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Prolonged periods of skeletal muscle inactivity results in fiber atrophy. The physiological 

consequences of disuse-induced muscle atrophy is a diminished muscle force generating capacity 

which could negatively impact activities of daily living. Importantly, oxidative stress has been 

linked to the signaling events responsible for protein degradation. However, the mechanisms by 

which oxidative stress increases the rate of proteolysis have not been fully elucidated. In theory, 

oxidation of proteins can alter their structure to affect susceptibility to proteolytic processing. 

Several proteolytic systems are capable of degrading muscle proteins. Calpain (I and II) and 

caspase-3 are proteases that are capable of degrading intact myofilament proteins and are also 

activated during disuse atrophy. Therefore, we hypothesized that oxidative modification of 

skeletal muscle proteins increases their susceptibility to degradation by calpain and/or caspase-3. 

To test this postulate we introduced isolated myofibrillar proteins from the diaphragm to four 

distinct levels of oxidation and subsequently treated each group independently with active 

calpain I, calpain II, and caspase-3. Protein degradation was measured using protein mapping. 

Our findings reveal, as oxidation of myofibrillar proteins increases, their degradation by calpain 

(I and II) and caspase-3 increases as well. Therefore, we conclude that oxidative modification of 

myofibrillar proteins accelerates protein degradation by both calpains and caspase-3.



 

CHAPTER 1 
INTRODUCTION 

Skeletal muscle inactivity produces a profound atrophy of muscle fibers. This atrophy is 

characterized by a decrease in fiber size and therefore a decrease in muscle mass (29). Bed rest, 

immobilization, spaceflight, muscle denervation, and mechanical ventilation are all conditions 

that promote skeletal muscle atrophy. Locomotor muscles affected in these conditions are 

normally involved in maintaining posture (15). Loss of functional capacity in these muscles can 

greatly impact daily life therefore understanding the mechanisms that contribute to disuse 

atrophy is imperative.  

 Skeletal muscle disuse results in an imbalance in muscle protein synthesis and 

degradation. During this catabolic condition there is a decrease in muscle protein synthesis 

followed by an increase in protein degradation. The proteolytic pathways involved in protein 

degradation are well known. Major proteolytic systems in skeletal muscle include the ubiquitin-

proteasome system, calpains, and caspases. Importantly, these pathways appear to be markedly 

influenced by oxidative stress.  

 To date, all forms of disuse muscle atrophy are associated with an increase in protein 

oxidation. This is significant because oxidative modification of muscle proteins during disuse 

could increase their susceptibility to degradation. However, the mechanisms by which oxidative 

stress influences the rate of proteolysis are lacking (1, 46, 69, 71, 76, 82). In theory, oxidation of 

proteins can alter their structure to affect susceptibility to proteolytic processing (21, 22). 

Evidence indicates that protein oxidation enhances substrate recognition for the proteasome; 

however, this system is unable to degrade intact sarcomeric proteins.  

Calpain (I and II) and caspase-3 are proteases that are capable of degrading intact 

myofilament proteins and are also activated during disuse atrophy. Therefore, these experiments 
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determined whether oxidative modification of myofibrillar proteins increases their susceptibility 

to degradation via calpain (I and II) or caspase-3. Specifically, our experiments were designed to 

achieve the following specific aim. 

 Specific Aim: To determine if oxidation influences myofibrillar protein breakdown when 

muscle proteins are independently exposed to active calpain I, calpain II, and caspase-3.  

 Rationale: Our previous work has demonstrated that inactivity-induced muscle atrophy 

is associated with oxidative stress and that the induction of oxidative stress accelerates 

proteolytic activity. Currently, the influence of muscle protein oxidation on substrate recognition 

for calpain and caspase-3 is unknown. 

 Hypothesis:  Oxidative modification of myofibrillar proteins will increase their 

vulnerability to degradation by both calpain (I and II) and caspase-3. 



 

CHAPTER 2 
LITERATURE REVIEW 

Periods of skeletal muscle disuse result in contractile dysfunction due to both a loss of 

muscle mass and a decrease in specific force generating capacity. Evidence suggests that 

oxidative stress is an important regulator in the pathways leading to muscle atrophy during 

periods of disuse. Models of disuse include: immobilization, chronic bed rest, physical inactivity, 

spaceflight, hindlimb unloading, and mechanical ventilation. These models are studied in order 

to better understand the mechanisms that contribute to muscle atrophy during disuse so that 

protective countermeasures can be developed.  

Skeletal muscle weakness due to atrophy and contractile dysfunction can be attributed to 

changes in the rate of proteolysis (64, 76). Therefore, the first segment of this chapter will 

discuss the mechanisms of skeletal muscle atrophy and outline the different proteolytic systems 

involved in disuse-induced atrophy. The second segment of this chapter will discuss the 

induction of oxidative stress during inactivity. More specifically, oxidative damage occurs in 

skeletal muscle during periods of disuse and the second segment of this chapter will address both 

the mechanisms responsible for oxidative stress and the contribution of oxidative modification of 

proteins to skeletal muscle weakness.     

Overview of Skeletal Muscle Disuse Atrophy 

Introduction 

Skeletal muscle tissue consists of ~40% of total body mass and provides basic functions 

such as locomotion, metabolism and respiration. Skeletal muscle exhibits a very high level of 

plasticity. Skeletal muscle hypertrophy is characterized by increased muscle size, protein content 

and strength (31, 32). Conversely, prolonged inactivity results in the loss of skeletal muscle 

mass. Skeletal muscle disuse atrophy occurs as a result of altered protein metabolism which 
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leads to a decrease in muscle contractile protein content and function (26, 80, 81, 88, 90). Due to 

the severity of complications arising from skeletal muscle disuse atrophy identification of the 

mechanism(s) responsible for inactivity-induced weakness is important. 

Skeletal Muscle Characteristics 

Skeletal muscle proteins can be divided into three classes based upon their solubility and 

location in the muscle. Sarcoplasmic proteins constitute ~30-35% of skeletal muscle and are the 

cytoplasmic proteins soluble in low salt solutions. These proteins comprise all of the glycolytic 

enzymes (19, 20). Stroma proteins constitute ~10-15% of total protein in muscle and are those 

proteins that are insoluble in aqueous solvent at neutral pH (19, 20). The third and largest class 

of skeletal muscle proteins are the myofibrillar proteins which constitute ~55-60% of total 

muscle protein (19, 20). Myofibrillar proteins consist of the myofibril or contractile structure in 

skeletal muscle. They are responsible for the contractile properties of muscle and for most of the 

functional properties (19, 20).  

Mechanisms of Skeletal Muscle Dysfunction 

Protein Synthesis and Degradation 

Skeletal muscle mass is maintained through the balance of the rate of protein synthesis 

and protein degradation. Periods of prolonged muscle disuse can result in muscle wasting and 

alter the muscle’s physiological function. These conditions have been demonstrated during 

periods of immobilization, micro-gravity, muscle denervation, and mechanical ventilation (31, 

32, 62, 87). Skeletal muscle atrophy is caused by a decrease in muscle protein synthesis and an 

increase in muscle protein proteolysis (31, 32). The decrease in protein synthesis is characterized 

by alterations in translational initiation and elongation and/or a decrease in cellular RNA (28, 41, 

58, 59). Our laboratory has observed a decrease in diaphragmatic protein synthesis in as few as 6 

hours following mechanical ventilation (75). Nevertheless, although inactivity results in 
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decreased protein synthesis our laboratory has also demonstrated that the development of atrophy 

during periods of inactivity is primarily due to an increase in protein degradation (12, 52, 53, 76). 

During skeletal muscle proteolysis myofibrillar protein is lost at a rate faster than other muscle 

proteins (31). These proteins must first be disassembled before they can be degraded and 

therefore, release of myofilaments is a required first step in contractile protein breakdown (19).  

Proteolytic Systems 

Disassembly and degradation of skeletal muscle proteins occurs via activation of several 

proteolytic systems (75, 76). There are at least four different proteolytic systems involved in 

skeletal muscle disuse atrophy. These systems include: 1) Lysosomal proteases 2) Ubiquitin-

proteasome system 3) Ca2+- dependent calpain system 4) Caspases. These systems all work 

together during proteolysis (24, 31, 32, 62, 66). 

