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Mechanical ventilation (MV) is used to mechanically assist or replace spontaneous 

breathing in patients who cannot sustain sufficient alveolar ventilation.  The withdrawal of MV 

from patients is referred to as “weaning” and problems in weaning patients from MV are 

common.  Unfortunately, MV results in the development of diaphragmatic atrophy and 

contractile dysfunction that likely contribute to weaning difficulties.  Importantly, oxidative 

stress has been critically linked to the signaling events responsible for the progression of MV-

induced diaphragmatic atrophy.  However, the sources of oxidants in the diaphragm during MV 

have not been fully elucidated.  An intracellular enzyme, xanthine oxidase (XO), is capable of 

producing reactive oxygen species (ROS) in skeletal muscle and we hypothesized that XO plays 

a key role in MV-induced oxidative stress in the diaphragm.  To test this postulate, we 

mechanically ventilated rats for 12 or 18 hours (MV) with a subset of animals that combined MV 

along with a XO inhibitor, oxypurinol (MVO).  Indices of XO activity and protein, oxidative 

stress, contractile function, and atrophy were measured in the diaphragm following the 

experimental protocol.  Our study reveals that XO activity is elevated in the diaphragm during 

MV and oxypurinol provides protection against oxidative injury and contractile dysfunction.  

Specifically, oxypurinol administration attenuated protein oxidation and lipid peroxidation in the 
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diaphragm during MV.  Further, XO inhibition attenuated MV-induced contractile dysfunction 

of the diaphragm at stimulation frequencies above 60 hertz at both 12 and 18 hours of MV.  

Together, these results reveal that XO-mediated production of oxidants is involved in MV-

induced diaphragmatic oxidative stress and contractile dysfunction. 
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CHAPTER 1 
INTRODUCTION 

Mechanical ventilation (MV) is used clinically to defend pulmonary gas exchange in 

patients who are unable to sustain sufficient alveolar ventilation.  Respiratory failure, spinal cord 

injury, drug overdose, and surgery are among the various conditions that render the pulmonary 

system unable to maintain blood gas homeostasis (30, 44).  While MV supports ventilation in 

periods of respiratory distress, removal from the ventilator, termed weaning, is often difficult.  In 

fact, problems in weaning patients from MV are common, whereby ~25% of the MV population 

has trouble weaning from the ventilator (70).  Regrettably, weaning difficulties account for 

almost half of the total time spent on the ventilator (29), so understanding the mechanism(s) that 

contribute to weaning failure is imperative.   

There is accumulating evidence that weaning problems are linked to inspiratory muscle 

dysfunction which results in the inability of the respiratory muscles to maintain adequate 

ventilation.  Specifically, our laboratory has shown that respiratory muscle weakness produced 

by prolonged MV is due to diaphragmatic atrophy and contractile dysfunction (79, 80, 98, 108, 

110).  Moreover, we have demonstrated that MV-induced diaphragmatic contractile dysfunction 

is directly linked to oxidative stress (12, 31, 81, 110, 122, 132).  The generation of reactive 

oxygen species (ROS) in the diaphragm during MV can damage proteins, lipids and DNA and 

interrupt normal cell signaling.  In fact, oxidation of both actin and myosin occurs in the 

diaphragm within the first 6 hours of MV (132).  This is significant because oxidation of 

contractile proteins contributes to abhorrent excitation-contraction coupling and decreased 

muscle force production (132).  Therefore, it is necessary to identify the cellular pathways 

responsible for ROS production in the diaphragm during MV. 
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Numerous ROS producing pathways exist in skeletal muscle and they include; 

nicotinamide adenine dinucleotide phosphate (NAD(P)H) oxidase, nitric oxide synthase (NOS), 

heme-oxygenase-1 (HO-1), mitochondria, and xanthine oxidase (XO).  With regards to MV, one 

or more of these pathways may contribute to the oxidative stress that is observed in the 

diaphragm.  Our laboratory has already examined both the NOS and NAD(P)H oxidase pathways 

in the diaphragm and their contribution to ROS production during MV.  Specifically, we 

revealed that MV-induced oxidative stress in the diaphragm is not due to increases in nitric oxide 

(122).  Likewise, we have shown that NAD(P)H oxidase is not a substantial source of oxidant 

production in the diaphragm during prolonged mechanical ventilation (McClung et al., 

unpublished). 

Therefore, we have focused on xanthine oxidase (XO) as a potential pathway involved in 

the formation of ROS in the diaphragm during MV.  Xanthine oxidoreductase (XOR) is an 

intracellular enzyme that has been localized in the cytosol of skeletal muscle fibers (40, 49).  

XOR is involved in purine catabolism where the enzyme catalyzes the reduction of hypoxanthine 

and xanthine to uric acid (40, 42).  Importantly, XOR exists in two interconvertible forms, 

xanthine dehydrogenase (XDH) and xanthine oxidase (XO) (39, 42, 130).  In the dehydrogenase 

form, the enzyme utilizes nicotinamide adenine dinucleotide (NAD+) as its electron acceptor in 

purine catabolism.  However, in the oxidase form, because molecular oxygen is used as the 

electron acceptor instead of NAD+, hypoxanthine and xanthine are reduced to uric acid and 

superoxide.  Therefore, only the XO form is capable of producing ROS.  In skeletal muscle, the 

level of superoxide production that occurs due to this pathway is dependent upon the levels of 

XO present and the ratio of XO to XDH in the fiber.  Since XO produces superoxide and is 

found in skeletal muscle of both rats and humans (40, 42) it may contribute to ROS production in 
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the diaphragm during MV.  Therefore, these experiments investigated the contribution of XO to 

ROS production in the diaphragm during MV and examined potential mechanism(s) by which 

XO may be activated in skeletal muscle.  Our experiments were designed to achieve the 

following specific aims.  

Specific Aim 1: To determine if pharmacological inhibition of XO activity in the 

diaphragm reduces MV-induced oxidative stress and contractile dysfunction.  

Rationale: Our work indicates that MV results in diaphragmatic oxidative injury as a 

result of increased ROS production (12, 31, 80, 110, 122, 132).  Despite the fact that there is 

significant evidence that XO plays an important role in oxidant production in diseased cardiac 

muscle (25, 27, 50, 68, 82, 103), it is unclear whether XO contributes to oxidant production in 

the diaphragm during MV. 

Hypothesis: The administration of a XO inhibitor will attenuate diaphragmatic MV-

induced oxidative stress and contractile dysfunction. 

Specific Aim 2: To ascertain whether the administration of an exogenous antioxidant 

during MV maintains redox balance in the diaphragm and prevents XO activation. 

Rationale: The oxidation of cysteine residues on the dehydrogenase form of XOR results 

in the reversible conversion of XDH to XO and subsequent XO activation (85, 101).  Therefore, 

it is feasible that during MV, XO may be activated via oxidants produced from pathways other 

than XO.  Previous work in our laboratory has shown that the administration of Trolox, a water-

soluble Vitamin E analog, reduces both oxidative stress and contractile dysfunction in the 

diaphragm during MV (12, 80, 81).  However, it is unknown whether Trolox administration 

reduces XO activation in the diaphragm during MV.  
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Hypothesis: Trolox administration during MV will maintain redox balance in the 

diaphragm and attenuate MV-induced XO activation. 

Specific Aim 3: To determine if a ROS challenge (hydrogen peroxide) activates XO in 

skeletal muscle myotubes.  

Rationale: In non-muscle cell lines, hydrogen peroxide (H2O2) has been shown to 

modulate the reversible conversion of XDH to XO (85), suggesting a possible role for free 

radical production via other pathways in the induction of XO activity.  However, it is unknown 

whether hydrogen peroxide activates XO in skeletal muscle myotubes.  By utilizing murine 

myotubes in vitro, we will examine the mechanism(s) by which XO is activated in skeletal 

muscle.  

Hypothesis: Treatment of skeletal muscle myotubes with hydrogen peroxide will increase 

XO activity via the reversible conversion of XDH to XO. 
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CHAPTER 2 
LITERATURE REVIEW 

Mechanical ventilation (MV) is used to achieve satisfactory pulmonary gas exchange in 

patients incapable of maintaining adequate alveolar ventilation.  The withdrawal of MV from 

patients is referred to as “weaning” and problems in weaning from MV are common.  Numerous 

studies indicate that MV-induced diaphragmatic weakness, due to both atrophy and contractile 

dysfunction, is an important contributor to weaning difficulties. 

Although the specific mechanisms responsible for MV-induced diaphragmatic weakness 

remain unknown, it is now clear that oxidative stress in the diaphragm plays a major role in 

regulating the signaling processes leading to MV-induced diaphragmatic dysfunction.  It follows 

that understanding the sources of oxidant production in the diaphragm during prolonged MV is 

important.  Hence, this forms the rationale for the experiments contained within this dissertation.  

Specifically, our experiments were designed to investigate the role that a specific oxidant 

production pathway (i.e. xanthine oxidase) plays in MV-induced oxidative injury in the 

diaphragm.  

This chapter will discuss the importance of our experimental work and will develop the 

ideas behind our hypotheses based upon our prior research and the work of others.  Specifically, 

this review will be divided into two concise segments:  1) an overview of MV-induced 

diaphragmatic injury; and 2) a detailed discussion of oxidant producing pathways in skeletal 

muscle. 

Overview of Mechanical Ventilation-Induced Diaphragmatic Injury 

Introduction 

Mechanical ventilation (MV) is used clinically for patients with respiratory distress.  

Specifically, when an individual is unable to sustain adequate alveolar ventilation on their own, 
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MV is required to maintain adequate gas exchange.  Unfortunately, problems in weaning patients 

from MV are common (70).  Failure to wean patients from MV is a problem because increased 

time on the ventilator increases complications and the incidence of morbidity and mortality 

outcomes (17, 70, 121, 125, 126).  In addition, longer stays in the intensive care unit for extra 

weaning time result in excess health care costs (70).  Thus, the identification of the 

mechanism(s) responsible for MV-induced diaphragmatic weakness is imperative. 

Diaphragm Response to Mechanical Ventilation   

Our laboratory has extensively examined MV in a rat model.  We have documented the 

changes that occur in the diaphragm muscle that likely contribute to respiratory muscle weakness 

and weaning difficulties.  Our findings are presented in Table 2-1 in a time course dependent 

manner (12, 23, 31, 79-81, 98, 108-110, 122, 123, 132).  While our laboratory uses a rat model 

of MV, there is abundant evidence from other animal models (rabbits, pigs, and baboons) along 

with recent data from human research that support the concept that prolonged MV results in 

diaphragmatic dysfunction (4, 10, 32-34, 51, 69, 71, 93, 99, 100, 104-106, 124, 129, 131, 133).  

Collectively, these studies clearly document the damaging effects of MV on the diaphragm. 

While all animal models of MV report a wide array of detrimental effects on the 

diaphragm, limited human MV studies exist.  Because of the invasive nature of obtaining a 

biopsy from a human diaphragm, human MV studies are difficult to conduct.  However, a recent 

study demonstrates that prolonged MV results in diaphragmatic atrophy in humans (71).  

Specifically, Levine et al. observed an approximate 40% decrease in cross-sectional area across 

both type I and type IIa diaphragm fibers in patients ventilated between 18-72 hours (71).  In 

another human study, investigators found that twitch transdiaphragmatic pressure in individuals 

with disease was 50% lower than healthy patients following MV (129).  Finally, a retrospective 
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analysis of postmortem data obtained from neonates who received ventilatory assistance for 12 

days or more reported diffuse diaphragmatic fiber atrophy, which was not observed in locomotor 

muscles (58). 

Mechanisms of Diaphragmatic Dysfunction 

Contractile dysfunction 

Problematic weaning is often associated with respiratory muscle weakness.  In baboons, 

Anzueto and colleagues demonstrated a decrease in both maximal diaphragmatic force 

production and endurance after 11 days of MV (4).  In a rat model of MV, Le Bourdelles et al. 

documented a significant 60% reduction in maximal diaphragmatic specific force following 48 

hours of MV (69).  Our laboratory has shown that the MV-induced decline in diaphragmatic 

submaximal and maximal specific force increases as a function of time on the ventilator (Figure 

2-1) (98).  Specifically, maximal diaphragmatic specific force is approximately 18% and 46% 

lower in animals ventilated for 12 and 24 hours respectively, when compared to control animals 

(98). 

Atrophy 

MV-induced diaphragmatic atrophy has been observed in both animal and human 

experiments (4, 10, 33, 58, 69, 71, 79, 80, 110, 131).  While atrophy occurs during many types of 

skeletal muscle disuse, the rate of atrophy during MV is extraordinarily fast when compared with 

hindlimb muscle unloading (69, 79, 131).  For example, only 12 hours of MV results in a 

significant reduction in diaphragmatic myofiber size.  Work by Shanley et al. revealed a 15–30% 

reduction in myofiber cross-sectional area across all four fiber types in the rat diaphragm 

following 18 hours of MV (110).  To achieve this level of atrophy in hindlimb skeletal muscle, 

muscles would need to be unloaded for more than 96 hours (120).  As mentioned above, Levine 
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and colleagues found a similar reduction in myofiber size in the human diaphragm following 18–

72 hours of MV (71).     

Protein synthesis and degradation 

Diaphragmatic atrophy can result from a decline in protein synthesis (66) and/or an 

increase in protein degradation (13).  The decrease in protein synthesis often observed in models 

of skeletal muscle disuse is characterized by alterations in translational initiation and elongation 

and/or a decrease in cellular RNA (48, 66, 89, 90).  Our laboratory has observed a decrease in 

protein synthesis in as few as 6 hours following MV (109).  With respect to the protein synthetic 

signaling pathway, McClung and colleagues found that MV increases the activation of the 

translational repressor protein 4E-BP1 and decreases the activity of the translational initiation 

factor p70s6kinase (81).  Both the increase in 4E-BP1 and the decrease in p70s6kinase signify 

early events in skeletal muscle atrophy (81).  When protein synthesis is reduced and myofiber 

myosin heavy chain content is minimized during MV, diaphragmatic atrophy ensues.  

