAC mouse technique in the current studies permitted me to 

examine the diseased muscle proteome. The presence of an internal standard for each 

peptide significantly improves the ability to quantify relative alterations in proteins at tissue 

level. Another prominent application in the current studies is the use of SILAC-spike in 

strategy. This strategy allows comparison of multiple samples with the same reference 

sample, and thus, improves the efficiency of in vivo SILAC mouse methodology. This 

strategy helped to improve the signal to noise ratio of the identified proteomic alterations 

and allowed to identify statistically significant changes between diseased and control 

muscles. The presence of abundant extracellular matrix proteins and the dynamic range 

between high and low abundant proteins are confounding factors that affected detection of 

more proteins in skeletal muscle. However, detection can be improved by using more 

sensitive mass spectrometers and/or incorporating specific enrichment or fractionation 

strategies into the sample-processing pipeline. Nevertheless, in vivo SILAC technique is 

superior when compared to the other existing proteomic techniques such as 2-DE, as it 

enables precise quantification of proteomic modulations. Precise quantification is 

possible due to the presence of an internal reference standard for each peptide. 

 Another important point to be noted is that the probability of identifying proteins 

with few lysines or low molecular weight proteins reduces considerably due to the use of 

only 
13

C-lysine-labeling. A possible alternative to overcome this is to use 
15

N-labeling. In 
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15
N-labeling, the entire peptide backbone and all nitrogen containing side chains are labeled 

thus enhancing the dynamic range of detection of proteins. However, 
15

N-labeling also has 

its own limitations. The number of incorporated labels is not defined and is dependent on 

the peptide sequence. Nevertheless, 
15

N-labeling of mammalian tissues and its usefulness in 

studying differential proteomic alterations have been reported [136] (Chapter 2). Even 

though in vivo labeling strategies are useful in detecting disease specific protein 

modulations at tissue level, one major bottle neck for its routine usage is the cost of 

generation of labeled model animals. In fact, Bantscheff et al., 2007 in one of their review 

articles stated that “it is neither possible nor practical to apply ‘in vivo labeling’ routinely. 

The cost and time required for creating and maintaining these systems is often 

incommensurate with the value of the information provided” [183].  

 The studies described in this dissertation indicate that with careful planning and 

productive collaborations one can improve the cost effectiveness of in vivo SILAC 

approach. For instance, the use of SILAC spike-in strategy helps to minimize the expense 

by allowing the use of the same animal as reference for multiple replicates. Another way to 

improve the effectiveness is to store the labeled tissues at appropriate conditions for future 

studies. The therapeutic directions and information obtained through the current studies 

outweighs the monetary expenditure involved in the generation labeled animals. More 

importantly, current studies might act as an initial atlas for differentially modulated proteins 

in disease models of inflammatory muscle diseases. Studies described in this dissertation 

demonstrated that SILAC mouse methodology is useful not only in identifying disease 

specific novel pathways but also to validate already known pathogenic mechanisms in 
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inflammatory muscle diseases. The studies reported here clearly indicate that this strategy 

has potential to generate several successful projects [151,152,184]. 

5.2 Bioinformatic approaches to determine implicated pathways from 

differentially altered proteins 

 Precise quantification of protein modulations in a tissue using global analyses 

produces large data sets. Integration of bioinformatics into data analyses pipeline will 

provide biologically meaningful interpretations from these large data sets. In the current 

dissertation, two types of bioinformatic analyses were used. The first approach used was 

ingenuity computational pathway analysis (IPA) (Ingenuity systems; Redwood City, CA) 

software to identify potentially perturbed molecular pathways in dystrophic muscle 

(Chapter 2). The second approach used was to manually assign each protein to a pathway 

based on its function as described in UniProt knowledge base (Chapter 4). These studies 

indicated that both methods are equally useful. Each method has its own advantages and 

limitations. For instance, IPA analysis is relatively user friendly and not labor intensive in 

comparison to manual assignment of proteins to pathways. However, IPA builds networks 

based on the protein interaction information from the literature and hence provides 

interactions for proteins that are well studied in the literature. IPA also combines the 

analysis from all tissues and cell lines studied and may not be completely relevant to the 

tissue of choice. Thus, bioinformatic algorithms that would capture the tissue specific 

proteomic signatures generated by studies using the SILAC approach would be valuable. 