 Lysosomal proteases. Lysosomal proteases include the family of proteases called 

cathepsins. These proteases are found ubiquitously in all tissue, but with greater levels in tissues 

having higher protein turnover (63). The major role of the cathepsins is to degrade membrane 

proteins, including receptors, ligands, channels, and transporters. Lysosomal proteases are 

activated during skeletal muscle atrophy and it has been argued that these proteases do not 

appear to significantly affect the rates of myofibrillar protein degradation or total protein 

degradation (17, 25, 68). Nonetheless, new evidence questions this concept and suggests 

lysosomal cathepsins may contribute to muscle protein breakdown via autopagy (47, 96). Hence, 

determining the precise role that lysosomal proteases play in muscle wasting remains an 

important area for future research.   

Ubiquitin-proteasome system. The proteasome is comprised of a 20S ‘core’ proteasome 

subunit with a 19S regulatory proteasome subunit attached to each side. The combination of 

these three subunits makes up the 26S proteasome complex (21-23, 89). The 26S proteasome 
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degrades proteins that have been ubiquitinated, whereas the 20S is able to degrade proteins that 

have not been ubiquitinated. The pathway of degradation by the 26S proteasome complex begins 

with the protein E1, the ubiquitin-activating enzyme. After ubiquitin is activated it is then 

transferred to E2, the ubiquitin carrier protein. E2 then interacts with E3, an ubiquitin ligase 

responsible for catalyzing the transfer of ubiquitin to a protein substrate, marking the substrate 

for proteasomal degradation (46, 70, 85). The 19S regulatory complex is required for degradation 

of ubiquitinated proteins. Once a protein is ubiquitinated it is subsequently recognized by the 

19S regulatory complex. Energy from ATP hydrolysis removes the polyubiquitin chain and 

unfolds the substrate protein. The unfolded protein then enters the 20S proteasome and is 

degraded (11, 22, 70).  

Along with being a part of the 26S proteasome, the 20S proteasome has also been 

reported to be located intracellularly without any regulatory proteins attached (22). This ‘free’ 

20S proteasome appears to be the predominant intracellular form. The 20S proteasome is capable 

of acting separately from ubiquitin and ATP (21, 22).  

During muscle atrophy, the proteasome system is responsible for the degradation of actin 

and myosin. However, this system is unable to degrade intact sarcomeres (20, 89) and therefore, 

these complexes must be broken down by a separate proteolytic system prior to degradation by 

the proteasome (89, 93).  

Ca2+-dependent calpain system. Calpains are calcium-dependent cysteine proteases 

that are activated in skeletal muscle during conditions that promote muscle wasting (e.g. 

inactivity, sepsis, cachexia) (6, 20, 24, 25). When calpains are activated they can cleave 

myofibrillar proteins and produce large peptides that can later be degraded by the proteasome 

(17, 30, 68). The calpains refer to calpain I and calpain II which are also referred to as µ- and m-
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calpain respectively. These names are based upon the amount of calcium each requires to be 

catalytically active. Skeletal muscle contains approximately the same amount of both calpain I 

and II (20). Calpain (I and II) is located exclusively intracellularly and in the cell most is located 

on or next to the z-disk of the sarcomere with the I-band and the A-band also containing small 

amounts (18, 32). Due to the location of calpain the substrates that it primarily acts on are those 

involved in linking contractile elements together, and in general calpain I and II tend to act on 

the same substrates but at different rates (20). It is unknown if calpains can directly degrade 

actomyosin complexes but it is clear that calpain can release sarcomeric proteins by cleaving 

cytoskeletal proteins that anchor the contractile elements (19, 20). Some of the protein substrates 

known to be cleaved by calpain activation include α-spectrin, troponin I, desmin, and titin (34, 

47, 68, 89). Due to the damaging effects calpain can have on the integrity of myofibers calpain 

activity is highly regulated and remains inactive most of the time. Calpain activity is regulated by 

several factors including cytosolic calcium levels, phosphorylation, and calpastatin concentration 

(20). Calpastatin is the only known endogenous inhibitor of calpain. In brief, high cytosolic 

levels of calpastatin inhibit calpain activation whereas a decrease in calpastatin levels favors 

calpain activation. Interestingly, calpastatin is a substrate of the protease caspase-3 and therefore, 

increased caspase-3 activation can reduce calpastatin levels and promote calpain activation (20, 

61, 62). 

Caspases. Caspases are cysteine-dependent proteases that are capable of degrading 

proteins and of promoting apoptosis (14, 84). Apoptotic pathways are activated in skeletal 

muscle during disuse atrophy. Apoptotic proteases have been reported to cleave actin in vitro 

which suggests that apoptotic proteases contribute to protein breakdown (33, 49). In particular, 

caspase-3 is reported to not only cleave actin but also degrade actomyosin complexes (55). In the 
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cell, caspases are expressed as inactive precursors called procaspases. Cleavage of the 

procaspases results in their activation, and once a caspase is activated it is able to cleave and 

activate other caspases (67). This cascade-like activation of caspases can be seen during the 

activation of caspase-3. Caspase-3 is a protease that has been found to act similarly to calpain in 

its ability to promote degradation of cytoskeletal proteins and the release of actin and myosin 

monomers to be subsequently degraded by the proteasome. Caspase-3 can be activated by a 

calcium-releasing pathway, a mitochondrial pathway, and calpain is also capable of activating 

caspase-3 (9, 67). 

Oxidative Stress and Disuse Muscle Atrophy 

The relationship between oxidative stress and disuse muscle atrophy was first reported by 

Kondo (36-39). These studies reported that immobilization of skeletal muscles was associated 

with oxidative injury to muscle. Oxidative stress is important during muscle wasting situations 

because oxidants play an important role in many signaling pathways that promote contractile 

dysfunction, disturbances in calcium homeostasis, and protease activation in skeletal muscle (1, 

46, 69, 71, 76, 82, 83). Oxidative stress occurs when there is an imbalance in the production of 

reactive oxidant species (ROS) and their ability to be scavenged by antioxidants. Oxidants are 

able to modify proteins causing them to have a loss of function or a change in function. These 

changes lead to an enhanced degradation of the oxidized proteins (22). Physiologically, the 

degradation of oxidatively modified proteins is important in order to avoid excessive 

accumulation of damaged proteins. Therefore degradation of oxidized and oxidatively modified 

proteins is an important part of oxidant defense (22).  

Following oxidation, modifications to amino acids, fragmentation, and aggregation can 

all be induced. These changes in proteins can change the proteolytic susceptibility of protein 

substrates (22). Oxidation of amino acids can alter protein structure to affect susceptibility to 
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proteolytic processing. Many proteins change their secondary and tertiary structure upon 

oxidation (4, 22). In order to maintain cellular homeostasis and prevent accumulation of highly 

oxidized and cross-linked proteins, degradation of oxidized proteins is essential. Intracellular 

oxidation products need to either be repaired or removed. Increasing evidence indicates that cells 

are able to selectively degrade the oxidized forms of proteins (4). For example, evidence of 

changes in degradation susceptibility has been reported for glutamine synthetase. Specifically, it 

has been reported that oxidative modification of this enzyme increases its susceptibility for 

degradation by several proteases (45, 73). Similar results have been reported for other oxidized 

proteins (22). Oxidized proteins in cell free extracts were found to have no ATP dependency 

during proteolysis. Along with this, oxidized proteins have been found to be poor substrates for 

ubiquitination. This means that the 26S proteasome is not involved in the degradation of 

oxidatively modified proteins, which then increases their susceptibility to degradation by the 20S 

proteasome which does not require ubiquitination or ATP in order to recognize and degrade 

proteins (21, 22).  

Since oxidative stress occurs in skeletal muscle during periods of inactivity and the 

proteasome system is unable to degrade intact sarcomeres, the role of calpains and caspase-3 

may be important in the disassembly of the actomyosin complexes prior to degradation by the 

proteasome. Both proteolytic systems have the possibility of being activated by oxidative stress, 

and may also selectively degrade oxidized proteins (40, 44, 62, 67).  

During oxidative stress, oxidants generate the formation of reactive aldehydes (i.e. 4-

HNE). These reactive aldehydes have been shown to reduce plasma membrane Ca2+ ATPase 

activity (58). This decrease would delay Ca2+ removal from the cell and therefore contribute to 

cellular Ca2+ accumulation. This overload of Ca2+ in the cell could lead to the activation of 
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calpain resulting in increased proteolysis of diaphragmatic cytoskeletal proteins and the release 

of myofilaments for subsequent degradation by the proteasome system (Figure 2-1). The 

oxidative increase in Ca2+ overload and the activation of calpain are also the means by which 

caspase-3 can be activated. Increases in intracellular Ca2+ concentrations cleave and activate 

caspase-12 which in turn activates caspase-3. The activation of calpain by increased intracellular 

Ca2+ concentration also activates caspase-3. Oxidative stress can also activate caspase-3 via a 

mitochondrial pathway. Specifically, oxidative stress leads to an increase in the release of 

cytochrome c from the mitochondria, activating caspase-9. Activation of caspase-9 leads to the 

subsequent activation of caspase-3 enabling the protease to cleave skeletal muscle sarcomeres 

and release actin and myosin for degradation by the proteasome (Figure 2-2) (ref 9, 67). 