Nevertheless, although MV results in decreased protein synthesis in the diaphragm our 

laboratory has demonstrated that the development of atrophy during MV is primarily due to an 

increase in protein degradation (23, 80, 81, 110). 

There are several proteolytic systems that contribute to skeletal muscle degradation during 

MV, including the lysosomal, calpain, caspase-3, and proteasome pathways (8, 97, 127).  While 

currently it is not known whether the lysosomal pathway plays a major role in MV-induced 

atrophy (reviewed in 97), both calpain and caspase proteases are believed to cleave proteins that 

anchor the contractile elements to the myofilament (19).  Thus, during MV, calpain and caspase-

3 activation may act as the initial step in muscle protein loss during diaphragmatic atrophy.  

Following the release of myofibrillar proteins, the ubiquitin proteasome pathway appears to be 
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the major proteolytic system responsible for skeletal muscle protein degradation.  Protein 

degradation by this pathway involves substrate recognition via the coordinated action of a three-

enzyme system and protein degradation by the 26S proteasome (23).  Our laboratory has shown 

that MV increases diaphragmatic levels of two ubiquitin ligases and increases 20S proteasome 

activities including chymotrypsin and trypsin-like activities (23).   

Oxidative stress 

ROS are produced in inactive skeletal muscles and oxidative stress-induced cellular injury 

can contribute to muscle atrophy (23, 61-65).  Since the diaphragm muscle is completely inactive 

during controlled MV (98, 106) , the potential for ROS production exists.  In skeletal muscle, 

when ROS production exceeds the antioxidant capacity, oxidative stress occurs (96).  We have 

shown that within 6 hours after the initiation of MV, oxidative injury in the diaphragm occurs 

(132).  Oxidative stress can alter the structure, function and/or regulation of lipids, proteins, and 

DNA in the cell.  Therefore, it is important to identify the sources of ROS that contribute to 

redox imbalances in the muscle cell.  Numerous ROS producing pathways exist in the cell 

(Figure 2-2) and they include; 1) nicotinamide adenine dinucleotide phosphate (NAD(P)H) 

oxidase, 2) nitric oxide synthase (NOS), 3) heme oxygenase-1 (HO-1), 4) mitochondria, and 5) 

xanthine oxidase (XO).  A brief overview of each of these pathways follows. 

NAD(P)H Oxidase.  NAD(P)H oxidase is a membrane-associated enzyme that catalyzes 

the one-electron reduction of molecular oxygen into superoxide using either NADH or NADPH 

as the electron donor (52).  It has been shown that the calcium-sensitive PKC-ERK1/2 pathway 

can activate NAD(P)H oxidase activity in cells (41).  While our laboratory has found that 

NAD(P)H oxidase inhibition via apocynin reduces MV-induced oxidative stress and contractile 

dysfunction, diaphragmatic NAD(P)H oxidase activity is only increased 4% during MV when 

compared with controls (McClung et al., unpublished).  Although the contribution of NAD(P)H 
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oxidase to MV-induced oxidative stress appears to be small, it may act as an up-stream regulator 

of other pathways that generate ROS.  Thus, NAD(P)H oxidase inhibition could reduce both 

MV-induced oxidative stress and contractile dysfunction by down-regulating other ROS 

producing pathways. 

Nitric Oxide Synthase.  Three isoforms of NOS exist (54, 112), however, only neuronal 

NOS (nNOS) and endothelial NOS (eNOS) are expressed in diaphragm muscle (54, 112, 122).  

Endogenous nitric oxide production via NOS can result in the formation of reactive nitrogen 

species, including peroxynitrite (ONOO-).  Reactive nitrogen species are associated with cellular 

injury including mitochondrial dysfunction, lipid peroxidation, and nitrosylation of proteins (7, 

112, 118).  In reference to MV-induced oxidative stress in the diaphragm muscle, Van 

Gammeren et al. demonstrated that nitric oxide is not involved in MV-induced oxidative injury 

in the diaphragm (122).  

Heme Oxygenase-1.  Heme oxygenase-1 (HO-1) is an intracellular enzyme localized in 

the microsomal fraction of the cell (55).  HO-1 catalyzes the rate-limiting step in the degradation 

of heme resulting in the generation of carbon monoxide, biliverdin, and free iron (119).  

Biliverdin can then be further reduced to bilirubin.  Since bilirubin posses the ability to quench 

singlet oxygen, scavenge hypochlorous acid, and inhibit lipid peroxidation (18), the possibility of 

radical formation exists due to the release of free iron. Transitional metal ions such as iron are 

capable of converting superoxide and hydrogen peroxide to the highly reactive hydroxyl radical 

(67).  However, our laboratory has recently shown that HO-1 acts as an antioxidant in the 

diaphragm by demonstrating that hemin-induced overexpression of HO-1 is associated with 

reduced oxidative stress during MV (Falk et al., unpublished).  More importantly, HO-1 
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inhibition in the diaphragm during MV does not alter the normal progression of MV-induced 

oxidative stress (Falk et al., unpublished). 

Mitochondrial oxidants.  While the primary function of the mitochondria is to produce 

ATP, electron ‘leak’ from the electron transport chain may occur at complexes I and III resulting 

in the formation of superoxide and subsequently hydrogen peroxide (3, 16, 96).  However, 

Fredriksson and colleagues observed negligible mitochondrial damage in the diaphragm 

following 5 days of MV (32).  Nonetheless, due to the limited evidence, the role of 

mitochondrial generated oxidants in the diaphragm during MV should be further investigated. 

Xanthine Oxidase.  Xanthine oxidoreductase (XOR) is an intracellular enzyme localized 

primarily in the cytosol and it is involved in purine catabolism (40).  XOR occurs as a 

homodimer and each subunit contains four redox centers; a molybdenum cofactor, a flavin 

adenine dinucleotide (FAD), and two iron sulfur cluster sites (15, 40, 46).  Mammalian XOR 

catalyzes the hydroxylation of hypoxanthine and xanthine to uric acid at the molybdenum center 

of the enzyme.  Reducing equivalents introduced into the enzyme are transferred via the two iron 

sulfur cluster sites to the FAD cofactor where the reduction of nicotinamide adenine dinucleotide 

(NAD+ ) or molecular oxygen occurs (60).  Importantly, XOR exists in two interconvertible 

forms, xanthine dehydrogenase (XDH) and xanthine oxidase (XO) (39, 42, 130).  XDH utilizes 

NAD+ as its electron acceptor in purine catabolism.  However, XO uses molecular oxygen as its 

electron acceptor instead of NAD+, so hypoxanthine and xanthine are reduced to uric acid and 

superoxide (O2
.- ) (shown below) (130).  Therefore, only the XO form is capable of producing 

ROS. 

                    XO                                                          XO 
Hypoxanthine + O2 ↔ Xanthine + O2

.- Xanthine + O2 ↔ Uric acid + O2
.- 
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 The two forms of XOR (XDH and XO) can be interconverted reversibly by sulfhydryl 

oxidation or irreversibly by proteolysis of XDH to XO (1, 9, 11, 22, 25, 27, 40, 50, 84, 85, 92, 

101, 102, 113, 114, 130).  XOR is initially synthesized as a 150 kDa protein from which both 

XDH and XO are derived (85, 130).  XDH only exists as the 150 kDa band of XOR while XO 

can be reflected in the 150 kDa band as well as an active 130 kDa band of XOR.  The 

mechanisms responsible for the reversible or irreversible conversion of XDH to XO are not 

completely understood.  Under baseline conditions, the majority of the 150 kDa protein contains 

XDH activity.  Reversible formation of XDH to XO can be achieved by the oxidation of cysteine 

residues on XOR, a process that changes enzymatic function but not molecular weight (Figure 2-

3) (85, 101).  It is feasible that during MV, diaphragmatic XO activity could be up-regulated via 

the oxidation of XDH to XO.  As mentioned above, pathways other than XO may generate ROS 

during prolonged MV and production of oxidants from one or more of those pathways may result 

in the oxidation of XDH.  The subsequent XO activation and further ROS production through 

purine catabolism would contribute to oxidative damage in the diaphragm during MV.   

Further, it is also possible that XO activation during MV may occur through the proteolytic 

conversion of XDH to XO (22, 27, 85, 101, 102, 113, 114, 130).  The irreversible proteolysis of 

XDH occurs at a specific site leading to the formation of an active 130 kDa form of XO (Figure 

2-3) (130).  While the protease responsible for this conversion has been examined by 

investigators since the late 1960’s, debate continues as to the specific identity of this protease 

(22, 102, 113, 114, 130).  While some investigations suggest that a calpain-independent calcium 

(Ca2+) activated protease functions in the cleavage of XDH to XO (1, 92, 102, 113), it has also 

been theorized that calpain is responsible for the cleavage in various tissues (39, 42).  Since 
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calpain activity is increased in the diaphragm during MV (110), it is a potential candidate for the 

protease responsible for the cleavage.  

Attention was first directed towards XO when Granger and colleagues examined the role 

of XO-derived ROS production in ischemia-reperfusion injury (37, 38, 82).  These researchers 

found that during the course of ischemia, transmembrane ion gradients were dissipated allowing 

elevated cytosolic concentrations of calcium into the cell.  The increase in intracellular calcium 

activated a protease that irreversibly converted XDH into XO.  At the same time, cellular ATP 

was catabolized to hypoxanthine which accumulated over the duration of ischemia.  Upon 

reperfusion and the restoration of oxygen, hypoxanthine was reduced to uric acid, superoxide, 

and hydrogen peroxide (37, 38, 82).  Since then several studies have examined the role of XO-

mediated ROS production in other tissues under varying physiological states (1, 11, 25, 28, 36, 

42, 43, 45, 50, 53, 56, 68, 78, 84, 103, 117, 128).  In doing so, these studies have used 

allopurinol or oxypurinol to effectively inhibit XOR activity.  Allopurinol (1,5-dihydro-4H-

pyrazolo (3,4-d) pyrimidine-4-one) is a structural analogue of hypoxanthine and inhibitor of 

xanthine oxidoreductase (88).  It has a half-life of approximately 2 hours and is quickly 

metabolized to oxypurinol which has a half-life of ~18-30 hours (88). 

In cardiac tissue XO has been found to contribute to abnormal excitation-contraction (EC) 

coupling and cardiac remodeling in heart failure (103).  For instance, Saliaris and colleagues 

found that XO inhibition preserved the positive inotropic effects of dobutamine that were lost 

during heart failure (103).  Likewise, Isabelle et al. found that XO inhibition prevents the 

myocardial production of superoxide anions in cocaine-induced left ventricular dysfunction in 

male rats (50).  In this model, XO inhibition prevented cocaine-induced cardiac alterations by 

restoring cardiac output, stroke volume, and fractional shortening (50).  Finally, in an 
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atherosclerosis study, McNally et al. reported that XO is responsible for increased ROS 

production in response to oscillatory shear stress that occurs at sites of circulation that are 

vulnerable to disease (84). 

Recent evidence indicates that XO is found in skeletal muscle fibers of humans (42).  In a 

study by Vina and colleagues, they found that XO is responsible for the free radical production 

and tissue damage that occurs during exhaustive exercise in humans (128).  In COPD patients, 

XO inhibition reduced both glutathione oxidation and lipid peroxidation during strenuous 

exercise (45).  Finally, it has been shown that XO contributes to oxidant production in the 

diaphragm during contraction (115).  However, the XO pathway has not been studied with regard 

to oxidant production in the diaphragm during MV.  This important void forms the basis for the 

current experiments. 

Summary 

Our laboratory has developed a rat animal model for the study of MV-induced atrophy and 

contractile dysfunction of the diaphragm muscle (12, 20, 79, 80, 98, 108, 110).  By utilizing 

aseptic techniques and maintaining blood gas homeostasis, we have repeatedly demonstrated that 

this is an excellent animal model for examining the mechanisms that contribute to diaphragmatic 

injury during MV.  Our laboratory has investigated the effects of oxidative stress, proteolysis, 

and atrophy on diaphragm myofiber function during various durations of MV.  However, the 

oxidant pathways that contribute to MV-induced oxidative injury in the diaphragm are currently 

unknown.  Since XO can generate superoxide in the presence of oxygen and the purine 

substrates, determining if XO contributes to MV-induced oxidative stress in the diaphragm is 

important and may lead to a therapeutic strategy to alleviate MV-induced diaphragmatic injury.



 

 
Table 2-1.  Summary of MV-induced changes in the diaphragm observed during 3–24 hours of MV. 

