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ABSTRACT

Nitric oxide (NO) and reactive oxygen species (ROS) are constitutively synthesized

in skeletal muscle, and they are produced in large quantities during active

inflammatory processes such as in sepsis. These molecules modulate skeletal muscle

contractility in both normal and septic muscles. Modification of tyrosine residues and

formation of 3-nitrotyrosine is the most commonly studied covalent modification of

proteins attributed to NO. Heme oxygenases (HOs), the rate limiting enzymes in

heme catabolism, have been shown to exert protective effects against oxidative stress

in several type tissues. We evaluated the involvement of NO synthases (NOS) and

HOs in nitrosative and oxidative stresses in sepsis-induced diaphragmatic contractile

dysfunction. Sepsis was elicited by injecting rats and transgenic mice deficient in

either inducible (iNOS), neuronal (nNOS), or endothelial (eNOS) with 20 mg/Kg

Escherichia Coli lipopolysaccharide (LPS). Peroxynitrite formation (near diffusion-

limited reaction between NO and O2
-) was monitored by measuring nitrotyrosine

immunoreactivity with selective antibodies. Three indirect indices of oxidative stress

were also used to detect protein oxidation (carbonyl groups), lipid peroxidation

(hydroxynonenal protein adducts), and muscular glutathione concentrations. HO

expression was evaluated using anti-HO-1 and –HO-2 antibodies. Rats were also

injected with a selective inhibitor of HO activity (Chromium Mesoporphyrin IX) and

diaphragmatic contractility studies were conducted to assess the biological

significance of these enzymes. We mostly found that protein tyrosine nitration occurs

in normal muscle fibers and is mainly localized within the cytosol, whereas the

sepsis-mediated increase in protein tyrosine nitration is limited to both the

mitochondrial and membrane muscle fractions. Protein tyrosine nitration is limited to

protein bands ranging in apparent molecular mass between 66 and 10 KDa. Systemic

inhibition of HO activity led to an increase in muscle protein oxidation and lipid

peroxidation, and to a substantial decline in diaphragmatic force generation under

both normal and septic conditions. The iNOS isoform plays a major role in protein

tyrosine nitration in both normal and septic muscles, but it does not modulate HO

expression. We conclude from these findings that nitrosative stress occurs in normal

skeletal muscle, and sepsis elicits an increase in muscle protein tyrosine nitration.

HOs protect muscle contractile machinery from the deleterious effects of ROS in

skeletal muscle under both normal and septic conditions.
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RESUM

L’òxid nítric (NO) i les espècies oxigenades reactives (ROS) se sintetitzen

constitutivament en el múscul esquelètic, i es produeixen abundantment durant

processos actius inflamatoris, com ara la sepsi. Aquestes molècules regulen la

contracció del múscul normal i del sèptic. D´entre les modificacions moleculars

atribuïbles al NO, la més estudiada és la nitrificació de l´aminoàcid tirosina i

conseqüent formació de 3-nitrotirosina. Les hemo-oxigenases (HOs), enzims

limitants del catabolisme del grup hemo, tenen efectes protectors a nivell cel·lular

davant de l'estrès oxidatiu. En aquest estudi es va avaluar el paper de les sintetases

del NO (NOS) i de les HOs sobre la formació de radicals nitrificants i oxidants en la

disfunció muscular contràctil induïda per la sepsi. La sepsi es va induir mitjançant la

injecció de 20 mg/kg del lipolisacàrid (LPS) d´Escherichia Coli a rates, i a ratolins

deficients en les isoformes de les NOS induïble (iNOS knockout mice), neuronal,

(nNOS) i endotelial (eNOS). La medició de la immunoreactivitat de la 3-nitrotirosina

amb anticossos específics es va utilitzar com a mesura indirecta de la formació de

peroxinitrit (reacció entre el NO i l´anió superòxid O2
-). Es van mesurar l´oxidació

proteica (grups carbonil), la peroxidació lipídica (conjugats proteics hidroxinonenals)

i les concentracions musculars de glutation com a índexs indirectes d’estrès oxidatiu.

Les expressions proteiques de les HOs es van determinar mitjançant anticossos anti-

HO-1 i  –HO-2. Es va administrar a alguns grups de rates un inhibidor selectiu de

l´activitat de les HOs i es van fer estudis de contractilitat per avaluar el significat

biològic d´aquests enzims en el múscul normal i sèptic. Els resultats més  importants

d´aquests estudis són el fet que el procés de nitrificació de proteïnes és abundant en

el múscul normal, aquestes proteïnes es localitzen fonamentalment en la fracció

citosòlica i tenen uns pesos moleculars aparents entre 10 i 66 KDa. L´increment de

proteïnes nitrificades induït per la sepsi està limitat a les fraccions mitocondrial i de

membrana. La inhibició sistèmica de l´activitat de les HOs dóna lloc a un increment

de l´oxidació proteica, de la peroxidació lipídica i a un descens substancial de la

força de contracció diafragmàtica. S´ha demostrat que la isoforma iNOS juga un

paper fonamental en la nitrificació de proteïnes en el múscul normal i en la sepsi,

sense regular l´expressió de les HOs. Concloem que el fenomen d´estrès

“nitrificatiu” és present en el múscul normal i que la sepsi indueix un augment de

proteïnes nitrificades. Les HOs protegirien l´aparell contràctil muscular dels efectes

deleteris de les ROS tant en el múscul normal com en el sèptic.
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RESUMEN