Summary 

Inactivity results in skeletal muscle atrophy; this atrophic response to disuse is caused by 

a decrease in protein synthesis and an increase in degradation. Our work reveals that inactivity-

induced oxidative stress in respiratory skeletal muscle is a requirement for proteolytic activation, 

atrophy, and contractile dysfunction. In this regard, our lab has also demonstrated that prolonged 

inactivity results in increased activation of the proteases, calpain and caspase-3. Calpain (I and 

II) and caspase-3 can function as the rate-limiting step in muscle protein proteolysis by releasing 

sarcomeres for further degradation by the proteasome. Growing evidence indicates that protein 

oxidation enhances substrate recognition for the proteasome. In contrast, the influence of protein 

oxidation on substrate recognition for calpains or caspase-3 remains unknown and this forms the 

basis for the current experiments  
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Figure 2-1. Pathway of myofilament release by calpain followed by actin and myosin 
degradation by the proteasome. Note that increases in intracellular Ca2+ concentration activate 
calpain which degrades myofibrillar protein substrates releasing the myofilaments.  
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Figure 2-2. Pathways leading to the activation of caspase-3 during MV: 1) Mitochondrial 

pathway occurs through the release of cytochrome c and activation of caspase-9. 2) 
Calcium releasing pathway results in increases in intracellular Ca2+ concentration 
activating calpain and caspase-12.   
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CHAPTER 3 
MATERIALS AND METHODS 

This chapter will be divided into two sections.  Section one includes the experimental 

design used in each of our experiments that are intended to determine if oxidative modification 

of myofibrillar proteins increases their susceptibility to degradation by calpain and/or caspase-3.  

In the subsequent section, we will provide the methodological details associated with each 

experimental protocol and biochemical technique.  

Experiment 1: Animals 

Animal Model Justification 

To address our specific aim and determine if oxidatively modified myofibrillar proteins are 

more vulnerable to degradation by caspase-3 and calpain (I and II), adult (4-6 month old) female 

Sprague-Dawley (SD) rats were used.  The animals were 4-6 months of age (young adult) at the 

time of sacrifice.  The SD rat was chosen due to the similarities between the rat and human 

diaphragm in both anatomical and physiological parameters (2, 3, 54, 56, 60, 61, 95). 

Animal Housing and Diet 

 All animals were housed at the University of Florida Animal Care Services Center 

according to guidelines set forth by the Institutional Animal Care and Use Committee.  The 

Animal Care and Use Committee of the University of Florida approved these experiments.  

Animals were maintained on a 12:12 hour reverse light-dark cycle and provided food (AIN93 

diet) and water ad libitum throughout the experimental period. 

Experimental Design 

Adult rats were randomly assigned to two primary experimental groups: 1) control (CON; 

n=8)), 2) oxidation (H2O2 and Fe2+; n=8). The costal diaphragm was removed from each animal 

the myofibrillar proteins were isolated for subsequent biochemical assays. Group 1 was divided 
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further into four additional groups; these groups included a control group, a group treated with 

active caspase-3, active calpain I, and active calpain II respectively. Group 2 contained 3 groups. 

Each myofibrillar protein sample was exposed to different oxidizing treatments resulting in a 

low, moderate, and high level of protein oxidation. The three levels of oxidation were chosen in 

order to simulate the level of protein oxidation observed following 6, 12, and 18 hours of MV. 

The oxidation levels for the three groups were: 1) Low (25 µM H2O2 and 10 µM Fe2+) 2) 

Moderate (25µM H2O2 and 25 µM Fe2+) 3) High (25µM H2O2 and 50 µM Fe2+). Each of these 

three groups was then independently treated with either active caspase-3, active calpain I, or 

active calpain II (Figure 3-1). Each group had a sample size n=8 chosen based upon a power 

analysis from preliminary data.   

Animal Protocol 

Animals in each group were acutely anesthetized with sodium pentobarbital (60 mg/kg 

IP). After reaching a surgical plane of anesthesia, the animals were sacrificed and the diaphragm 

was immediately frozen in liquid nitrogen and stored at -80°C for subsequent analyses.  

Statistical Analysis 

Comparisons between groups were made by a one-way ANOVA and when appropriate 

simple main effects tests and Tukey HSD tests were performed.  Significance was established at 

P < 0.05. 

General Methods 

Biochemical Measurements  

Myofibrillar isolation.  Samples were prepared based on the method of Reid et al. 1994 

(70). Diaphragm samples were first homogenized in a buffer containing 0.039 M sodium borate 

(pH 7.1), 0.025 M KCl, 5mM ethelyne glycol-bis(β-aminoethyl ether)-N,N,N’N’-tetraacetic acid 

(EGTA) and a protease inhibitor cocktail (Sigma). The homogenate was then centrifuged at 4°C 
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for 12 minutes at 1500g. After centrifugation, the supernatant was discarded and the pellet was 

resuspended and homogenized again. The second homogenization buffer contained: 100mM KCl 

and 1.0% Triton X-100. This process was repeated twice. After the final centrifugation the final 

pellet was obtained and resuspended in 0.4 M KCl, 50 mM tris(hydroxymethyl)-aminomethane 

(Tris) (pH 7.4) and 1.0 mM dithiothreitol (DTT). Protein concentration was then determined 

(Bradford).  

Reactive carbonyl derivatives. Reactive carbonyl derivatives were assessed using the 

Oxyblot Oxidized Protein Detection Kit from Chemicon International (Temecula, Ca) as 

described by the manufacturer. Myofibrillar protein samples were treated with one of four 

differing levels (Control, Low, Moderate and High) of the oxidants H2O2 and Fe2+ according to 

the experimental design and incubated at 37°C for 15 minutes. Samples were then immediately 

cooled to 4ºC in order for the oxidation to be terminated. Samples were separated via 

polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and incubated with 

primary antibody in order to confirm four distinct levels of oxidation. 

Peptide mapping via gel electrophoresis. Peptide mapping was used to investigate the 

fragmentation pattern generated by digestion of myofibrillar proteins by each protease. Briefly, 

20μl of each of the myofibrillar protein samples was treated independently with 2μl of either 

active calpain I, calpain II, or caspase-3 and 2μl of 50μM Ca2+. Samples were then incubated at 

37ºC for 30 minutes. Samples were then immediately cooled to 4ºC in order to terminate the 

reaction. Samples were separated via polyacrylamide gel electrophoresis and then stained with 

Coomassie Blue. The gels were then analyzed using Image J software in order to determine 

percentage change from control. The protein bands chosen for analysis were at the molecular 

weights of 250, 100, 37 and 30 kDa.  
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Western blot analysis. Proteins were separated via polyacrylamide gel electrophoresis, 

transferred to a nitrocellulose membrane, non-specific sites were blocked for 2 h at room 

temperature in a PBS solution containing 0.05% Tween-20 and 5% non-fat milk. Membranes 

were then incubated overnight at 4ºC with primary antibodies directed against the protein of 

interest.  The myofibrillar proteins myosin, actin, troponin I, and α-actinin were all probed as a 

measurement of specific protein degradation. Myosin heavy chain was probed using 1:1000 

dilution of a monoclonal antibody obtained from the Developmental Studies Hybridoma Bank 

developed under the auspices of the NICHD and maintained by the University of Iowa 

Department of Biological Sciences. Actin was incubated with a 1:400 dilution of primary 

polyclonal antibody (Santa Cruz Biotechnology). Troponin I was incubated with a 1:1000 

dilution of polyclonal antibody (Santa Cruz Biotechnology), and α-actinin was incubated with a 

1:500 dilution of primary polyclonal antibody (Santa Cruz Biotechnology). Following incubation 

membranes were washed extensively with PBS-Tween and either sheep anti-mouse (myosin) or 

donkey anti-rabbit (actin, troponin I and α-actinin) IgG horseradish peroxidase (amersham 

biosciences) diluted 1:2000. After washing, a chemiluminescent system was used to detect 

labeled proteins (GE healthcare) and membranes were developed using autoradiography film and 

a developer (Kodak). 
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Figure 3-1. Experimental design for investigating the effects of various levels of myofibrillar 

protein oxidation on protein degradation by caspase-3 and calpains. 
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CHAPTER 4 
RESULTS  

Redox Balance 

 Our experimental plan required the production of different levels of oxidized myofibrillar 

proteins. To achieve this goal, we exposed isolated myofibrillar proteins to three different 

concentrations of H2O2 and Fe2+. Protein carbonyl formation (i.e. reactive carbonyl derivatives; 

RCD) is an excellent biomarker of protein oxidation and was used in our experiments to 

document the level oxidative damage to myofibrillar proteins.  