Measurement 3 hrs 6 hrs 12 hrs 18 hrs 24 hrs 
Oxidative stress ↔ ↑ ↑ ↑ ND 

Caspase-3 activity ND ↑↑ ↑ ND ND 
Protein synthesis ND ↓ ↓ ↓↓ ND 

Protein degradation ND ↑ ↑ ↑ ND 
Contractile dysfunction ND ND ↑ ↑ ↑↑ 

Atrophy ND ↔ ↑ ↑↑ ND 
Myonuclear apoptosis ND ↑ ↑↑ ND ND 

ND; no data available, ↔; not significantly different from control value, ↑; increased vs. control value, ↑↑; further increased,  
↓; decreased vs. control value, and ↓↓; further decreased. Data are from references (12, 23, 31, 79-81, 98, 108-110, 122, 123, 132).
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Figure 2-1.  Effects of prolonged MV on the diaphragmatic force-frequency response (in vitro) in 

rats.  Values are means ± SE. Compared with control, MV (all durations) resulted in a 
significant (*P < 0.05) reduction in diaphragmatic specific force production at all 
stimulation frequencies (Redrawn from 98).
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Figure 2-2.  Potential sources of ROS production in the diaphragm during MV. Prolonged MV 

may cause an increase in one or more of the following sources of oxidants in the 
diaphragm:  1) NAD(P)H oxidase, 2) nitric oxide synthase, 3) heme oxygenase-1, 4) 
mitochondria, and 5) xanthine oxidase. Through these mechanisms, MV may cause 
an increase in the level of oxidative stress and subsequent injury to the diaphragm. 
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Figure 2-3.  Two proposed mechanisms of XO activation in the diaphragm during MV. 1) MV 

can activate ROS-producing pathways that result in the oxidation and reversible 
conversion of XDH to XO (dashed arrows). 2) MV can activate a cellular protease 
that can irreversibly cleave XDH to XO (dotted arrows). Following either activation 
mechanism, XO catalyzes the reduction of hypoxanthine to xanthine and superoxide 
(O2

.-) and subsequently reduces xanthine to uric acid and additional superoxide (O2
.-). 
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CHAPTER 3 
MATERIALS AND METHODS 

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

designs used in each of our experiments that are intended to determine if XO contributes to 

oxidative stress and contractile dysfunction during MV and establish the mechanism(s) by which 

XO is activated in the diaphragm.  In the subsequent section, we will provide the methodological 

details associated with each experimental protocol and measurement technique.  

Experiment 1: Animals 

Animal Model Justification 

To address our first specific aim and determine if the pharmacological inhibition of XO 

activity in the diaphragm reduces MV-induced oxidative stress and contractile dysfunction, we 

used adult (4-6 month old) female Sprague-Dawley (SD) rats in experiment 1.  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 (5, 6, 86, 87, 94, 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 has 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 

In experiment 1, adult rats were randomly assigned to one of the following groups; 1) 

acutely anesthetized control (CON) (n = 8), 2) acutely anesthetized control with oxypurinol 
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(CONO) (n = 8), 3) 12 hours of MV (12MV) (n = 8), 3) 12 hours of MV with oxypurinol 

(12MVO) (n = 8), 4) 18 hours of MV (18MV) (n = 8), and 5) 18 hours of MV with oxypurinol 

(18MVO) (n = 8) (Figure 3-1).   

Animal Protocol 

Animals in the control groups were acutely anesthetized with an intraperitoneal (i.p.) 

injection of sodium pentobarbital (60 mg/kg).  After reaching a surgical plane of anesthesia, the 

control animals were sacrificed immediately and a section of the costal diaphragm was used for 

contractile measurements while the rest was stored at –80°C for subsequent analyses.  

Animals in the MV groups were acutely anesthetized with sodium pentobarbital (60 mg/kg 

IP).  After reaching a surgical plane of anesthesia, the animals were tracheostomized utilizing 

aseptic techniques and mechanically ventilated with a controlled pressure-driven ventilator 

(Seimens) for 12 or 18 hours with the following settings: upper airway pressure limit: 20 cmH2O, 

PEEP: 1 cmH2O, pressure control level above PEEP: 4-6 cmH2O, and respiratory rate: 80 bpm 

(12, 123).  We choose 12 and 18 hours of mechanical ventilation in order to establish a time 

course for these measurements because these periods of MV are associated with diaphragmatic 

oxidative stress, contractile dysfunction, and myofiber atrophy. 

Animals in the oxypurinol groups (CONO, 12MVO, and 18MVO) received two 

intraperitoneal injections of oxypurinol (25 mg/kg body weight) 24 hours prior to treatment.  

Further, an additional 25 mg/kg body weight was administered via an i.p. injection 12–18 hours 

prior to sacrifice in the CONO animals and via infusion over a 10 min period before the initiation 

of MV in the 12MVO and 18MVO groups.  This protocol has been reported to effectively inhibit 

XO activity in rat skeletal muscle (57).  Animals in the MV group received an i.p. injection of 

saline and surgical preparation, procedures, and animal monitoring were performed as previously 
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described (31).  Following the completion of each experimental protocol, the animals were 

immediately sacrificed and a section of the costal diaphragm was used for contractile 

measurements while the rest was stored at –80°C for subsequent analyses. 

Statistical Analysis 

Group sample size was determined using a power analysis of preliminary data from our 

laboratory.  Comparisons between groups were made by a one-way ANOVA and, when 

appropriate, a Tukey HSD test was performed.  Significance was established at P < 0.05. 

Experiment 2: Animals 

Animal Model Justification 

To address our second specific aim and to ascertain whether the administration of an 

exogenous antioxidant during MV prevents diaphragmatic XO activation, adult (4-6 month old) 

female Sprague-Dawley (SD) rats were used for experiment 2.  The animals were 4–6 months of 

age (young adult) at the time of sacrifice.  The rationale for selecting the rat as an experimental 

model was discussed previously. 

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 has 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. 
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Experimental Design 

In experiment 2, adult rats were randomly assigned to one of the following groups; 1) 

acutely anesthetized control (CON) (n = 8), 2) 12 hours of MV (12MV) (n = 8), and 3) 12 hours 

of MV with Trolox (12MVT) (n = 8) (Figure 3-2).   

Animal Protocol 

Animals in the control group were acutely anesthetized with an intraperitoneal injection of 

sodium pentobarbital (60 mg/kg).  After reaching a surgical plane of anesthesia, the control 

animals were sacrificed immediately and a section of the costal diaphragm was used for 

contractile measurements while the rest was stored at –80°C for subsequent analyses.  

Animals in the MV groups were acutely anesthetized with sodium pentobarbital (60 mg/kg 

IP).  After reaching a surgical plane of anesthesia, the animals were tracheostomized utilizing 

aseptic techniques and mechanically ventilated with a controlled pressure-driven ventilator 

(Seimens) for 12 hours with the following settings: upper airway pressure limit: 20 cmH2O, 

PEEP: 1 cmH2O, pressure control level above PEEP: 4-6 cmH2O, and respiratory rate: 80 bpm 

(12, 123). 

Animals in the Trolox group (12MVT) received an infusion of Trolox (20 mg/kg) over a 5-

minute period, 20 minutes prior to the start of MV.  Additionally, Trolox was infused 

continuously at a rate of 4 mg/kg per hour for the entirety of the ventilation treatment.  We have 

previously used this protocol to effectively maintain redox balance in the diaphragm during MV 

(12, 80, 81)  Animals in the MV group received an i.p. injection of saline and surgical 

preparation, procedures, and animal monitoring were performed as previously described (31).  

Following the termination of each experimental group, the animals were immediately sacrificed 
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and a section of the costal diaphragm was used for contractile measurements while the rest was 

stored at –80°C for subsequent analyses. 

Statistical Analysis 

Group sample size was determined using a power analysis of preliminary data from our 

laboratory.  Comparisons between groups were made by a one-way ANOVA and, when 

appropriate, a Tukey HSD test was performed.  Significance was established at P < 0.05. 

Experiment 3: Cell Culture 

 To answer our third specific aim and determine if a ROS challenge activates XO in 

skeletal muscle myotubes, we used the C2C12 myogenic cell line for experiment 3.  The C2C12 

myogenic cell line was chosen because of the biochemical and functional similarities between 

these myotubes and rodent skeletal muscle fibers (26, 35, 72, 74-76).  Cells were maintained in a 

temperature and gas controlled incubator throughout the experiments.  

Experimental Design 

In experiment 3, an independent observation was made by placing cells in one of the 

following groups; 1) no treatment (CON) (n = 6), 2) hydrogen peroxide (H2O2) (n = 6), 3) 

leupeptin (LEU) (n = 6), 4) hydrogen peroxide and leupeptin (H2O2 + LEU) (n = 6), 5) siRNA for 

calpain-1 (Cal-1 siRNA) (n = 6), and 6) hydrogen peroxide and siRNA for calpain-1 (H2O2 + 

Cal-1 siRNA) (n = 6) (Figure 3-3).   

Cell Protocol 

 Myogenic cells were cultured according to Li (73).  Briefly, myotubes were cultured in 

DMEM supplemented with 10% fetal bovine serum and gentamicin at 37ºC in the presence of 

5% CO2.  Myoblast differentiation was initiated by replacing the growth medium with 

differentiation medium supplemented with 2% horse serum. Differentiation was allowed to 

 35



 

continue for 96 hours before experimentation, changing to fresh media every 24 hours. At the 

time of harvest, myotubes were washed 3x in PBS buffer (pH 7.4) before the addition of cell 

lysis buffer.  After the addition of lysis buffer, myotubes were collected and centrifuged at 1100 

g for 10 min at 4°C.  The supernatant was collected and stored at –80°C for subsequent analyses. 

We chose 100 μM hydrogen peroxide (H2O2) for the oxidative challenge in these 

experiments.  This concentration of H2O2 has been used in the literature in order to induce a 

stress response in C2C12 myotubes (74, 116).  In addition, this concentration may have relevance 

to in vivo cellular levels.  Therefore, we chose this concentration to induce oxidative stress in the 

C2C12 cells.  H2O2 treatment was administered 4 hours prior to harvest in the hydrogen peroxide, 

hydrogen peroxide plus leupeptin, and the hydrogen peroxide plus siRNA for calpain-1 cell 

groups.  We choose 4 hours for our incubation period because preliminary data showed that 

while XO activation was induced in our cell line following H2O2 treatment for 1 hour, XO 

activity was significantly increased following the 4 hour incubation period.   

 Myotubes in the leupeptin (LEU) groups were cultured in horse serum combined with 

120 µM leupeptin and were incubated for 4 hours alone or in combination with H2O2 prior to 

harvest.  Leupeptin was selected as a general calpain inhibitor to examine the irreversible 

proteolytic conversion of XDH to XO.  We choose 120 µM leupeptin for these experiments 

because this concentration has been shown to effectively inhibit calpain activity in C2C12 cells 

(21). 

Lastly, myotubes in the short interference RNA (siRNA) groups were grown in horse 

serum and were transfected with siRNA for calpain-1 three days prior to harvest or the addition 

of H2O2.  We included siRNA for calpain-1 as another means to effectively inhibit calpain 

activity however siRNA was specific for calpain-1 activity. We have previously shown that 
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siRNA for calpain-1 reduces calpain-1 mRNA by 65% and active calpain-1 protein levels by 

53% in the C2C12 cell line (unpublished observation).    

Statistical Analysis 

Group sample size was determined using a power analysis of preliminary data from our 

laboratory.  Comparisons between groups were made by a one-way ANOVA and, when 

appropriate, a Tukey HSD test was performed.  Significance was established at P < 0.05. 

General Methods 

Animal Measurements 

Histological  

Immunohistochemistry.  Diaphragm samples were removed and fixed in OCT and stored 

at –80°C.  On the day of analysis, sections from frozen diaphragm samples were cut at 10 

microns with a cryotome (Shandon Inc., Pittsburgh, PA) and allowed to air dry at 25°C for 30 

minutes.  Slides were fixed in acetone (4°C) for 5 minutes and allowed to air dry for an 

additional 30 min at 25ºC.  Slides were washed 2 times for 2 minutes in phosphate buffered 

saline (PBS) and then blocked with normal goat serum (5%) blocking solution for 30 minutes.  

Sections were incubated in primary xanthine oxidase antibody diluted at 1:50 in TBS for 60 

minutes at 25°C.  This was followed by two washes in PBS buffer for 2 minutes at 25°C.  

Secondary antibody incubation was done at a concentration of 1:40 (Rhodamine Red goat anti-

rabbit IgG) for 60 min at 25°C in the dark.  Final rinses in PBS-T (3x) at 2 minute intervals were 

performed on all sections.  Slides were then mounted in fluorescent mounting medium with Dapi 

(Vector Laboratories) and images were acquired via a monochrome camera (Qimaging Retiga) 

attached to an inverted fluorescent microscope (Axiovert 200, Xeiss). 
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Myofiber Cross-Sectional Area.  Sections from frozen diaphragm samples were cut at 10 

microns using a cryotome (Shandon Inc., Pittsburgh, PA) and stained for dystrophin, myosin 

heavy chain (MHC) I and MHC type IIa proteins for fiber cross-sectional area analysis (CSA) as 

described previously (79).  CSA was determined using Scion software (NIH).   

Functional 

Contractile Properties.  Twitch characteristics and the force-frequency response of a strip 

of costal diaphragm were performed in vitro and normalized to cross-sectional area (CSA) as 

previously described (24, 98, 107).   

Biochemical  

Xanthine Dehydrogenase and Xanthine Oxidase Activities.  The activities of XDH and 

XO were assayed using a fluorometric assay according to Beckman et al. (9).  The principle of 

the assay involves the conversion of pterin into the fluorescent product isoxanthopterin.  The rate 

of product formation with oxygen as the electron acceptor represents the activity of XO, whereas 

the combined activities of XO and XDH are measured with methylene blue as the electron 

acceptor.  In brief, a section of the costal diaphragm was homogenized in a buffer containing 50 

mM potassium phosphate, 0.1 mM EDTA, 0.25 M sucrose, and 0.2 mM PMSF (pH 7.4).  The 

homogenates were centrifuged at 40,000 g for 30 min at 4°C.  The supernatant was collected and 

assayed immediately.  Briefly, XO activity was determined by the addition of 10 µM of pterin to 

1 mg protein lysate while 10 µM of methylene blue was added to determine total XO + XDH 

activity.  The conversion of pterin to the fluorescent product isoxanthopterin was monitored 

fluorometrically at an excitation of 345 nm and an emission of 390 nm at 37°C. 