Nevertheless, there is an imminent need for the development of better bioinformatic tools 

in order to keep up with rapidly developing proteomic tools and in particular to understand 

diseases at the systems level.  
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5.3 Comparison of dystrophic and myopathic muscle proteomes 

 In this dissertation, two different muscle diseases were studied using global 

unbiased quantitative proteomic profiling. One is DMD with genetic etiology and the other 

is myositis with autoimmune response. The mechanisms implicated very early in the 

dystrophic disease process were elucidated by using 3-week old mdx mice. However, for 

myositis the pathogenic mechanisms implicated in the symptomatic phase of the disease 

were studied. Despite these differences, the current studies have identified that 

mitochondrial energy metabolic and calcium homeostasis mechanisms are implicated in 

both muscle diseases. In fact, myotubular, mitochondrial energy metabolism and 

sarcoplasmic reticulum proteins represented a major group of proteins detected in the 

proteomic analyses of skeletal muscle. These findings suggest that these proteins are the 

key determinants of tissue identity and functionality; hence, detected with greater 

frequency. The pathways identified both in dystrophic and myopathic muscles are 

compared in Table 5.1.  It should be noted that even though, mitochondrial and energy 

metabolic pathways are identified in both diseases the directionality of individual proteins 

in each pathway is different between the two diseases. Majority of the mitochondrial 

proteins identified are up-regulated in myositis muscle (Tables 4.1 and 5.1). On the other 

hand, a major proportion of mitochondrial proteins identified in mdx muscle are down-

regulated (Table 5.1). These findings indicate that the SILAC mouse methodology detects 

disease-specific signatures (Figure 5.1). 

 It is widely acknowledged that mitochondria regulate critical aspects of muscle 

function, including energy metabolism and calcium homeostasis. They are also a source of 

reactive oxygen species (ROS) that can mediate cell signaling pathways or damage muscle 
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proteins and thereby regulate apoptotic and necrotic death pathways. Sarcoplasmic 

reticulum (SR) makes intimate contacts with mitochondria in specialized areas called 

mitochondria-associated ER membranes (MAM). This interaction may play a critical role 

in cellular homeostasis presumably by regulating calcium exchange and protein transport 

[185]. Also, there is evidence that mitochondrial oxidative stress and its interplay with the 

ER play a major role in the pathogenesis of certain neurodegenerative diseases [186]. 

These findings highlight the importance of mitochondria in skeletal muscle and probably 

explain why mitochondrial energy metabolism and calcium homeostatic pathways are 

perturbed in both muscle diseases.  

  It should be noted that the current proteomic analysis detected few inflammatory 

markers in the affected muscle. The general markers of muscle inflammation (immune cell 

markers and cytokines) are low abundant proteins compared to other structural proteins in 

skeletal muscle (myosins and actins). Therefore, the dynamic range between high and low 

abundant proteins in the skeletal muscle tissue might have affected the detection of 

inflammatory markers. These studies identified that the ILK pathway, actin cytoskeleton 

signaling, mitochondrial energy metabolism, calcium homeostasis as the initial pathways 

affected in dystrophin deficient muscle in the early disease process (Chapter 2) (Figure 

5.1). Functional injury assays indicated that reduced mitochondrial activity and their 

translocation to the site of injury leads to poor sarcolemmal healing in dystrophin deficient 

myofibers (Chapter 3). With regard to myositis, ER stress, ERAD, UPP and mitochondrial 

energy metabolic pathways are found to be perturbed in the affected muscle (Chapter 4) 

(Figure 5.1). Furthermore, inhibition of UPP ameliorated myositis disease phenotype 

suggesting that UPP might be a potential therapeutic target in myositis (Chapter 4).  
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Figure 5.1. Comparison of pathways identified using in vivo SILAC approach in two 

different skeletal muscle diseases (dystrophin deficient mdx and myositis). 

Upper panel: Dystrophin deficient myofiber shows compensatory up-regulation of actin 

cytoskeletal signaling and ILK pathways. In parallel, reduced mitochondrial function, along 

with disturbances in calcium homeostasis, exacerbate the dystrophic phenotype.   