Oxyblot. Our results revealed that our lowest level of protein oxidation resulted in a 

significant increase in RCD formation when compared with control (P<0.001) (Figure 4-1). 

Moreover, the moderate oxidation treatment produced slightly higher levels of RCD formation 

when compared to both control and low oxidation (P<0.001and P<0.01), respectively. Finally, 

our high oxidation treatment resulted in further elevated levels of RCDs when compared to 

control, low and moderate oxidation (P<0.001, P<0.001, P<0.05), thus showing distinct levels of 

oxidation. 

Myofibril Digestion 

 Peptide mapping provides a method to quantify the controlled cleavage of myofibrillar 

proteins by individual proteases. Therefore, peptide mapping was used to identify protein 

degradation based upon a comparison between control samples (no exposure to proteases) and 

myofibrillar samples that were incubated with individual proteases. Polyacrylamide SDS-page 

gels were used in order to obtain molecular weight information about the peptides produced 

(Figure 4-2). By visual inspection, we identified numerous protein bands that were degraded by 

both calpain (I and II) and capase-3. From these bands, we selected four prominent bands for 
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quantitative analysis. A summary of the impact of myofibrillar protein oxidation on proteolytic 

degradation in these selected myofibrillar proteins follows. 

250-kDa protein band. Compared to control, the 250 kDa molecular weight protein was 

decreased in band size and intensity when independently exposed to calpain I, calpain II, and 

caspase-3 (Figure 4-3). Indeed, all three proteases significantly degraded the 250 kDa band. 

Importantly, as the protein oxidation level increased, the degradation of the 250 kDa band 

increased in all proteases. Specifically, compared to control, independent exposure of the highest 

oxidized proteins to calpain I, calpain II, and caspase-3 resulted in degradation of more than 90% 

of the 250 kDa band.  

100-kDa protein band. Protease degradation of a 100 kDa protein band was also 

significantly affected by increased oxidative modification (Figure 4-4). In the protein samples 

treated with caspase-3, each treatment resulted in significant increases in protein degradation. 

Both the moderate and high oxidation groups were significantly different from the no oxidation 

group. Caspase-3 degradation of the 100-kDa band ranged from 19% (no oxidation treatment) to 

73% degradation (high oxidation treatment). The protein samples exposed to calpain I ranged in 

degradation from 23% to 71% as the level of oxidation increased from no oxidation to high 

oxidation. Similarly, exposure of protein samples to calpain II resulted in significant protein 

degradation ranging from 12% to 73% (i.e., low oxidation to high oxidation).  

37-kDa protein band. The protein band at a molecular weight of ~37-40 kDa was 

degraded by all three proteases in a similar manner to the 250 and 100 kDa bands (Figure 4-5). 

Specifically, increased protein oxidation increased protein breakdown by calpain I, calpain II, 

and caspase-3.  
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30-kDa protein band. At the molecular weight of ~30 kDa there was a pair of protein 

bands that were substrates for both calpain and caspase-3 (Figures 4-2 and 4-6). Similar to the 

three previous proteins, increased oxidation resulted in a general increase in breakdown of these 

~30 kDa proteins by calpains and caspase-3.  

Identification of Specific Protein Substrates 

To identify the specific proteins that calpain and caspase-3 were degrading we employed 

a Western blotting technique with antibodies directed toward four known substrates of calpain 

and caspase-3. These blots were then analyzed to determine the impact of protein oxidation on 

proteolytic degradation by calpain and caspase-3. 

Myosin heavy chain. Myosin heavy chain was identified via monoclonal antibodies as 

the dominant protein band located at ~250 kDa. Myosin was degraded by both calpains and 

caspase-3 and oxidation increased the magnitude of degradation (Figure 4-7). Specifically, 

control (non-oxidized) myosin was 29% depleted with the addition of active caspase-3 and this 

protein continued to be degraded to a greater extent as the protein oxidation level increased (i.e., 

85% degradation with high oxidation). Similar to the caspase-3 mediated degradation of myosin, 

both calpain I and calpain II degradation of myosin was also increased as a function of the level 

of protein oxidation.  

Actin. Actin was identified as the major protein located at ~37-40kDa. Similar to myosin, 

actin was degraded by all three proteases and the magnitude of degradation increased as a 

function of the level of protein oxidation (Figure 4-8).  

α-actinin. α-actinin was recognized as the prominent protein band located at ~100 kDa. 

This protein was degraded by both calpains and caspase-3, and oxidation increased the level of 

degradation via all three proteases. More specifically, each level of protein oxidation 

significantly increased the susceptibility of α-actinin to be degraded by caspase-3. In contrast, 
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moderate-to-high levels of oxidation were required to increase the susceptibility of α-actinin to 

degradation by calpain I and II (Figure 4-9).  

Troponin I. The ~25 kDa protein band was identified as troponin I. Troponin I showed 

great susceptibility to degradation when exposed to both calpain I and II. Moreover, oxidation 

increased the vulnerability of this protein to calpain-mediated proteolysis (Figure 4-10). 

Troponin I was also a substrate for caspase-3 and the level of degradation was accelerated by 

oxidation. Note, however, that compared to the calpains, the magnitude of caspase-3-mediated 

troponin I degradation was significantly less.   
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Figure 4-1. Assessment of the level of reactive carbonyl derivatives (RCD) in myofibrillar 
proteins exposed to varying levels of oxidizing treatments. A) Western blot to 
determine the level of RCD in myofibrillar protein isolated from the rat diaphragm. 
The control sample (left) was not exposed to oxidants. The samples in lanes 2, 3, 4 
were exposed to three levels of H2O2 and Fe2+ (i.e. 1) low, 2) moderate, 3) high). 
These results clearly indicate that the oxidizing treatment resulted in increased levels 
of protein oxidation in myofibrillar protein. Low = 25µm H2O2 and 10 µm Fe2+, 
moderate = 25µm H2O2 and 25µm Fe2+, and high =25µm H2O2 and 50 µm Fe2+. B) 
Fold difference (versus control) of the oxidation levels. *low oxidation significantly 
increased versus control (p<0.001). #moderate oxidation significantly increased 
versus control and low oxidation (p<0.001, p<0.01). §high oxidation significantly 
increased from control, low and moderate oxidation (P<0.001, P<0.001, P<0.05). 
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Figure 4-2. Isolated myofilaments from diaphragm muscle were either not oxidized or exposed to 

three levels of oxidation (low, moderate, high) via H2O2 and Fe2+ prior to exposure to 
caspase-3 and calpain (I and II). Samples were then separated via SDS-PAGE and 
stained with Coomassie Blue. The figure depicts an increase in degradation of 
specific proteins with an increase in the level of oxidation. 
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Figure 4-3. 250 kDa band intensity (percent difference versus control). Values are mean 

percentage change ±SE. A) *Low oxidation significantly increased versus no 
oxidation (P<0.001). ¥Moderate oxidation significantly increased versus no oxidation 
(P<0.001). ∞High oxidation significantly increased from no oxidation and low 
oxidation (P<0.001, P<0.01). B) *Low significantly increased versus no oxidation 
(P<0.05). ¥Moderate significantly increased versus no oxidation (P<0.001). ∞High 
significantly increased from no oxidation and low oxidation (P<0.001, P<0.05). C) 
¥Moderate significantly increased versus no oxidation (P<0.001). ∞High significantly 
increased from no oxidation and low oxidation (P<0.001, P<0.01). 
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Figure 4-4. 100 kDa band intensity (percent difference versus control). Values are mean 
percentage change ±SE. A) ¥Moderate oxidation significantly increased versus no 
oxidation (P<0.001). §High oxidation significantly increased from no oxidation, low 
oxidation and moderate oxidation (P<0.001, P<0.001, P<0.05). B) #Moderate 
significantly increased versus no oxidation and low oxidation (P<0.01, P<0.05). 
∞High significantly increased from no oxidation and low oxidation (P<0.001, 
P<0.001). C) #Moderate significantly increased versus no oxidation and low 
oxidation (P<0.001, P<0.01). §High significantly increased from no oxidation low 
oxidation and moderate oxidation (P<0.001, P<0.001, P<0.05). 
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Figure 4-5. 37 kDa band intensity (percent difference versus control). Values are mean 