Hypoxanthine and Xanthine Levels.  Hypoxanthine and xanthine were measured using 

the Amplex Red xanthine/xanthine oxidase assay kit from Invitrogen (Eugene, Oregon) as 
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described by the manufacturer and normalized to protein concentration.  Briefly, a section of the 

costal diaphragm was homogenized 1:30 (wt/vol) in phosphate buffered saline (PBS).  Samples 

were centrifuged at 3500 g for 30 min at 4°C.  After collection of the resulting supernatant, 

diaphragmatic protein content was assessed by the method of Bradford (Sigma, St. Louis).  

Approximately fifty microliters of the supernatant was reacted with the assay cocktail solution 

for 30 min at 37°C in the dark.  Absorbance was read at 560 nm.  Hypoxanthine and xanthine 

standards were prepared and concentrations were calculated based on the standard curves. 

Uric Acid Levels.  Uric acid levels in the diaphragm were assessed using the uric acid 

assay kit from BioAssay Systems (Hayward, CA) as described by the manufacturer.  Briefly, a 

section of the costal diaphragm was homogenized 1:30 (wt/vol) in phosphate buffered saline 

(PBS).  Samples were centrifuged at 3500 g for 30 min at 4°C.  After collection of the resulting 

supernatant, diaphragmatic protein content was assessed by the method of Bradford (Sigma, St. 

Louis).  Approximately twenty microliters of the supernatant was reacted with the assay cocktail 

solution for 30 min at room temperature.  Absorbance was read at 590 nm.  A uric acid standard 

was prepared and concentrations were calculated based on this standard. 

Western Blot Analysis.  Protein content was determined in all samples via Western Blot 

analysis.  Diaphragm samples were homogenized in a buffer containing 5 mM Tris (pH 7.5) and 

5 mM EDTA (pH 8.0) with a protease inhibitor cocktail (Sigma, St. Louis).  Homogenates were 

centrifuged at 1500 g for 10 min at 4°C.  After centrifugation, the supernatant was collected and 

a protein assay (Bradford) was performed.  Proteins from the supernatant fraction were separated 

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

with primary antibodies directed against the protein of interest.  4-hydroxynonenal (4-HNE) was 

probed as a measurement indicative of oxidative stress while XOR was performed to visualize 
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both XDH and XO induction.  Membranes were probed with Alexa Fluor 680 IgG secondary, 

scanned, and analyzed using the Odyssey system (Li-Cor Biosciences) using direct infrared 

fluorescent detection with a wide linear dynamic range.     

Protein Carbonyls.  Protein carbonyls were analyzed as an indicator of protein oxidation.  

Diaphragmatic protein carbonyls were measured in 40-50 mg total costal diaphragm muscle 

using a commercially available kit (Zenith Technology Corporation, Dunedin, NZ) according to 

the manufacturer’s instructions.   

Total Glutathione.  Total glutathione content was measured as an indicator of 

nonenzymatic antioxidant status using a commercially available kit according to the 

manufacturer’s instructions (Cayman Chemical, Ann Arbor, MI).  Briefly, a section of the costal 

diaphragm was homogenized in 100 mM phosphate buffer containing 1 mM EDTA and 0.05% 

bovine serum albumin.  Samples were centrifuged 10,000 g for 15 min at 4°C.  The supernatant 

was deproteinated with an equal volume of metaphosphoric acid, centrifuged, and combined with 

50 μl triethanolamine per milliliter of supernatant.  Fifty microliters of deproteinated sample 

were reacted with the provided assay cocktail in the dark for 25 min.  Absorbance was read at 

405 nm.  Standards were prepared using oxidized glutathione (GSSG), which is reduced to 2 mol 

equivalents of glutathione (GSH) under the assay conditions, and concentrations were calculated 

based on this standard curve. 

Cell Culture Measurements 

Trypan Blue Exclusion Assay.  The trypan blue assay was used to assess cellular 

viability upon exposure to hydrogen peroxide (H2O2).  Briefly, an aliquot of cell suspension was 

diluted 1:1 with 0.4% trypan blue and cells were counted with a hemocytometer.  Results are 
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expressed as the percentage ratio of viable (unstained) cells in hydrogen peroxide treated 

samples vs. untreated samples. 

Xanthine Dehydrogenase and Xanthine Oxidase Activities.  The activities of XDH and 

XO were assayed using a fluorometric assay according to Beckman et al. (9).   

Western Blot Analysis.  Protein content was determined in all samples via Western Blot 

analysis.  Myotubes were lysed in a buffer containing 30 mM Tris-HCL (pH 7.5), 250 mM 

Sucrose, 150 mM NaCl, 1 mM DTT, and protease inhibitor cocktail (Sigma, St. Louis).  Lysates 

were centrifuged at 4°C for 10 minutes at 16000 g.  After centrifugation, the supernatant was 

collected and a protein assay (Bradford) was performed.  Proteins from the supernatant fraction 

were separated via polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, 

and incubated with primary antibodies directed against the protein of interest. XOR was probed 

to visualize both XDH and XO induction during the experiments.  Calpain activity was assessed 

by analyzing both total (non-active) and cleaved (active) calpain-1 and total (non-active) calpain-

2.  In addition, α-II spectrin was measured to obtain a more defined picture of calpain regulation 

with hydrogen peroxide treatment. Blots were imaged using an Odyssey system (Li-Cor 

Biosciences), using direct infrared fluorescent detection with a wide linear dynamic range. 
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Figure 3-1.  Experimental animal design used to determine if pharmacological inhibition of XO 

activity reduces MV-induced diaphragmatic oxidative stress and contractile 
dysfunction.  Measurements from MV and MVOxypurinol were made vs. CON.  We 
addressed Aim 1 by having two levels of MV at two different durations. 

 
 
 



 

 

Figure 3-2.  Experimental animal design used to examine whether the administration of an 
exogenous antioxidant during MV prevents XO activation in the diaphragm.  
Measurements from MV and MVTrolox were made vs. CON.  We addressed Aim 2 
by having two levels of MV. 
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Figure 3-3.  Experimental cell culture design used to determine if a ROS challenge activates XO 
in skeletal muscle myotubes. We addressed Aim 3 by using hydrogen peroxide to 
stimulate a ROS challenge to examine the reversible conversion of XDH to XO in 
skeletal muscle cells. In addition, leupetin and siRNA for calpain-1 were used in 
conjunction with hydrogen peroxide to ascertain whether calpain is the protease 
responsible for the irreversible conversion of XDH to XO in skeletal muscle cells. 
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CHAPTER 4 
RESULTS 

Experiment 1 

Systemic Response to MV 

To determine if the pharmacological inhibition of XO activity in the diaphragm reduces 

MV-induced oxidative stress and contractile dysfunction, we measured XOR protein and activity 

levels, key markers of oxidative stress, and contractile characteristics of our experimental 

animals.  Animals used in experiment 1 were 4–6 months of age and weighed between 280-320 g 

before the experimental procedures.  Neither the 12-hr or 18-hr MV protocols altered body 

weight (P<0.05).  Heart rate (HR), systolic blood pressure (SBP), and body temperature (T) were 

maintained relatively constant during the MV protocols (HR range= 300–420 beats/min; SBP= 

70–130 mmHg; T= 36-37°C).  The arterial partial pressures of O2 (PaO2) and CO2 (PaCO2) were 

also maintained relatively constant during MV.  Specifically, PaO2 ranged from 65-100 mmHg 

whereas PaCO2 ranged from 32-42 mmHg.  In addition, at the completion of the MV protocol, 

there were no visual abnormalities of the lungs or peritoneal cavity, no evidence of lung 

infarction, and no evidence of infection, indicating that our aseptic surgical technique was 

successful. 

XOR Characteristics 

XOR Localization 

 Xanthine oxidoreductase (XOR) was been characterized in skeletal muscle of both 

humans and rats (40, 42).  Figure 4-1 illustrates that XOR is primarily localized in the cytosol of 

rat diaphragm muscle.  XOR, stained red, appears diffuse throughout the diaphragm muscle 

fibers as the nuclei, which are stained blue, are localized along the sarcolemma. 
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XDH and XO Activity Levels 

Under normal conditions, mammalian XOR is synthesized as xanthine dehydrogenase 

(XDH).  XDH uses NAD+ as its electron acceptor in the hydroxylation of hypoxanthine and 

xanthine to uric acid.  To determine diaphragmatic levels of XDH activity, total XOR activity 

and XO activity were independently measured in our experimental groups.  XDH activity was 

calculated by subtracting the level of XO activity from total XOR activity.  Compared to control, 

12 hours of MV resulted in a significant decrease in diaphragmatic XDH activity (P<0.05) 

(Table 4-1) and oxypurinol administration restored XDH activity to control values.  Prolonged 

(18 hrs) MV tended to increase diaphragmatic XDH activity above control (Table 4-1), although 

this increase did not reach statistical significance.  Nonetheless, 18 hours of MV resulted in a 

significant increase in total XOR activity (Table 4-1).  Given that XDH activity is determined by 

the subtraction of XO activity from total XOR activity, as total activity increased in the 

diaphragm, so did XDH.  Oxypurinol administration in the 18-hr MV animals resulted in a 

significant increase in both XDH and total XOR activities above control (Table 4-1).  However, 

when XDH activity is expressed as a percent of total XOR activity, both MV durations resulted 

in a decrease in diaphragmatic XDH activity below control and XO inhibition restored XDH 

activity to control values. 

In certain physiological conditions, XDH can be converted to XO.  It is in this XO form 

that during the reduction of the purine substrates to uric acid, superoxide is produced.  Compared 

to control, diaphragmatic XO activity significantly increased 25% and 43% in the MV animals at 

12 and 18 hours, respectively (P<0.05) (Table 4-1).  Oxypurinol administration significantly 

attenuated the increase in diaphragmatic XO activity back to control values.  When XO activity 

is expressed as a percent of total XOR activity, MV resulted in a significant increase in 

 46



 

diaphragmatic XO activity.  Furthermore, XO inhibition via oxypurinol administration 

significantly attenuated the MV-induced increase in diaphragmatic XO activity. 

Since the level of superoxide production that occurs in skeletal muscle by the XO pathway 

is dependent upon the levels of XO to XDH in the muscle, we calculated the ratio of XO to XDH 

in our experimental groups.  Compared to control, both 12 and 18 hours of MV resulted in a 

significant increase in XO/XDH activity in the diaphragm (P<0.05) (Figure 4-2).  While 

oxypurinol administration in a group of control animals did not affect the ratio, it significantly 

attenuated the increase in XO to XDH activity in the diaphragms of our MV animals.  

Collectively, these results show that MV results in a significant increase in diaphragmatic XO 

activity and oxypurinol is an effective pharmacological agent to inhibit XO activity in the 

diaphragm during MV. 

XDH and XO Protein Levels 

 To further understand the role of the XO pathway in oxidant production in the diaphragm 

during MV, we measured the protein level of XOR.  XOR exists in two alternative forms that are 

derived from the same gene product (47).  Initially, XOR is synthesized as a 150 kDa protein 

from which both XDH and XO are derived (130).  Under normal conditions, XOR exists as XDH 

at a molecular weight of 150 kDa.  However, XDH can be reversibly converted to XO via 

sulfhydryl oxidation which changes the enzymatic activity of XDH to XO but does not change 

its weight (101).  Compared to control, only prolonged (18 hrs) MV resulted in a significant 

increase in the 150 kDa band of XOR in the diaphragm (P<0.05) (Figure 4-3).  Moreover, 

compared to control, oxypurinol administration in both the 12 and 18 hr MV experimental 

groups resulted in a significant increase in the 150 kDa band of XOR in the diaphragm (P<0.05) 
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which was not observed in a group of oxypurinol-treated control animals.  Thus, prolonged MV 

increases XOR protein (150 kDa) expression in the diaphragm.  

Whereby both XDH and XO may exist in the diaphragm muscle as a 150 kDa band of 

XOR, only XO exists as a 130 kDa band of XOR.  During activating conditions, XDH can be 

irreversibly converted to XO via proteolytic mechanisms.  The proteolytic processing of XDH 

results in the cleavage of an approximately 15-20 kDa fragment, resulting in the formation of an 

active 130 kDa form of XO (22, 130).  Compared to control, 12 and 18 hrs of MV resulted in a 

significant increase in the 130 kDa band of XOR in the diaphragm (P<0.05) (Figure 4-4).  In 

addition, oxypurinol administration did not statistically alter XO protein levels in the diaphragms 

of either control or mechanically ventilated animals.  Therefore, both MV durations resulted in a 

significant increase in the protein levels of XO (130 kDa) in the diaphragm and thus the 

irreversible proteolytic conversion of XDH to XO is significantly increased in the diaphragm 

during MV.   

Enzyme Substrates and End Product 

Hypoxanthine  

 Both XDH and XO catalyze the last two steps of purine catabolism resulting in the 

formation of uric acid from hypoxanthine and xanthine.  Thus an increase in diaphragmatic XO 

activity would result in the depletion of purine substrates.  Compared to control, MV resulted in 

a significant decrease in hypoxanthine levels in the diaphragm (P<0.05) (Figure 4-5).  Twelve 

hours of MV resulted in an 11% decrease in hypoxanthine and 18 hours resulted in a 38% 

decrease.  Oxypurinol administration failed to decrease hypoxanthine levels during prolonged 

(18 hrs) MV and there was only a trend (P=0.09) for oxypurinol to attenuate the decrease in 

hypoxanthine levels at 12 hours of MV.  The depletion of hypoxanthine during MV coincides 

 48



 

with the MV-induced increase in diaphragmatic XO activity.  Finally, XO inhibition did not 

significantly protect hypoxanthine levels during MV. 