Bottom panel: In myositis muscle, the over-expression of MHC class-I leads to the 

accumulation of these molecules in the endoplasmic reticulum (ER) and, in turn, induces 

ER stress responses. Chronic ER stress activates ubiquitin proteosome pathway (UPP), 

affects mitochondrial energy metabolism and also causes disturbance in calcium 

homeostasis. These events may lead to myofiber degeneration. Some of the important 

differentially modulated proteins involved in specific pathways that are identified in the 

current proteomic analyses are shown. 
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Future directions 

 While the research in this dissertation identified pathways implicated in dystrophin 

deficient and myositis muscle, future studies may have the potential to identify additional 

pathways in these diseases if specific fractionation and/or enrichment strategies used.  

 Identification of ILK pathway in 3-week old dystrophin deficient muscle is an 

important finding. Further investigations to know the specific role of this pathway in 

dystrophic muscle pathology would be useful to define its usefulness as therapeutic target 

for DMD. Transforming growth factor-β is shown to enhance ILK activity; whereas, 

compound-22 was reported to inhibit ILK activity  [187,188]. These compounds suppress 

the phosphorylation of Akt at Ser473, and in turn affect the downstream targets, such as 

GSK-3β and myosin light chain [187,188].  It would be interesting to modulate ILK 

pathway in vivo using these compounds in order to address specific contribution of ILK 

pathway to dystrophic disease phenotype. Furthermore, it will be informative to know the 

consequences of genetic ablation of ILK pathway under dystrophin deficiency background. 

Conditional ILK knockout mice that are made using cre-lox/ tamoxifen inducible system 

are available and can be used for genetic ablation studies [189]. One of the limitations of 

the current studies is that they are focused on investigating the pathology in the early phase 

of dystrophic disease (3-weeks of age), future studies should expand and focus on 

identifying additional pathways implicated in the symptomatic phase of the disease (at 6 

and 12-weeks of age).  

 The role of mitochondria in the membrane repair process in dystrophin deficient 

myotubes was investigated in Chapter 3. This novel role of mitochondria needs to be 

further investigated in detail in order to understand their specific role in sarcolemmal 
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repair. One way to do this is to, treat mdx mice with metabolic remodeling agents (Sirt1, 

AICAR) and then investigate if pharmacological modulation of mitochondrial energy 

metabolic pathways affects sarcolemmal repair kinetics. Also, these studies identified an 

important role for vesicular membrane repair pathway involving dysferlin and annexins in 

dystrophin deficient muscle. Mice lacking both dystrophin and dysferlin have been shown 

to suffer from more extensive muscle pathology than mice lacking either one of these 

proteins. However, it would be important to establish the time course of the disease 

progression in these animals and to apply the sarcolemmal repair assays described in this 

thesis to test the repair response in these double knockout (dystrophin and dysferlin) 

animals. In this regard, I have generated a dystrophin/dysferlin double knockout mouse 

model on a C57BL/6 background, which would be a valuable tool for addressing the role of 

membrane repair in the initiation of skeletal muscle dystrophic pathology. 

 UPP and ER associated degradation pathways were found to be implicated in 

myositis muscle (Chapter 4). Current studies could not delineate the detailed mechanism of 

action of proteasome inhibitors in ameliorating myositis disease phenotype. It will be 

interesting to focus on understanding the mechanism of action of proteasome inhibitors and 

how they improve myositis phenotype. Mice with conditional deletion of proteasomal 

machinery are available. These mice can be used to generate myositis mice that lack 

proteasomal activity and then investigate if there is amelioration of disease phenotype.  The 

knowledge gained from the proposed studies has potential translational implications and 

will help to determine targeted and appropriate therapies for muscle diseases. 
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Table 5.1. Comparison of altered pathways in 2 different skeletal muscle diseases (DMD & Myositis) 

Pathways DMD Myositis 

Upregulated Down regulated Upregulated Down regulated 

Actin cytoskeleton 

signaling  

Alpha-actinin-2 

(1.79) 

Talin-1 (1.77) 

Tubulin-β-chain 

(1.52) 

Myozenin-1 (1.42) 

Myosin regulatory 

light chain 2 (1.64) 

Myomesin-1 

(1.29) 

Titin (-1.43) 

Actin (-1.65) 

Myosin-1 (-1.86) 

Myosin-3 (-1.71) 