percentage change ±SE. A) *Low oxidation significantly increased versus no 
oxidation (P<0.05). #Moderate oxidation significantly increased versus no oxidation 
and low oxidation (P<0.001, P<0.05). ∞High oxidation significantly increased from 
no oxidation and low oxidation (P<0.001, P<0.001). B) #Moderate significantly 
increased versus no oxidation and low oxidation (P<0.01, P<0.05). ∞High 
significantly increased from no oxidation and low oxidation (P<0.001, P<0.001). C) 
¥Moderate significantly increased versus no oxidation (P<0.01). ∞High significantly 
increased from no oxidation and low oxidation (P<0.001, P<0.01). 
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Figure 4-6. 30 kDa band intensity (percent difference versus control). Values are mean 

percentage change ±SE. A) *Low oxidation significantly increased from no oxidation 
(P<0.05). ¥Moderate oxidation significantly increased versus no oxidation (P<0.001). 
§High significantly increased from no, low and moderate oxidation (P<0.001, 
P<0.001, P<0.01). B) *Low significantly increased from no oxidation (P<0.01). 
¥Moderate significantly increased versus no oxidation (P<0.001). §High significantly 
increased from no, low and moderate oxidation (P<0.001, P<0.001, P<0.05). C) 
¥Moderate significantly increased versus no oxidation (P<0.001). ∞High significantly 
increased from no and low oxidation (P<0.001, P<0.001).  
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Figure 4-7. Myosin protein (percent difference versus control). Values are mean percentage 
change ±SE. A) *Low oxidation significantly increased from no oxidation (P<0.01). 
#Moderate significantly increased versus no and low oxidation (P<0.001, P<0.05). 
§High significantly increased from no, low and moderate oxidation (P<0.001, 
P<0.001, P<0.05). B) *Low significantly increased from no oxidation (P<0.01). 
#Moderate significantly increased versus no and low oxidation (P<0.001, P<0.05). 
§High significantly increased from no, low and moderate oxidation (P<0.001, 
P<0.001, P<0.05). C) *Low significantly increased from no oxidation (P<0.001). 
¥Moderate significantly increased versus no oxidation (P<0.001). ∞High significantly 
increased from no and low oxidation (P<0.001, P<0.001). 
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Figure 4-8. Actin protein (percent difference versus control). Values are mean percentage change 
±SE. A) *Low oxidation significantly increased from no oxidation (P<0.05). 
¥Moderate oxidation significantly increased versus no oxidation (P<0.001). ∞High 
oxidation significantly increased from no and low oxidation (P<0.001, P<0.05). B) 
¥Moderate significantly increased versus no oxidation (P<0.01). ‡High significantly 
increased from no oxidation (P<0.001). C) ¥Moderate significantly increased versus 
no oxidation (P<0.05). ∞High significantly increased from no oxidation and low 
oxidation (P<0.001, P<0.05). 
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Figure 4-9. α-actinin protein (percent difference versus control). Values are mean percentage 
change ±SE. A) *Low oxidation significantly increased from no oxidation (P<0.001). 
¥Moderate oxidation significantly increased versus no oxidation (P<0.01). ∞High 
oxidation significantly increased from no oxidation and low oxidation (P<0.001, 
P<0.05). B) ¥Moderate significantly increased versus no oxidation (P<0.01). ∞High 
significantly increased from no oxidation and low oxidation (P<0.001, P<0.001, 
P<0.05). C) ‡High significantly increased from no oxidation (P<0.01). 
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Figure 4-10. Troponin protein (percent difference versus control).Values are mean percentage 
change ±SE. A) ¥Moderate significantly increased versus no oxidation (P<0.05). 
‡High significantly increased from no oxidation (P<0.01). B) ¥Moderate significantly 
increased versus no oxidation (P<0.01). ‡High significantly increased from no 
oxidation (P<0.001). C) ¥Moderate significantly increased versus no oxidation 
(P<0.05). ‡High significantly increased from no oxidation (P<0.01). 

39 



 

CHAPTER 5 
DISCUSSION 

Overview of Principal Findings 

 These experiments provide new and important information regarding the effects of 

myofibrillar protein oxidation on the susceptibility to degradation by the proteases calpain (I and 

II) and caspase-3. We tested the hypothesis that protein oxidation-induced modification of 

myofibrillar proteins would increase their susceptibility to degradation by calpain and caspase-3. 

Our findings support this postulate as increased levels of protein oxidation augmented 

myofibrillar protein cleavage and degradation. A detailed discussion providing an interpretation 

of our experiments follows. 

Calpains and Caspase-3 Release Myofilaments 

 The ubiquitin-proteasome system has been shown to be a major proteolytic system 

activated in skeletal muscle during periods of disuse. Evidence to support this statement comes 

from two key observations: 1) atrophying muscles contain an accumulation of ubiquitin 

conjugated proteins and increased proteasome activity; and 2) pharmacological inhibition of 

proteasome activity retards disuse muscle atrophy (5, 43, 65, 79, 86). However, the proteasome 

is incapable of breaking down intact actomyosin complexes, which constitute the bulk of muscle 

protein (42, 55, 78). Therefore, disassociation of actomyosin complexes appears to be the rate-

limiting step in muscle protein degradation (78).  

Growing evidence indicates that both calpain (I and II) and caspase-3 are capable of 

degrading intact actomyosin complexes. In this regard, Mitch and colleagues were the first to 

report that caspase-3 is capable of cleaving actomyosin complexes and myosin (14). These 

results suggest that caspase-3 may play a critical role in the initiation of muscle protein 

degradation because release of actomyosin complexes is required for subsequent protein 

40 



 

degradation by the ubiquitin proteasome system (55). Moreover, evidence also indicates that 

increased calpain activity promotes degradation of many structural and regulatory myofibrillar 

proteins (8, 20). This is significant because calpain activity is elevated in skeletal muscles during 

disuse and calpain activation lowers the levels of the cytoskeletal protein desmin in muscles 

exposed to prolonged periods of unloading (15).  

 To examine whether calpain (I and II) and caspase-3 are capable of cleaving intact 

actomyosin we performed preliminary experiments by treating intact actomyosin with active 

forms of each protease, and measuring protein degradation via peptide mapping. Our findings 

revealed that intact actomyosin is degraded by both calpains and caspase-3 (data not shown).  

Induction of Oxidative Stress during Disuse Atrophy 

 Previous work from our lab has revealed that MV promotes diaphragmatic oxidative 

injury (7, 10, 16, 52, 53, 64, 74, 76, 91, 94). Therefore we postulated that oxidative modification 

of myofibrillar proteins during MV and other models of disuse atrophy caused these proteins to 

be more readily recognized and degraded by calpain (I and II) and caspase-3. To test this 

postulate, we oxidized myofibrillar proteins to varying degrees to replicate the three different 

levels of oxidative damage observed following 6, 12, and 18 hours of MV. Our results confirm 

that our experimental protocol was successful in oxidizing myofibrillar proteins to achieve three 

significantly different levels and that as protein oxidation increased, so did protein degradation 

by both calpain and caspase-3. This important finding will be discussed in detail in the next 

segment.   

Oxidation of Myofibrils Increases Protein Degradation by Calpain and Caspase-3  

Muscle proteins are differentially susceptible to oxidative modification during exposure 

to oxidants (27, 94). Our lab has previously shown that prolonged MV promotes oxidation of 

numerous diaphragmatic proteins including actin and myosin (94). Both actin and myosin are 
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degraded by calpains at a slow rate, however when these substrates become chemically modified 

they become more rapidly degraded by calpain I and II (19-22).  

Our peptide maps of the proteolytic digests supported our hypothesis that oxidative 

modification of myofibrillar proteins increases the susceptibility of numerous proteins to 

degradation by calpain (I and II) and caspase-3. Compared to control, oxidized myofibrils 

exhibited an enhanced rate of protein breakdown at many molecular weights (e.g., 250, 100, 37, 

30 kDa). In general, the magnitude of protein degradation increased as a function of the level of 

oxidation.  