Xanthine 

 Similar to hypoxanthine, both MV durations resulted in a significant decrease in xanthine 

levels in the diaphragm (P<0.01) (Figure 4-6).  Twelve hours of MV resulted in a 31% decrease 

in xanthine, whereas 18 hours resulted in a 41% decrease.  XO inhibition via oxypurinol 

administration significantly attenuated the decrease in xanthine at both 12 and 18 hours of MV.  

Thus both MV durations resulted in a significant decrease in the level of purine substrates in the 

diaphragm.  However, unlike hypoxanthine, oxypurinol administration significantly attenuated 

the MV-induced decrease in xanthine levels in the diaphragm. 

Uric Acid 

 In the presence of the purine substrates and molecular oxygen, XO catalyzes the 

production of uric acid and superoxide.  Accordingly, the level of uric acid formation in the 

diaphragm would increase in concomitant with an increase in diaphragmatic XO activity.  

Compared to control, 12 and 18 hrs of MV resulted in a significant 15% and 42% increase in uric 

acid formation in the diaphragm, respectively (P<0.05) (Figure 4-7).  Although oxypurinol 

administration tended to attenuate the increase in uric acid at the 12 hour time point, it did not 

reach significance (P=0.09).  In contrast, oxypurinol administration significantly attenuated the 

formation of uric acid in the diaphragms of our 18-hr MV animals.  Thus MV results in a 

significant increase in uric acid, an end product of both XDH and XO enzymatic activity, in the 

diaphragm.  This coincides with the MV-induced increase in diaphragmatic XO activity and 

depletion of the purine substrates in the diaphragm. 
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Redox Balance 

Protein Carbonyls 

Since MV results in an increase in diaphragmatic XO activity, the potential for ROS 

production by the XO pathway exists in the diaphragm.  Protein carbonyl formation is a general 

indicator of protein oxidation and commonly used to measure oxidative injury.  Twelve hours of 

MV resulted in a significant increase in protein carbonyl formation in the diaphragm when 

compared with control (P<0.05) (Figure 4-8) and there was a trend (P=0.07) for oxypurinol 

administration to attenuate this increase.  Prolonged (18 hrs) MV further elevated the levels of 

protein carbonyl formation in the diaphragm when compared with 12 hrs of MV (P<0.05).  

While oxypurinol administration significantly attenuated the increase in protein carbonyls at the 

18-hr time point, protein carbonyl formation in the diaphragm remained significantly elevated 

when compared with control.  Thus, XO inhibition attenuates some of the MV-induced protein 

oxidation in the diaphragm 

4-HNE 

Lipid peroxidation occurs as a response to oxidative stress, and among the end-products it 

produces several biologically active aldehydes.  4-hydroxynoneal (4-HNE) is an unsaturated α,β 

hydroxyalkenal that is generated during the lipid peroxidation cascade.  Furthermore, 4-HNE is 

the primary adduct formed during this process and is commonly used to assess protein oxidative 

damage.  Compared to control, both MV durations resulted in a significant increase in 

diaphragmatic 4-HNE (P<0.05) (Figure 4-9).  XO inhibition significantly attenuated the 

accumulation of 4-HNE as oxypurinol treated animals had basal levels of diaphragmatic 4-HNE.  

Therefore, diaphragmatic XO activity contributes to MV-induced oxidative stress by the fact that 
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XO inhibition reduces protein oxidation and significantly attenuates lipid peroxidation in the 

diaphragm. 

Total Glutathione 

Glutathione (GSH) is the major nonezymatic antioxidant component of the cell and 

depletion of cellular stores is generally considered indicative of oxidative stress.  Following 12 

and 18 hours of MV, there was a significant depletion of total GSH in the diaphragm (P<0.05) 

(Figure 4-10) and oxypurinol administration failed to attenuate this decrease.  Consequently, MV 

results in the depletion of the antioxidant defense of the diaphragm and XO inhibition does not 

rescue this depletion.     

Contractile Function 

Maximal Isometric Twitch Force 

 To determine if XO-mediated ROS production in the diaphragm contributes to 

diaphragmatic contractile dysfunction, we measured maximal isometric twitch force and 

analyzed the force-frequency response of diaphragm strips obtained from our experimental 

animals.  Maximal isometric twitch forces of in vitro costal diaphragm strips from mechanically 

ventilated and nonmechanically ventilated (control) animals with and without oxypurinol are 

presented in Table 4-2.  Maximal isometric twitch force was significantly reduced following 18 

hrs of MV when compared with control and control with oxypurinol.  During prolonged (18 hrs) 

MV, there was a trend (P=0.07) for XO inhibition via oxypurinol administration to attenuate the 

drop in maximal isometric twitch force.  Accordingly, prolonged MV results in a significant 

decrease in maximal isometric twitch force of the diaphragm and oxypurinol administration 

during MV appears to restore some of this decrease. 
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Force-Frequency Response 

Mean maximal force-frequency responses of in vitro costal diaphragm strips from 

mechanically ventilated and nonmechanically ventilated (control) animals with and without 

oxypurinol are presented in Figure 4-11.  Both 12 and 18 hours of MV shifted the force-

frequency response down when compared with control (CON) and control animals treated with 

oxypurinol (CONO).  Twelve and eighteen hours of MV resulted in a significant reduction in the 

specific force of the diaphragm compared to the control groups at all stimulation frequencies.  

Specifically, both MV durations resulted in a 23% decrease in maximal diaphragmatic specific 

force.  Treatment with oxypurinol prior to MV (12MVO and 18MVO) attenuated the MV-

induced diaphragmatic dysfunction at stimulation frequencies above 60 hertz.  So XO inhibition 

attenuated some of the MV-induced contractile dysfunction that is normally observed. 

Diaphragmatic Atrophy 

Cross-sectional Area 

To evaluate the impact of XO inhibition on MV-induced diaphragmatic atrophy, we 

compared the cross-sectional areas (CSA) of diaphragmatic myofibers across our experimental 

groups.  Compared to control, we observed a significant decrease (P<0.05) in diaphragmatic type 

I fiber CSA following 12 and 18 hours of MV (Figure 4-12).  While oxypurinol administration at 

both MV time points appears to attenuate the decrease in type I myofiber cross-sectional area, it 

did not reach statistical significance (P=0.1).  Diaphragmatic type IIa fiber CSA followed the 

same pattern as the type I fibers, whereby both 12 and 18 hours of MV resulted in a significant 

reduction in type IIa fiber CSA in the diaphragm (P<0.05) (Figure 4-13).  There was a trend 

(P=0.07) for oxypurinol administration to attenuate the decrease in type IIa CSA following 12 

hours of MV.  Finally, significant decreases in CSA for type IIb/x fibers were observed in 
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diaphragms from both MV groups (Figure 4-14) although no significant differences existed in 

fiber CSA between control and oxypurinol treated MV animals.  Therefore, while XO 

contributes to both MV-induced oxidative stress and contractile dysfunction, XO inhibition does 

not appear to attenuate diaphragmatic atrophy during MV. 

Experiment 2 

Systemic Response to MV 

To ascertain whether the administration of an exogenous antioxidant during MV prevents 

diaphragmatic XO activation, we administered Trolox to a subset of MV animals and measured 

oxidative stress, contractile function, and XOR protein and activity levels in the diaphragms of 

our experimental animals in experiment 2.  All of the animals were 4–6 months of age.  No 

significant differences existed in body weight between the groups (CON = 0.305 g ± 0.005, 

12MV = 0.294 g ± 0.003, and 12MVT = 0.298 g ± 0.004) before the experiment, and the 12-hr 

experimental protocol did not alter body weight (P<0.05).  Heart rate (HR), systolic blood 

pressure (SBP), and body temperature (T) were maintained within a normal physiological range 

during the MV protocol (HR range= 300–420 beats/min; SBP= 70–130 mmHg; T= 36-37°C).  

The arterial partial pressures of O2 (PaO2) and CO2 (PaCO2) were also maintained relatively 

constant during MV.  Specifically, PaO2 ranged from 60-89 mmHg whereas PaCO2 ranged from 

34-46 mmHg.  In addition, at the completion of the MV protocol, there were no visual 

abnormalities of the lungs or peritoneal cavity, no evidence of lung infarction, and no evidence 

of infection, indicating that our aseptic surgical technique was successful. 

Redox Balance 

Protein Carbonyls 
 

In experiment 1, we demonstrated that the irreversible proteolytic conversion of XDH to 

XO is increased in the diaphragm during MV to induce XO activity.  This proteolytic conversion 
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is thought to occur subsequent to the reversible conversion of XDH to XO via sulfhydryl 

oxidation of cysteine residues (14, 83).  To ascertain whether the reversible conversion via 

oxidation is a required step by which diaphragmatic XO activity is increased during MV, we 

used Trolox to attenuate the oxidative stress that occurs during ventilation.  By attenuating the 

MV-induced diaphragmatic oxidative stress, we theorized that any sulfhydrl oxidation of 

cysteine residues on XDH would be eliminated.  To demonstrate the effectiveness of Trolox as 

an appropriate pharmacological agent to restore diaphragmatic redox balance, protein carbonyl 

formation and 4-HNE levels were measured.  Twelve hours of MV resulted in a significant 

increase in protein carbonyl formation in the diaphragm (P<0.05) when compared with control 

(Figure 4-15).  More importantly, Trolox administration significantly attenuated the increase in 

protein carbonyls in the diaphragm.   

4-HNE 

Compared to control, 12 hours of MV resulted in a significant increase in diaphragmatic 4-

HNE (P<0.05) (Figure 4-16).  Trolox administration significantly attenuated the accumulation of 

4-HNE as Trolox treated animals had basal levels of diaphragmatic 4-HNE.  Thus we have 

shown that Trolox administration during MV effectively inhibits diaphragmatic oxidative stress 

by the complete attenuation of protein oxidation and lipid peroxidation in the diaphragm of 

Trolox-treated MV animals. 

Contractile Function 

Maximal Isometric Twitch Force 

 Maximal isometric twitch force and force-frequency responses were measured in our 

experimental groups to further demonstrate the effectiveness of Trolox in maintaining redox 

balance.  Maximal isometric twitch forces of in vitro costal diaphragm strips from control, 
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mechanically ventilated, and mechanically ventilated animals with Trolox are presented in Table 

4-3.  Maximal isometric twitch force was significantly reduced 30% following 12 hrs of MV 

when compared with controls (P<0.05) and Trolox administration significantly attenuated the 

drop in diaphragmatic maximal isometric twitch force.   

Force-Frequency Response 

The mean maximal force-frequency responses of in vitro costal diaphragm strips from 

control, mechanically ventilated, and mechanically ventilated animals with Trolox are presented 

in Figure 4-17.  Twelve hours of MV shifted the force-frequency response down when compared 

with control.  In fact, 12 hours of MV resulted in a significant reduction (P<0.05) in the specific 

force of the diaphragm compared to the control group at all stimulation frequencies.  Treatment 

with Trolox during MV significantly attenuated the MV-induced diaphragmatic contractile 

dysfunction at all stimulation frequencies.  Therefore, Trolox administration is a potentially 

useful therapeutic approach to attenuate MV-induced diaphragmatic contractile dysfunction. 

XOR Characteristics 

XDH and XO Activity Levels 

To examine the reversible conversion of XDH to XO in the diaphragm during MV, we 

measured total XOR, XDH, and XO activities in the diaphragms of our control, mechanically 

ventilated, and mechanically ventilated animals with Trolox.  If the reversible conversion of 

XDH to XO is present in the diaphragm during MV, then we would expect to find an increase in 

diaphragmatic XDH activity along with a concomitant decrease in XO activity in our Trolox-

treated MV animals when compared with our regular MV animals.  Compared to control, MV 

resulted in a significant decrease in diaphragmatic XDH activity (P<0.05) (Figure 4-18) along 

with an increase in XO activity (P<0.05) (Figure 4-19).  Trolox administration failed to attenuate 

the changes in both XDH and XO activity in the diaphragm.  Because Trolox administration 
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during MV did not attenuate diaphragmatic XO activity, it appears that the reversible conversion 

of XDH to XO via oxidation does not occur in the diaphragm during MV when oxidative stress 

in prevented with Trolox. 

XDH and XO Protein Levels 

 Because the reversible conversion only changes enzymatic activity and not molecular 

weight, Trolox administration during MV should not alter the protein expression of the 150 kDa 

band of XOR or directly change the 130 kDa band produced via the irreversible proteolytic 

process.  No significant differences existed in the 150 kDa band of XOR (Figure 4-20) in the 

diaphragm between our experimental groups.  In addition, Trolox administration did not 

attenuate the MV-induced induction of the 130 kDa band of XOR in the diaphragm (P<0.05) 

(Figure 4-21).   

Enzyme Substrates and End Product 

 Given that Trolox administration during MV failed to alter diaphragmatic XO activity, 

purine substrate and uric acid levels would not be expected to change in our MV animals treated 

with Trolox.  The levels of hypoxanthine, xanthine, and uric acid for control, mechanically 

ventilated, and mechanically ventilated animals with Trolox are presented in Table 4-4.  

Compared to control, 12 hours of MV resulted in a significant decrease in both hypoxanthine 

(~16%) and xanthine (~19%) in the diaphragm (P<0.05) and Trolox administration did not 

rescue these levels.  With regards to uric acid, compared to control, 12 hours of MV resulted in a 

significant 17% increase in uric acid formation in the diaphragm (P<0.05).   Again, Trolox 

administration failed to attenuate this increase in the diaphragm during MV.  The fact that Trolox 

administration failed to alter the MV-induced changes in the levels of diaphragmatic 

hypoxanthine, xanthine, and uric acid, further demonstrate that the reversible conversion of XDH 
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to XO via oxidation does not occur in the diaphragm during MV when redox balance is 

maintained with Trolox.  