Myosin-4 (-2.12) 

Tropomyosin-β chain 

(-2.63) 

Alpha-actinin-2 (5.06) 

Tubulin-β-chain (3.5) 

Moesin (4.78) 

Myosin regulatory light 

chain-2 (6.87) 

Myosin-4 (-2.48) 

Myosin binding protein-C (-3.61) 

Integrin linked kinase Vimentin (3.51) 

AnnexinA2 (3.18) 

Desmin (2.69) 

Filamin-A (1.88) 

Filamin-C (1.42) 

Profilin-1 (1.65) 

- Cofilin-1 (Disease only), 

Filamin-A (5.28) 

Profilin-1 (6.59) 

- 

Glycolysis AMP deaminase-1 

(1.25) 

Glycogen 

Phosphorylase 

(1.21) 

 

- Hexokinase-2 (2.27) 

2-oxoglutarate 

dehydrogenase (2.0) 

Dihydrolipoyl-lysine-

residue acetyltransferase 

(1.68) 

AMP deaminase-1(-3.57) 

Enolase (-2.78) 

Pyruvate kinase isozymes M1/M2 

(-1.77) 

Lactate dehydrogenase A (-2.1) 

Phosphoglycerate mutase (-1.93) 

Citrate cycle - Aconitate hydratase 

(-1.12) 

Carnitine-O 

acyltransferase (-

1.15) 

Aconitate hydratase (1.82) 

Citrate synthase (1.83) 

Succinate dehydrogenase 

(2.07) 

Fumarate hydratase (1.74) 

- 
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Isocitrate dehydrogenase 

(1.64) 

Malate dehydrogenase 

(1.97) 

Dihydrolipoyllysine-residue 

succinyltransferase (2.37) 

Oxidative 

phosphorylation 

/Mitochondrial 

function 

NADH 

dehydrogenase 

(1.22) 

Peroxiredoxin 

(1.17) 

Thioredoxin (1.18) 

 

Isocitrate 

dehydrogenase (-

1.12) 

Lactate 

dehydrogenase (-

1.36) 

Creatine kinase (-

1.23) 

3, 2-trans-enoyl-CoA 

isomerase (-1.27) 

Long-chain specific 

acyl-CoA 

dehydrogenase (-

1.24) 

ATP synthase subunit (2.14) 

Cytochrome c oxidase 

(2.05) 

Ubiquinone (1.99) 

Electron transfer 

flavoprotein subunitβ (2.35) 

Electron transfer 

flavoprotein-ubiquinone 

oxidoreductase (2.03) 

NADH dehydrogenase 

(1.90) 

Lactate dehydrogenase A (-2.1) 

Fatty acid synthesis - Tri-functional 

enzyme subunit (-

1.23) 

Long chain-fatty 

acid-CoA ligase-1 (-

1.19) 

Hydroxyacyl-

coenzyme A 

dehydrogenase 

Fatty-acid binding 

protein 

Fatty acid synthase (2.84) 

Long chain specific acyl-

CoA dehydrogenase (3.07) 

Carnitine O-

acetyltransferase (1.95) 

Tri-functional enzyme 

subunit (3.72) 

Hydroxyacyl-coenzyme A 

dehydrogenase (2.41) 

- 
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Endoplasmic 

reticulum stress 

78 kDa glucose-

regulated protein 

(1.46) 

 

- 78 kDa glucose-regulated 

protein (15.25) 

Heat shock protein HSP 90 

(3.69) 

Protein di-sulfide isomerase 

(3.63) 

Peptidyl-prolyl cis-trans 

isomerase A (4.08) 

Elongation factor 1-alpha 2 

(1.71) 

Major vault protein 

(Disease only) 

Calnexin (7.57) 

Sarcoplasmic/endoplasmic 

reticulum calcium ATPase 1&2 (-

1.77&-1.95) 

Ubiquitin proteasome 

pathway 

- - Ubiquitin-activating 

enzyme E1 (2.09) 

Ubiquitin carboxyl-terminal 

hydrolase isozyme 

L1(Disease only) 

Ubiquitin-60S ribosomal 

protein L40 (3.59) 

Poly-ubiquitin B (3.60) 

- 

Fold changes were provided in the parentheses.  

„-„ Sign indicates down regulation 
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