To identify the specific proteins that were undergoing degradation, we used monoclonal 

antibodies against four different proteins that matched the molecular weights of the protein bands 

that were degraded by calpains and caspase-3. This analysis revealed that the 250 kDa band was 

myosin heavy chain, the 100 kDa band was α-actinin, and the 37 kDa band was actin. Troponin I 

was also probed because it is a known substrate of each protease. Our results show that increased 

oxidative modification to each of these proteins resulted in increased degradation by both calpain 

(I and II) and caspase-3. Although some variation existed among these proteins, all of these 

substrates showed that increasing levels of oxidation from low to high resulted in a progressive 

rise in protein degradation.  

Conclusions and Future Directions 

 In summary, our data demonstrate that calpain (I and II) and caspase-3 rapidly degrade 

numerous myofibrillar proteins. It also reveals that the protein oxidation resulting from 

prolonged periods of disuse is capable of enhancing the vulnerability of numerous proteins to 

degradation by calpain and caspase-3. These results also highlight the importance in attenuating 

oxidative stress during skeletal muscle disuse in order to decrease the enhanced cleavage of 

sarcomeric proteins and subsequently decrease the rate of disuse-induced atrophy.  
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Although it is now clear that oxidative stress promotes disuse muscle atrophy, numerous 

unresolved issues exist. For example, are disuse-induced redox disturbances responsible for the 

activation of both calpain and caspase-3 in skeletal muscles? Moreover, future studies should 

address the possibility that cross-talk may exist between calpain and caspase-3. That is, 

theoretically, active caspase-3 can promote calpain activation and vice-versa. Therefore, 

determining if there is potential for synergistic activity between these two proteases would assist 

in developing a genetic or pharmacological approach to inhibiting one or both of these proteases 

during muscle wasting conditions. Another important area for future studies would be to 

determine the site of oxidant production in skeletal muscles during prolonged disuse. Identifying 

the pathway(s) responsible for oxidant production in inactive skeletal muscle would provide the 

insight needed for the development of optimal therapeutic strategies to prevent or retard disuse-

induced oxidant damage in skeletal muscle. Indeed, improving our understanding of the cell 

signaling pathways that regulate disuse muscle atrophy remains an exciting area for future 

research.  

 
 



 

LIST OF REFERENCES 

1.  Andrade FH, Reid MB, Allen DG, and Westerblad H. Effect of hydrogen peroxide 
and dithiothreitol on contractile function of single skeletal muscle fibers from the mouse. J 
Physiol 509 (Pt 2): 565-575, 1998. 
 
2. Attaix D, Ventadour S, Codran A, Bechet D, Taillandier D, and Combaret L. The 
ubiquitin-proteasome system and skeletal muscle wasting. Essays Biochem 41: 173-186, 2005. 
 
3. Baar K, Nader G, and Bodine S. Resistance exercise, muscle loading/unloading and the 
control of muscle mass. Essays Biochem 42: 61-74, 2006. 
 
4.  Bader N and Grune T. Protein oxidation and proteolysis. Biol Chem 387: 1351-1355, 
2006. 
 
5. Bailey JL, Wang X, England BK, Price SR, Ding X, Mitch WE. The acidosis of 
chronic renal failure activates muscle proteolysis in rats by augmenting transcription of genes 
encoding proteins of the ATP-dependent ubiquitin-proteasome pathway. J Clin Invest 
15;97(6):1447-53, 1996. 
 
6. Bartoli M and Richard I. Calpains in muscle wasting. Int J Biochem Cell Biol 37: 2115-
2133, 2005. 
 
7. Betters JL, Criswell DS, Shanely RA, Van Gammeren D, Falk D, Deruisseau KC, 
Deering M, Yimlamai T, and Powers SK. Trolox attenuates mechanical ventilation-induced 
diaphragmatic dysfunction and proteolysis. Am J Respir Crit Care Med 170: 1179-1184, 2004. 
 
8. Chandrashekhar Y, Sen S, Anway R, Shuros A, Anand I. Long-term caspase 
inhibition ameliorates apoptosis, reduces myocardial troponin-I cleavage, protects left ventricular 
function, and attenuates remodeling in rats with myocardial infarction. J Am Coll Cardiol. 2004 
Jan 21;43(2):295-301. 
 
9.  Chen M, Won DJ, Krajewski S, and Gottlieb RA. Calpain and mitochondria in 
ischemia/reperfusion injury. J Biol Chem 277: 29181–29186, 2002. 
 
10. Criswell DS, Shanely RA, Betters JL, McKenzie MJ, Sellman JE, Van Gammeran 
DL, and Powers SK. Cumulative effects of aging and mechanical ventilation on in vitro 
diaphragm function. Chest 124: 2302-2308, 2003. 
 
11.  DeMartino GN and Ordway GA. Ubiquitin-proteasome pathway of intracellular protein 
degradation: implications for muscle atrophy during unloading. Exerc Sport Sci Rev 26: 219–
252, 1998. 
 
12. DeRuisseau KC, Kavazis AN, Deering MA, Falk DJ, Van Gammeren D, Yimlamai 
T, Ordway GA, and Powers SK. Mechanical ventilation induces alterations of the ubiquitin-
proteasome pathway in the diaphragm. J Appl Physiol 98: 1314-1321, 2005. 
 

 44  



 

13.  Deruisseau KC, Shanely RA, Akunuri N, MT, Van Gammeren D, Zergeroglu AM, 
McKenzie M, and Powers SK. Diaphragm unloading via controlled mechanical ventilation 
alters the gene expression profile. Am J Respir Crit Care Med 172: 1267-1275, 2005.  
 
14.  Du J, Wang X, Miereles C, Bailey JL, Debigare R, Zheng B, Price SR, and Mitch 
WE. Activation of caspase-3 is an initial step triggering accelerated muscle proteolysis in 
catabolic conditions. J Clin Invest 113: 115–123, 2004. 
 
15. Enns DL, Raastad T, Ugelstad I, Belcastro AN. Calpain/calpastatin activities and 
substrate depletion patterns during hindlimb unweighting and reweighting in skeletal muscle. 
Eur J Appl Physiol. 2007 Jul;100(4):445-55. 
 
16. Falk DJ, Deruisseau KC, Van Gammeren DL, Deering MA, Kavazis AN, and 
Powers SK. Mechanical ventilation promotes redox status alterations in the diaphragm. J Appl 
Physiol 101: 1017-1024, 2006. 
 
17.  Furuno K and Goldberg AL. The activation of protein degradation in muscle by Ca2+ 
or muscle injury does not involve a lysosomal mechanism. Biochem J 237: 859-864, 1986. 
 
18.  Goll DE, Dayton WR, Singh I, and Robson RM. Studies of the alpha-actinin/actin 
interaction in the Z-disk by using calpain. J Biol Chem 266:8501-8510, 1991. 
 
19. Goll DE, Neti G, Mares SW, and Thompson VF. Myofibrillar protein turnover: the 
proteasome and the calpains. J Anim Sci, 2007. 
 
20.  Goll DE, Thompson VF, Li H, Wei W, and Cong J. The calpain system. Physiol Rev 
83: 731-801, 2003. 
 
21. Grune T and Davies KJ. The proteasomal system and HNE-modified proteins. Mol 
Aspects Med 24: 195–204, 2003. 
 
22.  Grune T, Merker K, Sandig G, and Davies KJ. Selective degradation of oxidatively 
modified protein substrates by the proteasome. Biochem Biophys Res Commun 305:709-718, 
2003. 
 
23.  Hasselgren PO and Fischer JE. The ubiquitin-proteasome pathway: review of a novel 
intracellular mechanism of muscle protein breakdown during sepsis and other catabolic 
conditions. Ann Surg 225: 307–316, 1997. 
 
24.  Hasselgren PO and Fischer JE. Muscle cachexia: current concepts of intracellular 
mechanisms and molecular regulation. Ann Surg 233: 9-17, 2001. 
 
25.  Hasselgren PO, Wray C, and Mammen J. Molecular regulation of muscle cachexia: it 
may be more than the proteasome. Biochem Biophys Res Commun 290: 1-10, 2002. 
 

 45  



 

26. Haus JM, Carrithers JA, Carroll CC, Tesch PA, and Trappe TA. Contractile and 
connective tissue protein content of human skeletal muscle: effects of 35 and 90 days of 
simulated microgravity and exercise countermeasures. Am J Physiol Regul Integr Comp Physiol 
293: R1722-1727, 2007. 
 