Experiment 3 

Myogenic Cells 

Cell Viability 

To determine if a ROS challenge activates XO in skeletal muscle myotubes, we used the 

C2C12 myogenic cell line in our third experiment.  We performed cell viability measurements on 

C2C12 myotubes treated with and without hydrogen peroxide (100 μM) for 4 hours.  These 

measurements were performed to determine if the hydrogen peroxide treatment was toxic to our 

cell line.  Importantly, our results revealed that hydrogen peroxide treatment was not toxic to 

myocytes in our experimental model as indicated by the failure of myotubes to take up Trypan 

blue (97% viable). 

XDH and XO Activity Levels 

To investigate the mechanism(s) responsible for XO activation, we utilized a myogenic 

cell line to determine the effect of a ROS challenge (H2O2) on XO activation in skeletal muscle 

myotubes. Both XDH and XO activities were assessed in our cultured myotubes to determine if 

there was a similar increase in XO activity in cell culture compared to the in vivo animal 

experiments.  In doing so, we examined the irreversible conversion of XDH to XO in skeletal 

muscle cells.  Hydrogen peroxide was used to mediate the oxidation of the cysteine residues on 

XDH and both leupeptin and short interference RNA (siRNA) for calpain-1 were used to inhibit 

the activity of calpain which is up-regulated with hydrogen peroxide treatment.  Calpain was 

examined as the protease responsible for the irreversible proteolytic processing of XDH to XO. 
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There were no significant differences in XDH activity in our experimental cell groups 

treated with or without hydrogen peroxide (Figure 4-22).  However, there was a 21% increase in 

XO activity in cells treated with hydrogen peroxide (P<0.05) (Figure 4-23).  Moreover, siRNA 

for calpain-1 failed to attenuate the hydrogen peroxide-induced increase in XO activity in 

skeletal muscle myotubes.  However, hydrogen peroxide-induced XO activation was 

significantly attenuated with leupeptin.  So while it appears that hydrogen peroxide induction of 

XO activity in C2C12s involves calpain activity or another protease inhibited by leupeptin, it 

appears that calpain-1 is not involved in the increase in XO activity in skeletal muscle myotubes 

with a hydrogen peroxide challenge. 

XDH and XO Protein Levels 

Measurements were also made to assess XOR protein content in our cultured myotubes to 

determine if there was a similar induction of XOR in cell culture compared to the in vivo animal 

experiments.  There were no significant differences between our cell treatment groups in the 

protein expression of the 150 kDa band of XOR (Figure 4-24).  However, when compared to 

control, hydrogen peroxide treated cells exhibited an approximate 1.4 fold increase in the 130 

kDa band of XOR (Figure 4-25).  The increase in the 130 kDa band of XOR was also observed 

in cells treated with both hydrogen peroxide and siRNA for calpain-1, although not when cells 

were treated with hydrogen peroxide and leupeptin or when cells were treated with leupeptin or 

siRNA for calpain-1 alone.  The observation that compared to hydrogen peroxide treatment 

alone, cells treated with hydrogen peroxide and siRNA for calpain-1 exhibited the same 

significant increase in the 130 kDa band of XOR and cells treated with hydrogen peroxide and 

leupeptin prevented the induction of the 130 kDa band, suggests that a calpain protease is 

involved in XO activation in skeletal muscle myotubes but specifically eliminates calpain-1 as 
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the protease responsible for the irreversible proteolytic conversion of XDH to XO in skeletal 

muscle cells. 

Calpain Protein and Activity 

To demonstrate the effectiveness of both leupeptin and siRNA to inhibit calpain activity, 

measurements for calpain protein abundance and activity were made in our experimental cell 

groups.  Compared to control, leupeptin treated cells exhibited a significant reduction in total 

calpain-1 protein (Figure 4-26).  There was a trend for both siRNA for calpain-1 (P=0.08) and 

hydrogen peroxide plus siRNA for calpain-1 (P=0.06) to reduce total calpain-1 protein 

expression in skeletal muscle myotubes.  As expected, compared to control, cells treated with 

hydrogen peroxide resulted in a significant increase in the cleaved or active band of calpain-1 

(Figure 4-27).  However, cells treated with either leupeptin or siRNA for calpain-1 resulted in a 

significant reduction in cleaved calpain-1.  Furthermore, cleaved calpain-1 remained depressed 

below control values when cells where treated with both hydrogen peroxide and either inhibitor.  

Finally, there were no significant differences between our cell treatment groups in the protein 

expression of total calpain-2 (Figure 4-28). 

 Lastly, to further demonstrate the effectiveness of our calpain inhibitors, the calpain 

specific degradation product of α-II spectrin was measured.  The intact form of α-II spectrin 

exists as ~250 kDa protein and upon degradation yields a 145 kDa (calpain-specific) cleaved 

band.  Thus, in vivo calpain activity can be determined by probing for the calpain-specific α-II 

spectrin cleaved degradation product.  There were no significant differences between our cell 

treatment groups in the protein expression of total α-II spectrin (Figure 4-29).  Compared to 

control, cells treated with hydrogen peroxide resulted in a significant 1.5 fold induction of the 

calpain-specific cleaved α-II spectrin band (145 kDa) (Figure 4-30).  On the other hand, there 

 59



 

 60

were no increases in the calpain-specific cleaved α-II spectrin degradation product when cells 

were treated with either leupeptin, hydrogen peroxide and leupeptin, siRNA for calpain-1, or 

hydrogen peroxide and siRNA for calpain-1.  Thus, leupeptin and siRNA for calpain-1 were 

completely effective in preventing the increase in calpain activity observed with hydrogen 

peroxide treatment. 



 

 
Table 4-1.  Total xanthine oxidoreductase (XOR), xanthine dehydrogenase (XDH), and xanthine oxidase (XO) activities in diaphragm 

from control, mechanically ventilated, and mechanically ventilated animals with oxypurinol. 
Activity 
(µmol/min/g) 

CON CONO 12MV 12MVO 18MV 18MVO 

Total XOR 0.131 ± 0.004 0.148 ± 0.004 0.126 ± 0.004 0.126 ± 0.004 0.165 ± 0.007*Ψ♦ 0.183 ± 0.008*#Ψ♦ 
XDH 0.075 ± 0.006 0.088 ± 0.010 0.056 ± 0.003*# 0.078 ± 0.002 0.085 ± 0.008 0.126 ± 0.013*#Ψ♦Δ 
 (57%) (59%) (44%) (62%) (52%) (69%) 
XO 0.056 ± 0.003 0.060 ± 0.005 0.070 ± 0.003* 0.048 ± 0.005Ψ 0.080 ± 0.005*#♦ 0.057 ± 0.006Δ 
 (43%) (41%) (56%) (38%) (48%) (31%) 
Values are expressed as mean ± SE. The values in parentheses represent the percent activity of total XOR activity. *Significantly 
different versus CON (P<0.05). #Significantly different from CONO (P<0.05). ΨSignificantly different from 12MV (P<0.05). 
♦Significantly different from 12MVO. ΔSignificantly different from 18MV (P<0.05).  CON= Control; CONO= Control with 
oxypurinol; 12MV= 12 hrs mechanical ventilation; 12MVO= 12MV with oxypurinol; 18MV= 18 hrs mechanical ventilation; 
18MVO= 18MV with oxypurinol.
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Table 4-2.  Maximal isometric twitch force production in diaphragm strips obtained from mechanically ventilated and 

nonmechanically ventilated (control) animals with and without oxypurinol.  
Experimental Group Maximal Isometric Twitch Force, N/cm2 
Control 10.1 ± 0.3 
Control with oxypurinol 10.1 ± 0.1 
18 h of MV   6.3 ± 0.4*# 
18 h of MV with oxypurinol   8.2 ± 0.8 
Values are expressed as mean ± SE. *Significantly decreased versus Control (P<0.001). #Significantly decreased versus Control with 
oxypurinol (P<0.001).

62

 



 

 
 

CON(+,+) CON(+,-)

Figure 4-1.  Xanthine oxidoreductase (XOR) localization in a control diaphragm muscle sample. 
XOR appears to be localized in the cytosol. Red stain= XOR and blue stain= nuclei. 
(+,+); Both primary and secondary antibody application; (+,-); Primary antibody 
application alone.   

 

 
 

Figure 4-2.  Ratio of xanthine oxidase (XO) activity to xanthine dehydrogenase (XDH) activity 
in diaphragm samples from experiment 1. Values are mean fold change ± SE. 
*Significantly increased versus CON (P<0.05). #Significantly increased versus CONO 
(P<0.05). ψSignificantly decreased versus 12MV (P<0.001). ΔSignificantly decreased 
versus 18MV (P<0.01). CON= Control; CONO= Control with oxypurinol; 12MV= 
12 hrs mechanical ventilation; 12MVO= 12MV with oxypurinol; 18MV= 18 hrs 
mechanical ventilation; 18MVO= 18MV with oxypurinol.
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Figure 4-3.  Fold changes (versus control) of XOR protein (150 kDa band) content in diaphragm 

samples from experiment 1. Values are mean fold change ± SE. *Significantly 
increased versus CON (P<0.01). #Significantly increased versus CONO (P<0.05). 
ψSignificantly increased versus 12MV (P<0.05). CON= Control; CONO= Control 
with oxypurinol; 12MV= 12 hrs mechanical ventilation; 12MVO= 12MV with 
oxypurinol; 18MV= 18 hrs mechanical ventilation; 18MVO= 18MV with oxypurinol. 

 
Figure 4-4.  Fold changes (versus control) of XOR protein (130 kDa) content in diaphragm 

samples from experiment 1. Values are mean fold change ± SE. *Significantly 
increased versus CON (P<0.05). #Significantly increased versus CONO (P<0.05). 
♦Significantly increased versus 12MVO (P<0.05). CON= Control; CONO= Control 
with oxypurinol; 12MV= 12 hrs mechanical ventilation; 12MVO= 12MV with 
oxypurinol; 18MV= 18 hrs mechanical ventilation; 18MVO= 18MV with oxypurinol.
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Figure 4-5.  Hypoxanthine levels in diaphragm samples from experiment 1. Values are mean ± 

SE. *Significantly decreased versus CON (P<0.05). #Significantly different versus 
CONO (P<0.05). ψSignificantly decreased versus 12MV (P<0.01). ♦Significantly 
decreased versus 12MVO (P<0.001). CON= Control; CONO= Control with 
oxypurinol; 12MV= 12 hrs mechanical ventilation; 12MVO= 12MV with oxypurinol; 
18MV= 18 hrs mechanical ventilation; 18MVO= 18MV with oxypurinol. 

 
Figure 4-6.  Xanthine levels in diaphragm samples from experiment 1. Values are mean ± SE. 

*Significantly decreased versus CON (P<0.01). #Significantly decreased versus 
CONO (P<0.001). ψSignificantly increased versus 12MV (P<0.01). ♦Significantly 
decreased versus 12MVO (P<0.001). ΔSignificantly increased versus 18MV 
(P<0.001). CON= Control; CONO= Control with oxypurinol; 12MV= 12 hrs 
mechanical ventilation; 12MVO= 12MV with oxypurinol; 18MV= 18 hrs mechanical 
ventilation; 18MVO= 18MV with oxypurinol. 
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Figure 4-7.  Uric acid levels in diaphragm samples from experiment 1. Values are mean ± SE. 

*Significantly increased versus CON (P<0.05). #Significantly increased versus CONO 
(P<0.01). ψSignificantly increased versus 12MV (P<0.05). ♦Significantly increased 
versus 12MVO (P<0.01). ΔSignificantly decreased versus 18MV (P<0.01). CON= 
Control; CONO= Control with oxypurinol; 12MV= 12 hrs mechanical ventilation; 
12MVO= 12MV with oxypurinol; 18MV= 18 hrs mechanical ventilation; 18MVO= 
18MV with oxypurinol.  

 
Figure 4-8.  Protein carbonyl levels in diaphragm samples from experiment 1. Values are mean ± 

SE. *Significantly increased versus CON (P<0.05). #Significantly increased versus 
CONO (P<0.05). ΨSignificantly increased versus 12MV (P<0.05). ♦Significantly 
increased versus 12MVO (P<0.01). ΔSignificantly decreased versus 18MV (P<0.05).  
CON= Control; CONO= Control with oxypurinol; 12MV= 12 hrs mechanical 
ventilation; 12MVO= 12MV with oxypurinol; 18MV= 18 hrs mechanical ventilation; 
18MVO= 18MV with oxypurinol.
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Figure 4-9.  Fold changes (versus control) of 4-hydroxynonenal (4-HNE) accumulation in 

diaphragm samples from experiment 1. Values are mean fold change ± SE. 
*Significantly increased versus CON (P<0.05). ΨSignificantly decreased versus 12MV 
(P<0.05). ΔSignificantly decreased versus 18MV (P<0.05). CON= Control; CONO= 
Control with oxypurinol; 12MV= 12 hrs mechanical ventilation; 12MVO= 12MV 
with oxypurinol; 18MV= 18 hrs mechanical ventilation; 18MVO= 18MV with 
oxypurinol. 