27. Haycock JW, Jones P, Harris JB, and Mantle D. Differential susceptibility of human 
skeletal muscle proteins to free radical induced oxidative damage: a histochemical, 
immunocytochemical and electron microscopical study in vitro. Acta Neuropathol (Berl) 92: 
331-340, 1996. 
 
28. Hornberger TA, Hunter RB, Kandarian SC, and Esser KA. Regulation of 
translational factors during hindlimb unloading and denervation of skeletal muscle in rats. Am J 
Physiol Cell Physiol 281: C179-187, 1978.  
 
29. Ibejunjo C and Martyn JA. Fiber atrophy, but not changes in acetylcholine receptor 
expression, contributes to the muscle dysfunction after immobilization. Crit Care Med 27: 275-
285, 1999. 
 
30.  Ikemoto M, Nikawa T, Takeda S, Watanabe C, Kitano T, Bldwin KM, Izumi R, 
Nonaka I, Towatari T, Teshima S, Rokutan K, and Kishi K. Space shuttle flight (STS-90) 
enhances degradation of rat myosin heavy chain in association with activation of ubiquitin-
proteasome pathway. Faseb J 15: 1279-1281, 2001. 
 
31.  Jackman RW and Kandarian SC. The molecular basis of skeletal muscle atrophy. Am 
J Physiol Cell Physiol 287: C834-843, 2004. 
 
32.  Kandarian SC and Stevenson EJ. Molecular events in skeletal muscle during disuse 
atrophy. Exerc Sport Sci Rev 30: 111-116, 2002. 

33. Kayalar C, Ord T, Testa MP, Zhong LT, Bredesen, DE. Cleavage of actin by 
interleukin-1 beta-converting enzyme to reverse DNAase I inhibition. Proc. Natl. Acad. Sci. U. 
S. A.: 93: 2234-2238, 1996.  

34. Koh TJ and Tidball JG. Nitric oxide inhibits calpain-mediated proteolysis of talin in 
skeletal muscle cells. Am J Physiol Cell Physiol 279: C806-812, 2000. 

35. Kondo H, Miura M, and Itokawa Y. Antioxidant enzyme systems in skeletal muscle 
atrophied by immobilization. Pflugers Arch 422: 404-406, 1993. 
 
36. Kondo H, Miura M, and Itokawa Y. Oxidative stress in skeletal muscle atrophied by 
immobilization. Acta Physiol Scand 142: 527-528, 1991. 
 
37. Kondo H, Miura M, Kodama J, Ahmed SM, and Itokawa Y. Role of iron in oxidative 
stress in skeletal muscle atrophied by immobilization. Pflugers Arch 421: 295-297, 1992. 
 

 46  



 

38. Kondo H, Miura M, Nakagaki I, Sasaki S, and Itokawa Y. Trace element movement 
and oxidative stress in skeletal muscle atrophied by immobilization. Am J Physiol 262: E583-
590, 1992. 
 
39. Kondo H, Nakagaki I, Sasaki S, Hori S, and Itokawa Y. Mechanism of oxidative 
stress in skeletal muscle atrophied by immobilization. Am J Physiol 265: E839-844, 1993. 
 
40.  Kourie JI. Interaction of reactive oxygen species with ion transport mechanisms. Am J 
Physiol Cell Physiol 275: C1–C24, 1998. 
 
41. Ku Z, Yang J, Menon V, and Thomason DB. Decreased polysomal HSP-70 may slow 
polypeptide elongation during skeletal muscle atrophy. Am J Physiol 268: C1369-1374, 1995. 
 
42. Lecker SH, Solomon V, Mitch WE, Goldberg AL. Muscle protein breakdown and the 
critical role of the ubiquitin-proteasome pathway in normal and disease states. J Nutr 129: 227S-
237S, 1999. 
 
43. Lecker SH, Solomon V, Price SR, Kwon YT, Mitch WE, Goldberg AL. Ubiquitin 
conjugation by the N-end rule pathway and mRNAs for its components increase in muscles of 
diabetic rats. J Clin Invest 104(10):1411-20, 1999. 
 
44. Leeuwenburgh C. Role of apoptosis in sarcopenia. J Gerontol A Biol Sci Med Sci 58: 
999–1001, 2003. 
 
45.  Levine RL, Oliver CN, Fulks RM, and Stadtman ER. Proc Natl Acad Sci USA 78: 
2120-2124, 1981. 
 
46.  Li YP, Chen Y, Li AS, and Reid MB. Hydrogen peroxide stimulates ubiquitin-
conjugating activity and expression of genes for specific E2 and E3 proteins in skeletal muscle 
myotubes. Am J Physiol Cell Physiol 285: C806-812, 2003. 
 
47. Mammucari C, Milan G, Romanello V, Masiero E, Rudolf R, Del Piccolo P, Burden 
SJ, Di Lisi R, Sandri C, Zhao J, Goldberg AL, Schiaffino S, Sandri M. FoxO3 controls 
autophagy in skeletal muscle in vivo. Cell Metab 6(6): 458-71, 2007. 
 
48. Mares S, Thompson V, Beinbrech G, and Goll D. Do the Calpains degrade actin, 
alpha-actinin or myosin?. FASEB Journal: A647, 2007.  
 
49. Mashima T, Naito M, Noguchi K, Miller DK, Nicholson DW, Tsuruo T. Actin 
cleavage by CPP-32/apopain during the development of apoptosis. Oncogene 14(9):1007-12, 
1997.   
 
50.  McClung JM, A.N. Kavazis, M.A. Whidden, K.C. DeRuisseau, D.J. Falk, D.S. 
Criswell, and S.K. Powers. Trolox attenuates ventilation muscle atrophy independent of protein 
kinase B (PKB/Akt) signaling. Am J Respir Crit Care Med in review, 2007. 
 

 47  



 

51. McClung JM, Kavazis AN, DeRuisseau KC, Falk DJ, Deering MA, Lee Y, Sugiura 
T, and Powers SK. Caspase-3 regulation of diaphragm myonuclear domain during mechanical 
ventilation-induced atrophy. Am J Respir Crit Care Med 175: 150-159, 2007. 
 
52. McClung JM, Kavasis AN, Whidden MA, DeRuisseau KC, Falk DJ, Criswell DS, 
and Powers SK. Antioxidant administration attenuates mechanical ventilation-induced rat 
diaphragm muscle atrophy independent of protein kinase B (PKB Akt) signaling. J Physiol 585: 
203-215, 2007) 
 
53. McClung JM, Whidden MA, Kavasis AN, Falk DJ, Deruisseau KC, and Powers SK. 
Redox regulation of diaphragm proteolysis during mechanical ventilation. Am J Phsiol Regul 
Integr Comp Physiol, 2008. 
 
54. Metzger JM, Scheidt KB, and Fitts RH. Histochemical and physiological 
characteristics of the rat diaphragm. J Appl Physiol 58: 1085-1091, 1985. 
 
55.  Mitch WE and Goldberg AL. Mechanisms of muscle wasting: The role of the ubiquitin-
proteasome pathway. N Engl J Med 335: 1897-1905, 1996. 
 
56. Mizuno M. Human respiratory muscles: fibre morphology and capillary supply. Eur 
Respir J 4: 587-601, 1991. 
 
57. Munoz KA, Satarug S, Tischler ME. Time course of the response of myofibrillar and 
sarcomeric protein metabolism to unweighting of the soleus muscle. Metabolism 42: 1006-1012, 
1993.  
 
58. Nader GA, Hornberger TA, and Esser KA. Translational control: implications fro 
skeletal muscle hypertrophy. Clin Orthop Relat Res: S178-187, 2002. 
 
59. Nader GA, McLoughlin TJ, and Esser KA. mTOR function in skeletal muscle 
hypertrophy: increased ribosomal RNA via cell cycle regulators. Am J Physiol Cell Physiol 289: 
C1457-1465, 2005. 
 
60. Poole DC, Sexton WL, Farkas GA, Powers SK, and Reid MB. Diaphragm structure 
and function in health and disease. Med Sci Sports Exerc 29: 738-754, 1997. 
 
61. Powers SK, Demirel HA, Coombes JS, Fletcher L, Calliaud C, Vrabas I, and 
Prezant D. Myosin phenotype and bioenergetic characteristics of rat respiratory muscles. Med 
Sci Sports Exerc 29: 1573-1579, 1997. 
 
62. Powers SK, Kavazis AN, and DeRuisseau KC. Mechanisms of disuse muscle atrophy: 
role of oxidative stress. Am J Physiol Regul Integr Comp Physiol 288: R337-344, 2005. 
 