 
Figure 4-10.  Total glutathione concentrations in diaphragm samples from experiment 1. Values 

are mean ± SE. *Significantly decreased versus CON (P<0.05). #Significantly 
decreased versus CONO (P<0.01). ψSignificantly decreased versus 12MV (P<0.05). 
CON= Control; CONO= Control with oxypurinol; 12MV= 12 hrs mechanical 
ventilation; 12MVO= 12MV with oxypurinol; 18MV= 18 hrs mechanical ventilation; 
18MVO= 18MV with oxypurinol. 
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Figure 4-11.  Diaphragmatic force-frequency response (in vitro) of diaphragm samples from 
experiment 1. Values are expressed as mean ± SE. *12MV, 18MV, 12MVO, and 
18MVO significantly decreased versus CON and CONO (P<0.01). #Significantly 
decreased versus CON and CONO, except 12MVO and 18MVO (P<0.05). Δ18MV 
significantly decreased versus 12MVO and 18MVO (P<0.05). CON= Control; 
CONO= Control with oxypurinol; 12MV= 12 hrs mechanical ventilation; 12MVO= 
12MV with oxypurinol; 18MV= 18 hrs mechanical ventilation; 18MVO= 18MV with 
oxypurinol. 

 
Figure 4-12.  Type I fiber cross-sectional area in diaphragm samples from experiment 1. Values 

are mean ± SE. *Significantly decreased versus CON (P<0.05). #Significantly 
decreased versus CONO (P<0.05). CON= Control; CONO= Control with oxypurinol; 
12MV= 12 hrs mechanical ventilation; 12MVO= 12MV with oxypurinol; 18MV= 18 
hrs mechanical ventilation; 18MVO= 18MV with oxypurinol. 
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Figure 4-13.  Type IIa fiber cross-sectional area in diaphragm samples from experiment 1. 

Values are mean ± SE. *Significantly decreased versus CON (P<0.05). #Significantly 
decreased versus CONO (P<0.05). CON= Control; CONO= Control with oxypurinol; 
12MV= 12 hrs mechanical ventilation; 12MVO= 12MV with oxypurinol; 18MV= 18 
hrs mechanical ventilation; 18MVO= 18MV with oxypurinol. 

 
Figure 4-14.  Type IIb/x fiber cross-sectional area in diaphragm samples from experiment 1. 

Values are mean ± SE. *Significantly decreased versus CON (P<0.05). #Significantly 
decreased versus CONO (P<0.05). ♦Significantly decreased versus 12MVO (P<0.05). 
CON= Control; CONO= Control with oxypurinol; 12MV= 12 hrs mechanical 
ventilation; 12MVO= 12MV with oxypurinol; 18MV= 18 hrs mechanical ventilation; 
18MVO= 18MV with oxypurinol. 



 

 
Table 4-3.  Maximal isometric twitch force production in diaphragm strips obtained from control, mechanically ventilated, and 

mechanically ventilated animals with Trolox. 
Experimental Group Maximal Isometric Twitch Force, N/cm2 
Control 9.55 ± 0.28 
12 h of MV 6.73 ± 0.35*# 
12 h of MV with Trolox 9.31 ± 0.85 
Values are expressed as mean ± SE. *Significantly decreased versus Control (P<0.05). #Significantly decreased versus 12 h of MV 
with Trolox (P<0.05).
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Table 4-4.  Hypoxanthine, xanthine, and uric acid levels in control, mechanically ventilated, and mechanically ventilated animals with 

Trolox.  
Measurement (uM/mg protein) CON 12MV 12MVT 
Hypoxanthine 10.67 ± 0.36   9.01 ± 0.20*   9.29 ± 0.21* 
Xanthine 24.43 ± 1.02 19.85 ± 1.09* 19.45 ± 0.47* 
Uric Acid 24.67 ± 1.15 28.90 ± 1.43* 29.81 ± 0.72* 
Values are expressed as mean ± SE. *Significantly different versus CON (P<0.05). CON= Control; 12MV= 12 hrs of mechanical 
ventilation; 12MVT= 12MV with Trolox.
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Figure 4-15.  Protein carbonyl levels in diaphragm samples from experiment 2. Values are mean 

± SE. *Significantly increased versus CON (P<0.05). ΨSignificantly decreased versus 
12MV (P<0.05). CON= Control; 12MV= 12 hrs mechanical ventilation; 12MVT= 
12MV with Trolox. 

 
Figure 4-16.  Fold changes (versus control) of 4- hydroxynonenal (4-HNE) accumulation in 

diaphragm samples from experiment 2. Values are mean fold change ± SE. 
*Significantly increased versus CON (P<0.05). ΨSignificantly decreased versus 12MV 
(P<0.05). CON= Control; 12MV= 12 hrs mechanical ventilation; 12MVT= 12MV 
with Trolox. 
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Figure 4-17.  Diaphragmatic force-frequency response (in vitro) of diaphragm samples from 
experiment 2. Values are expressed as mean ± SE. *Significantly decreased versus 
CON and 12MVT (P<0.001). CON= Control; 12MV= 12 hrs mechanical ventilation; 
12MVT= 12MV with Trolox.   

 
Figure 4-18.  Xanthine dehydrogenase (XDH) activity in diaphragm samples from experiment 2. 

Values are mean fold change ± SE. *Significantly decreased versus CON (P<0.05). 
CON= Control; 12MV= 12 hrs mechanical ventilation; 12MVT= 12MV with Trolox. 
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Figure 4-19.  Xanthine oxidase (XO) activity in diaphragm samples from experiment 2. Values 

are mean fold change ± SE. *Significantly increased versus CON (P<0.05). CON= 
Control; 12MV= 12 hrs mechanical ventilation; 12MVT= 12MV with Trolox. 

 
 

 
 

Figure 4-20.  Fold changes (versus control) of XOR protein (150 kDa band) content in 
diaphragm samples from experiment 2. Values are mean fold change ± SE. CON= 
Control; 12MV= 12 hrs mechanical ventilation; 12MVT= 12MV with Trolox. 
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Figure 4-21.  Fold changes (versus control) of XOR protein (130 kDa band) content in 

diaphragm samples from experiment 2. Values are mean fold change ± SE. 
*Significantly increased versus CON (P<0.01). CON= Control; 12MV= 12 hrs 
mechanical ventilation; 12MVT= 12MV with Trolox. 
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Figure 4-22.  Xanthine dehydrogenase (XDH) activity in C2C12 myotubes from experiment 3. 

Values are mean fold change ± SE. CON= Control; H2O2= Hydrogen peroxide; 
LEU= Leupeptin; H2O2 + LEU= Hydrogen peroxide and leupeptin; Cal-1 siRNA= 
Calpain-1 siRNA; H2O2 + Cal-1 siRNA= Hydrogen peroxide and Calpain-1 siRNA. 
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Figure 4-23.  Xanthine oxidase (XO) activity in C2C12 myotubes from experiment 3. Values are 
mean fold change ± SE. *Significantly increased versus CON (P<0.05). #Significantly 
decreased versus H2O2 (P<0.05). ΨSignificantly increased versus H2O2 + LEU 
(P<0.001). CON= Control; H2O2= Hydrogen peroxide; LEU= Leupeptin; H2O2 + 
LEU= Hydrogen peroxide and leupeptin; Cal-1 siRNA= Calpain-1 siRNA; H2O2 + 
Cal-1 siRNA= Hydrogen peroxide and Calpain-1 siRNA. 
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Figure 4-24.  Fold change (versus control) of XOR protein (150 kDa band) in C2C12 myotubes 

from experiment 3. Values are mean fold change ± SE. CON= Control; H2O2= 
Hydrogen peroxide; LEU= Leupeptin; H2O2 + LEU= Hydrogen peroxide and 
leupeptin; Cal-1 siRNA= Calpain-1 siRNA; H2O2 + Cal-1 siRNA= Hydrogen 
peroxide and Calpain-1 siRNA. 
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Figure 4-25.  Fold change (versus control) of XOR protein (130 kDa band) in C2C12 myotubes 

from experiment 3. Values are mean fold change ± SE. *Significantly increased 
versus CON (P<0.05). #Significantly decreased versus H2O2 (P< 0.05). ΔSignificantly 
decreased versus H2O2 + Cal-1 siRNA (P<0.05). CON= Control; H2O2= Hydrogen 
peroxide; LEU= Leupeptin; H2O2 + LEU= Hydrogen peroxide and leupeptin; Cal-1 
siRNA= Calpain-1 siRNA; H2O2 + Cal-1 siRNA= Hydrogen peroxide and Calpain-1 
siRNA. 
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Figure 4-26.  Fold change (versus control) of total calpain-1 protein in C2C12 myotubes from 
experiment 3. Values are mean fold change ± SE. *Significantly decreased versus 
CON (P<0.05). CON= Control; H2O2= Hydrogen peroxide; LEU= Leupeptin; H2O2 + 
LEU= Hydrogen peroxide and leupeptin; Cal-1 siRNA= Calpain-1 siRNA; H2O2 + 
Cal-1 siRNA= Hydrogen peroxide and Calpain-1 siRNA. 
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Figure 4-27.  Fold change (versus control) of cleaved calpain-1 protein in C2C12 myotubes from 

experiment 3. Values are mean fold change ± SE. *Significantly different versus CON 
(P<0.05). #Significantly decreased versus H2O2 (P<0.05). CON= Control; H2O2= 
Hydrogen peroxide; LEU= Leupeptin; H2O2 + LEU= Hydrogen peroxide and 
leupeptin; Cal-1 siRNA= Calpain-1 siRNA; H2O2 + Cal-1 siRNA= Hydrogen 
peroxide and Calpain-1 siRNA. 
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Figure 4-28.  Fold change (versus control) of total calpain-2 protein in C2C12 myotubes from 
experiment 3. Values are mean fold change ± SE. CON= Control; H2O2= Hydrogen 
peroxide; LEU= Leupeptin; H2O2 + LEU= Hydrogen peroxide and leupeptin; Cal-1 
siRNA= Calpain-1 siRNA; H2O2 + Cal-1 siRNA= Hydrogen peroxide and Calpain-1 
siRNA. 
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Figure 4-29.  Fold change (versus control) of total α-II spectrin protein (250 kDa) in C2C12 

myotubes from experiment 3. Values are mean fold change ± SE. CON= Control; 
H2O2= Hydrogen peroxide; LEU= Leupeptin; H2O2 + LEU= Hydrogen peroxide and 
leupeptin; Cal-1 siRNA= Calpain-1 siRNA; H2O2 + Cal-1 siRNA= Hydrogen 
peroxide and Calpain-1 siRNA. 

 

 

 

 

 

 

 

 

 

 

 

 83



 

 84

 

Figure 4-30.  Fold change (versus control) of calpain-specific cleaved α-II spectrin protein (145 
kDa) in C2C12 myotubes from experiment 3. Values are mean fold change ± SE. 
*Significantly increased versus CON (P<0.01). #Significantly decreased versus H2O2 
(P<0.01). CON= Control; H2O2= Hydrogen peroxide; LEU= Leupeptin; H2O2 + 
LEU= Hydrogen peroxide and leupeptin; Cal-1 siRNA= Calpain-1 siRNA; H2O2 + 
Cal-1 siRNA= Hydrogen peroxide and Calpain-1 siRNA. 

 

 

 

 

 



 

CHAPTER 5 
DISCUSSION 

Overview of Principal Findings 

These experiments provide new and important information regarding the impact of the XO 

pathway on oxidant production in the diaphragm during prolonged MV.  We tested the 

hypothesis that XO inhibition would attenuate MV-induced diaphragmatic oxidative stress and 

contractile dysfunction.  Our findings support this postulate as MV resulted in the up-regulation 

of diaphragmatic XO activity and XO inhibition attenuated some of the MV-induced oxidative 

stress and contractile dysfunction that is normally observed in the diaphragm.  We also predicted 

that the administration of an exogenous antioxidant during MV would maintain redox balance in 

the diaphragm and retard XO activation via the reversible conversion of XDH to XO.  However, 

our results did not support this postulate as Trolox administration failed to attenuate the MV-

induced increase in XO activity and uric acid formation in the diaphragm.  Finally, to investigate 

the activation mechanism(s) of XO in skeletal muscle, we utilized a myogenic cell line to 

examine the effect of a ROS challenge on XO activation in skeletal muscle myotubes.  Our 

results indicate that hydrogen peroxide treatment of C2C12s results in the irreversible proteolytic 

conversion of XDH to XO.  Furthermore, calpain-1 specifically does not play a role in the 

irreversible proteolytic conversion of XDH to XO in skeletal muscle myotubes.  A detailed 

discussion providing an interpretation of our experiments follows in the subsequent sections. 

Mechanical Ventilation-induced Induction of XO Activity 

The xanthine oxidoreductase (XOR) family, which consists of xanthine dehydrogenase 

(XDH) and xanthine oxidase (XO), is present in almost all mammalian tissues.  The enzyme 

catalyzes the breakdown of hypoxanthine and xanthine to urate.  Importantly, the oxidase form 

of XOR, xanthine oxidase, produces superoxide in the catabolism of the purine substrates to uric 
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acid.  Therefore, the XO pathway is one of the major sources of free radicals in biological 

systems.  To examine the XO pathway during MV, we measured both XDH and XO activities in 

the diaphragm.  Our findings show that diaphragmatic XO activity is increased during MV as 

shown by the increase in XO enzymatic activity and XO protein expression (130 kDa band) in 

the diaphragm.  Moreover, hypoxanthine and xanthine, substrates for XO, were depleted in the 

diaphragms of our ventilated animals while uric acid, an end product of enzymatic activity, was 

significantly elevated.   

Interestingly, prolonged (18 hrs) MV resulted in a pronounced increase in the 150 kDa 

band of XOR along with a concomitant increase in total XOR activity in the diaphragm.  This 

may have been the result of an increase in XOR protein synthesis and/or a decrease in XOR 

protein degradation during prolonged MV.  However, these experiments do not reveal the exact 

mechanism for increased XOR protein expression during prolonged MV. 

Pharmacological inhibition of XO via oxypurinol administration attenuated the MV-

induced induction of diaphragmatic XO activity and uric acid formation.  As expected, 

oxypurinol administration had no effect on the protein levels of XO (130 kDa band of XOR) in 

the diaphragm but interestingly increased the induction of the 150 kDa band of XOR following 

ventilation.  Consequently, XO inhibition during MV may produce a feedback system in which 

the diaphragm muscle produces more XOR protein to overcompensate for the pharmacological-

induced inhibition of enzymatic activity.  Overall, the MV-induced induction of diaphragmatic 

XO activity was abolished with oxypurinol administration.   
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XO Inhibition during MV Attenuates Diaphragmatic Oxidative Stress and Contractile 

Dysfunction 

Previous work from our laboratory has revealed that MV promotes diaphragmatic 

oxidative injury and contractile dysfunction (12, 20, 31, 80, 81, 98, 108, 110, 122, 132).  

Therefore, we postulated that if diaphragmatic XO activity was induced during MV, XO-

mediated oxidant production would contribute to the MV-induced diaphragmatic oxidative stress 

and contractile dysfunction that is normally observed.  First, we confirmed our earlier reports by 

showing that our MV animals exhibited an increased level of oxidant production in the 

diaphragm when compared with control as both protein oxidation and lipid peroxidation 

increased with MV.  However, for the first time we have shown that XO inhibition significantly 

reduces protein oxidation and lipid peroxidation in the diaphragm during MV.  While oxypurinol 

administration did not completely attenuate MV-induced protein oxidation in the diaphragm, 

oxypurinol significantly blunted the appearance of 4-hydroxynonenal modified proteins.   

The failure of oxypurinol to completely prevent oxidative stress in the diaphragm during 

MV does not appear to be due to an ineffective dose of oxypurinol.  Indeed, it has been reported 

that, oral oxypurinol treatment of 50 mg/kg/day for 2 days, provides an extracellular fluid 

concentration of 10 µM oxypurinol and that this concentration is sufficient to cause a >80% 

inhibition of XO activity without a scavenging effect (134).  Thus our findings indicate that our 

dose of oxypurinol effectively inhibited purine substrate binding and prevented the enzyme from 

catalyzing the conversion of the substrates into superoxide and uric acid.  The observation that 

oxypurinol only inhibited some of the oxidative stress in the diaphragm during MV supports our 

hypothesis that XO plays a role in the production of ROS in the diaphragm during MV but 

suggests that XO is not the only source of ROS in the diaphragm. 
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 Based upon our finding that XO inhibition was associated with decreased oxidative stress 

in the diaphragm, we anticipated that XO inhibition would significantly attenuate the contractile 

dysfunction that is normally observed with MV.  Our results support this notion as XO inhibition 

attenuated the decrease in diaphragmatic specific force at stimulation frequencies above 60 hertz.  

This result is in agreement with Matuszczak and colleagues who found that XO inhibition via 

allopurinol lessened contractile dysfunction of skeletal muscle caused by prolonged unloading 

(78).   

The fact that oxypurinol administration during MV attenuated both diaphragmatic XO 

activity levels and improved contractile function suggests that free radical damage contributed to 

the contractile dysfunction.  In particular, oxidative modification of myosin and/or actin is a 

potential cause of mechanical dysfunction given their critical role in the contractile machinery.  

The observation that oxypurinol therapy improved isometric twitch force and shifted the force-

frequency curve toward control suggests a direct effect of oxypurinol in attenuating contractile 

protein oxidation.  A similar finding was noted recently by Kogler et al. who found that 

oxypurinol enhanced cardiac muscle twitch tension in spontaneously hypertensive, heart failure-

prone rats without alterations in intracellular calcium amplitudes (59).   

While XO inhibition prevented some of the decrease in diaphragmatic dysfunction, it did 

not completely restore contractile function to control.  The partial protection of contractile 

function with XO inhibition may be due to ROS generation from additional pathways.  In our 

MV model, XO may work in conjunction with other oxidant producing pathways (i.e., heme-

oxygenase-1 and mitochondria) in the diaphragm to generate free radicals.  This theory is logical 

given that oxypurinol only inhibits XO activity and does not inhibit ROS production from other 

oxidant producing pathways and the fact that the MV-induced oxidative stress was not 
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completely restored with XO inhibition.  Accordingly, ROS generation from another pathway 

could theoretically contribute to both the MV-induced oxidative stress and contractile 

dysfunction that is observed in the diaphragm that is not restored with XO inhibition. 

Antioxidant Administration during MV Fails to Attenuate XO Activation 

Mammalian XORs (XDH & XO) catalyze the hydroxylation of hypoxanthine and 

xanthine at the molybdenum center of the enzyme and reducing equivalents thus introduced into 

the enzymes are transferred via two iron sulfur centers to flavin adenine dinucleotide (FAD), 

where the reduction of NAD+ or molecular oxygen occurs (60).  These enzymes are synthesized 

as the dehydrogenase form (XDH) but can be readily converted to the oxidase form (XO) 

reversibly by oxidation of sulfhydryl residues or irreversibly by proteolysis (2, 22, 91, 114).  

During the reversible XDH to XO conversion, oxidation of cysteines residues on XDH results in 

the displacement of an active loop around FAD.  The displacement of this loop blocks the 

approach of the pyridine ring of the NAD+ substrate to the isoalloxazine ring of the enzymes 

cofactor and changes the electrostatic environment around FAD.  Thus the movement of the 

active loop causes the reversible conversion of XDH to XO (27).  Therefore, the reversible 

conversion of XDH to XO via the oxidation of cysteine residues on XOR changes enzymatic 

function but does not change the enzymes molecular weight.  Hence, it is feasible that during 

MV XO activity may be up-regulated via the oxidation of XDH to XO.  Once again, pathways 

other than XO may generate ROS during MV and the oxidants from one of those pathways may 

be responsible for the reversible activation of XO.  

In an attempt to understand the reversible conversion mechanism by which XO activity 

maybe increased in the diaphragm during MV, we used the pharmacological agent Trolox to 

maintain redox balance.  Trolox is a water soluble Vitamin E analog that has been shown to 
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reduce MV-induced oxidative stress and contractile dysfunction (12, 80, 81).  So initially, we 

confirmed our earlier reports by showing that Trolox administration effectively attenuated both 

protein oxidation and lipid peroxidation in the diaphragm during MV.  Second, we demonstrated 

the ability of Trolox to attenuate all of the contractile dysfunction that is normally observed with 

12 hours of MV.  As a result, our use of Trolox as a means to restore redox balance in the 

diaphragm was achieved in this experiment. 

Because Trolox administration attenuated the MV-induced oxidative stress in the 

diaphragm, we hypothesized that the MV-induced induction of XO activity would be blunted by 

the elimination of the reversible conversion of XDH to XO via oxidation.  However, Trolox 

administration during MV failed to attenuate either the increase in XO activity in the diaphragm 

during MV or the increase in uric acid formation.  Furthermore neither the levels of 

hypoxanthine or xanthine were changed in the animals treated with Trolox.  Hence, the 

restoration of redox balance with Trolox does not affect the increase in diaphragmatic XO 

activity during MV. 

It is important to note that our MV duration may not have been adequate to examine the 

reversible conversion of XDH to XO in the diaphragm.  Specifically, the irreversible proteolytic 

processing of XDH results in the cleavage of a 15-20 kDa fragment from the enzyme resulting in 

the appearance of the active 130 kDa band of XOR (22, 130).  During this conversion, the active 

loop around FAD is moved resulting in an electrostatic environment that favors the use of only 

molecular oxygen in the reduction of the purine substrates.  Importantly, this proteolytic process 

is believed to occur subsequent to the reversible conversion (14, 83).  Because the irreversible 

proteolytic conversion of XDH to XO is present in the diaphragm during MV, as demonstrated 

by the increase in diaphragmatic XO activity along with the induction of the 130 kDa band of 
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XOR, we may have missed the reversible conversion of XDH to XO in our model because our 

ventilation was too long.  Perhaps the reversible conversion of XDH to XO in the diaphragm 

would be adequately observed following 3 or 6 hours of MV. 

Hydrogen Peroxide Activates XO in Myotubes 

Oxidant challenges (H2O2) to C2C12 myotubes can induce oxidative stress and proteolysis 

(74, 116).  In addition, hydrogen peroxide has been shown to modulate the reversible conversion 

of XDH to XO in non-muscle cell lines (85).  Therefore, as a means of providing a controlled in 

vitro environment to study the activation mechanism(s) of XO with a H2O2 challenge, we 

included a myogenic cell culture model in our experiments.  Specifically, we tested the 

hypothesis that exposure of skeletal muscle myotubes to hydrogen peroxide (100 µM) would 

increase XO activity via the oxidative modification of XDH to XO.  Our results indicate that 

hydrogen peroxide increases the proteolytic conversion of XDH to XO via the induction of the 

active form of XO protein (130 kDa band) in conjunction with increases in XO activity.  These 

results are similar to our in vivo results whereby XO activity was increased in the diaphragms of 

our MV animals.  While indicating that the irreversible process is increased in our in vitro model, 

these results fail to specifically identify the protease responsible for the induction of the 130 kDa 

band of XOR.  

  Knowing that hydrogen peroxide increases calpain activity in our C2C12 cell line, we 

inhibited calpain activity in our cell culture experiments using both leupeptin and short 

interference RNA (siRNA) to focus solely on the oxidative challenge presented by hydrogen 

peroxide treatment.  Leupeptin is an inhibitor of lysosomal thiol proteases and calcium-activated 

proteases (77).  Specifically, leupeptin inhibits papain, cathepsin B, endoproteinase Lys-C, and 

calpain.  Interestingly, we found that when cells were treated with both hydrogen peroxide and 
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leupeptin, the hydrogen peroxide-induced increases in both XO activity and protein expression 

were significantly attenuated, suggesting that the irreversible proteolytic conversion of XDH to 

XO in skeletal muscle myotubes with a ROS challenge (H2O2) involves either a lysosomal or 

calpain protease.  

Short interference RNA (siRNA) for calpain-1 was also used to inhibit the hydrogen 

peroxide-induced increase in calpain activity in our C2C12 cell line.  siRNA is used to interfere 

with the expression of the calpain-1 gene.  We found that cells treated with both hydrogen 

peroxide and siRNA for calpain-1 exhibited the same increase in the 130 kDa band of XOR in 

concomitant with an increase in XO activity as cells treated with only hydrogen peroxide, 

proving that the irreversible conversion of XDH to XO via a ROS challenge does not involve 

calpain-1 activation.  

Our cell culture results coincide with work by McNally et al. who found that H2O2 

markedly enhances the irreversible conversion of XDH to XO in endothelial cells (85).  In 

addition, with respect to MV, our cell culture experiments shed light on the observation that 

leupeptin can inhibit ventilator-induced diaphragm dysfunction in rats (77).  Perhaps leupeptin 

prevents the induction of XO activity in the in vivo MV model and prevents XO-mediated ROS 

production.   However, our results do not agree with a study performed on human liver by 

Saksela et al (102).  While these researchers suggest that excess intracellular calcium is involved 

in the XDH to XO conversion in human liver, they predict that a mitochondrial protease is 

responsible for the proteolytic cleavage of XDH to XO.  In an ischemia-reperfusion model, they 

theorized that an intracellular calcium influx produced by reperfusion would damage the 

mitochondria resulting in the opening of the mitochondrial permeability transition pore and result 

in the release of mitochondrial proteins into the cytoplasm (102).  While these researchers failed 
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to identify the specific mitochondrial protease, a study by Sitte et al. recently characterized a 

mitochondrial intermembrane protease isolated from rat liver that is significantly inhibited by 

leupeptin (111).  Additional work is required to determine if a mitochondrial protease is 

responsible for activation of XO in myotubes exposed to a ROS challenge. 

Conclusions and Future Directions 

This study provides the first in vivo evidence that diaphragmatic XO activity contributes to 

MV-induced oxidative stress and contractile dysfunction.  Specifically, these results demonstrate 

that XO inhibition attenuates MV-induced oxidative stress and eliminates some of the contractile 

dysfunction that is normally observed with MV.  Furthermore, XO is up-regulated in the 

diaphragm by the irreversible proteolytic cleavage of XDH to XO during MV.  Finally, the 

irreversible conversion of XDH to XO in skeletal muscle myotubes induced by a ROS challenge 

(H2O2) is a calpain-1-independent process.  Collectively, these are novel and important findings.  

In fact, prior to the current experiments, the question of whether XO contributes to MV-induced 

oxidative damage in the diaphragm remained unknown.  Our results clearly indicate that XO-

mediated production of superoxide is involved in MV-induced diaphragmatic oxidative stress 

and contractile dysfunction.  Moreover, our findings suggest that pharmacological inhibition of 

XO activity could be a potential therapeutic strategy to retard MV-induced oxidative stress and 

contractile dysfunction in the diaphragm during prolonged MV. This is clinically significant 

because MV-induced diaphragmatic weakness plays an important role in weaning difficulties 

following MV.   

Future studies should focus on elucidating the protease that is responsible for the 

proteolytic cleavage of XDH to XO in skeletal muscle and effectively determine if the reversible 

conversion of XDH to XO via oxidation is an essential first step in the activation of XO activity 

in skeletal muscle under conditions of disuse.  A complete understanding of these two important 
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issues is essential to fully understand the XO pathway in skeletal muscle.  Specifically, the 

complete understanding of the XO pathway in the diaphragm during MV will be beneficial in the 

development of effective and safe countermeasures for preventing respiratory muscle weakness 

during prolonged MV.  The development of a therapeutic strategy to retard MV-induced 

diaphragmatic oxidative damage and weakness would likely result in the maintenance of 

adequate inspiratory muscle function and result in higher weaning success rates.
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