63. Powers SK, Kavazis AN, and McClung JM. Oxidative stress and disuse muscle 
atrophy. J Appl Physiol, 2007. 
 

 48  



 

64. Powers SK, Shanely RA, Coombes JS, Koesterer TJ, McKenzie M, Van Gammeren 
D, Cicale M, and Dodd SL. Mechanical ventilation results in progressive contractile 
dysfunction in the diaphragm. J Appl Physiol 92: 1851-1858, 2002. 
 
65. Price SR, Bailey JL, Wang X, Jurkovitz C, England BK, Ding X, Phillips LS, Mitch 
WE. Muscle wasting in insulinopenic rats results from activation of the ATP-dependent, 
ubiquitin-proteasome proteolytic pathway by a mechanism including gene transcription. J Clin 
Invest 98(8):1703-8, 1996. 
 
66.  Price SR, Du JD, Bailey JL, and Mitch WE. Molecular mechanisms regulating protein 
turnover in muscle. Am J Kidney Dis 37: S112-114, 2001. 
 
67. Primeau AJ, Adhihetty PJ, and Hood DA. Apoptosis in heart and skeletal muscle. Can 
J Applied Physiol 27: 349-395, 2002. 
 
68.  Purintrapiban J, Wang M, and Forsberg NE. Degradation of sarcomeric and 
cytoskeletal proteins in cultured skeletal muscle cells. Comp Biochem Physiol B Biochem Mol 
Biol 136: 393-401, 2003. 
 
69.  Rando TA. Oxidative stress and the pathogenesis of muscular dystrophies. Am J Phys 
Med Rehabil 81: S175-186, 2002.   
 
70.  Reid MB. Response of the ubiquitin-proteasome pathway to changes in muscle activity. 
Am J Physiol Regul Integr Comp Physiol 288: R1423–R1431, 2005. 
 
71.  Reid MB, Andrade FH, Balke CW, and Esser KA. Redox mechanisms of muscle 
dysfunction in inflammatory disease. Phys Med Rehabil Clin N Am 16: 925-949, ix, 2005. 
 
72.  Reid WD, Huang J, Bryson S, Walker DC, and Belcastro AN. Diaphragm injury and 
myofibrillar structure induced by resistive loading. J Appl Physiol 76:176-184. 
 
73.  Rivett AJ. Preferential degradation of the oxidatively modified forms of glutamine 
synthetase by intracellular mammalian proteases. J Biol Chem 260: 300-305, 1985. 
 
74. Shanely RA, Coombes JS, Zergeroglu AM, Webb AI, and Powers SK. Short-duration 
mechanical ventilation enhances diaphragmatic fatigue resistance but impairs force production. 
Chest 123: 195-201, 2003. 
 
75. Shanely RA, Van Gammeren D, Deruisseau KC, Zergeroglu AM, McKenzie MJ, 
Yarasheski KE, and Powers SK. Mechanical ventilation depresses protein synthesis in the rat 
diaphragm. Am J Respir Crit Care Med 170: 994-999, 2004. 
 
76. Shanely RA, Zergeroglu MA, Lennon SL, Sugiura T, Yimlamai T, Enns D, 
Belcastro A, and Powers SK. Mechanical ventilation-induced diaphragmatic atrophy is 
associated with oxidative injury and increased proteolytic activity. Am J Respir Crit Care Med 
166: 1369-1374, 2002. 

 49  



 

 
77.  Siems W, Capuozzo E, Lucano A, Salerno C, and Crifo C. High sensitivity of plasma 
membrane ion transport ATPases from human neutrophils towards 4-hydroxy-2,3-trans-nonenal. 
Life Sci 73: 2583–2590, 2003. 
 
78. Solomon V, Goldberg AL. Importance of the ATP-ubiquitin-proteasome pathway in 
degradation of soluble and myofibrillar proteins in rabbit muscle extracts. J Biol Chem 271: 
26690-26697, 1996. 
 
79. Solomon V, Lecker SH, Goldberg AL. The N-end rule pathway catalyzes a major 
fraction of the protein degradation in skeletal muscle. J Biol Chem 273: 25216-25222. 1998 
 
80. Stein TP, Leskiw MJ, and Schluter MD. Diet and nitrogen metabolism during 
spaceflight on the shuttle. J Appl Physiol 81: 82-97, 1996. 
 
81. Stein TP, Leskiw MJ, Schluter MD, Donaldson MR, and Larina I. Protein kinetics 
during and after long-duration spaceflight on MIR. Am J Physiol 276: E1014-1021, 1999. 
 
82.  Supinski G. Free radical induced respiratory muscle dysfunction. Mol Cell Biochem 179: 
99-110, 1998. 
 
83.  Supinski G, Nethery D, Stofan D, and DiMarco A. Effect of free radical scavengers on 
diaphragmatic fatigue. Am J Respir Crit Care Med 155: 622-629, 1997. 
 
84.  Supinski GS and Callahan LA. Caspase activation contributes to endotoxin-induced 
diaphragm weakness. J Appl Physiol 100: 1770-1777, 2006. 
 
85.  Taillandier D, Combaret L, Pouch MN, Samuels SE, Bechet D, and Attaix D. The 
role of ubiquitin-proteasome-dependent proteolysis in the remodeling of skeletal muscle. Proc 
Nutr Soc 63: 357–361, 2004. 
 
86. Tawa NE, Odessey R, Goldberg AL. Inhibitors of the proteasome reduce accelerated 
proteolysis in atrophying rat skeletal muscles. J Clin Invest 100: 197-203, 1007. 
 
87.  Thomason DB, Biggs RB, and Booth FW. Protein metabolism and betamyosin heavy-
chain mRNA in unweighted soleus muscle. Am J Physiol Regul Integr Comp Physiol 257: R300–
R305, 1989. 
 
88. Thomason DB, and Booth FW. Atrophy of the soleus muscle by hindlimb unweighting. 
J Appl Physiol 68: 1-12, 1990. 
 
89. Tidball JG and Spencer MJ. Expression of calpastatin transgene slows muscle wasting 
and obviates changes in myosin isoform expression during murine muscle disuse. J Physiol 545: 
819-828, 2002. 
 

 50  



 

90. Trappe TA, Burd NA, Louis ES, Lee GA, and Trappe SW. Influence of concurrent 
exercise or nutrition countermeasures on thigh and calf muscle size and function during 60 days 
of bed rest in women. Acta Physiol (Oxf) 191: 147-159, 2007. 
 
91. Van Gammeran D, Falk DJ, Deering MA, Deruisseau KC, and Powers SK. 
Diaphragmatic nitric oxide synthase is not induced during mechanical ventilation. J Appl Physiol 
102: 157-162, 2007. 
 
92. Ventadour S and Attaix D. Mechanisms of skeletal muscle atrophy. Curr Opin 
Rheumatol 18: 631-635, 2006. 
 
93.  Wray CJ, Sun X, Gang GI, and Hasselgren PO. Dantrolene downregulates the gene 
expression and activity of the ubiquitin-proteasome proteolytic pathway in septic skeletal 
muscle. J Surg Res 104: 82–87, 2002. 
 
94. Zergeroglu MA, McKenzie MJ, Shanely RA, Van Gammeren D, DeRuisseau KC, 
and Powers SK. Mechanical ventilation-induced oxidative stress in the diaphragm. J Appl 
Physiol 95: 1116-1124, 2003. 
 
95. Zhang P, Chen X, and Fan M. Signaling mechanisms involved in disuse muscle 
atrophy. Med Hypotheses, 2007. 
 
96. Zhao J, Brault JJ, Schild A, Cao P, Sandri M, Schiaffino S, Lecker SH, Goldberg 
AL. FoxO3 coordinately activates protein degradation by the autophagic/lysosomal and 
proteasomal pathways in atrophying muscle cells. Cell Metab 6(6): 472-83, 2007.  
 

 
 

 

 

 

 

 

 

 

 

 

 51  



 

 52  

BIOGRAPHICAL SKETCH 

Ashley Joslin Smuder was born in Naples, Florida. She earned a Bachelor of Science 

degree in exercise physiology from the University of Florida. After graduation, she pursued a 

master’s degree in exercise physiology and began her graduate work at the University of Florida 

in 2007 under the direction of Scott K. Powers. Ashley focused her studies on oxidative stress 

and proteolysis of the diaphragm during prolonged mechanical ventilation. She received her 

Master of Science degree in 2008. 

 

 

 

 