El óxido nítrico (NO) y las especies oxigenadas reactivas (ROS) se sintetizan

constitutivamente en el músculo esquelético, y son producidas abundantemente en

procesos activos inflamatorios, como la sepsis. Esta moléculas regulan el proceso de

contracción del músculo normal y séptico. De entre las modificaciones moleculares

atribuibles al NO, la más estudiada es la nitrificación del aminoácido tirosina y

consecuente formación de 3-nitrotirosina. Las hemo-oxigenasas (HOs), enzimas

limitantes del catabolismo del grupo hemo, tienen efectos protectores a nivel celular

frente al estrés oxidativo. Evaluamos el papel de las sintetasas del NO (NOS) y de las

HOs sobre la formación de radicales nitrificantes y oxidantes en la disfunción

muscular contráctil inducida por la sepsis. La sepsis se indujo mediante inyección de

20 mg/kg del lipopolisacárido de Escherichia Coli a ratas y a ratones deficientes en

las isoformas de las NOS inducible (iNOS knockout mice), neuronal (nNOS), y

endotelial (eNOS). La medición de la inmunoreactividad de 3-nitrotirosina se utilizó

como medida indirecta de la formación de peroxinitritito (reacción entre el NO y el

anión superóxido O2
-). Se midieron la oxidación proteica (grupos carbonilo), la

peroxidación lipídica (conjugados proteicos hidroxinonenales) y las concentraciones

musculares de glutation, como índices indirectos de estrés oxidativo. Las expresiones

proteicas de las HOs se determinaron mediante anticuerpos anti-HO-1 y  –HO-2. Se

administró un inhibidor selectivo de la actividad de las HOs a algunos grupos de

ratas y se hicieron estudios de contractilidad para la evaluación de su significado

biológico en el músculo normal y séptico. Los resultados más importantes son que el

proceso de nitrificación de proteínas es abundante en el músculo normal, que estas

proteínas se localizan en la fracción citosólica, y que tienen unos pesos moleculares

aparentes entre 10 y 66 KDa. El incremento de proteínas nitrificadas inducido por la

sepsis está limitado a las fracciones mitocondrial y de membrana. La inhibición

sistémica de la actividad de las HOs dio lugar a un incremento de la oxidación

proteica, de la peroxidación lipídica y a un descenso substancial de la fuerza de

contracción diafragmática. Se ha demostrado que la isoforma iNOS juega un papel

importante en la nitrificación de proteínas en el músculo normal y en la sepsis, sin

regular la expresión de las HOs. Concluimos que el fenómeno de estrés

“nitrificativo” está presente en el músculo normal, y que la sepsis induce un aumento

de  proteínas nitrificadas. Las HOs protegerían el aparato contráctil muscular de los

efectos deletéreos de las ROS tanto en el músculo normal como en el séptico.
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PREFACE

The research work presented herein as a doctoral thesis consists of many

different experiments which have entirely been carried out in the Critical Care

Division of the Royal Victoria Hospital, at McGill University, Montreal, Quebec,

Canada, under the direct supervision of Dr. Sabah N.A. Hussain.

May the reader take note that I have chosen to present this thesis in a

manuscript-based format, where it has been included the text of two full papers. The

first paper entitled: “Protein  tyrosine nitration in the ventilatory muscles: Role of

nitric oxide synthases” is presented in its galley proof version. It will be shortly

published in the American Journal of Respiratory Cell and Molecular Biology. The

second paper entitled: “Role of heme oxygenases in sepsis-induced diaphragmatic

contractile dysfunction and oxidative stress” has recently been accepted for

publication in the American Journal of Physiology (Lung Section). I have chosen to

present the second paper in the corresponding journal format for the better

understanding and comprehension of the data. The letters of acceptance of these

two papers are included at the end of the thesis within the Addendum section. The

present thesis consists of these two papers along with several chapters which

consolidate the final presentation of this work. In this regard, a general introduction

chapter has been written to provide the necessary information to better understand

the papers. Hypotheses and objectives are as well included within this introduction.

It is also provided another chapter summarizing the most general methods used

within the two papers. Finally, both a general discussion of the two papers and a list

of the most important conclusions has also been prepared for this thesis. Short
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abstracts written in English, Catalan, and Spanish appear as the first pages of this

section.

May the reader take note that the two research papers are presented as

numbered pages independently of the rest of the text. They have been included in a

separate section which do not follow the numbering of the remaining thesis chapters.

Several investigators have contributed to the preparation of the papers

aforementioned. By order of citation:

 Dr A.S. Comtois has actively participated in several animal experiments,

including diaphragmatic contractility studies, and has provided scientific guidance in

the organization of the manuscripts.

 Dr J. Gea  has strongly participated in the evaluation of the results and has also

provided scientific advice in the preparation of the manuscripts.

Dr. V. Laubach has been directly involved in the prepraration of the knockout

mouse experiments.

Dr S.N.A. Hussain has been my supervisor during my stage in Montreal.

Throughout these two years he has extended continuous supervision of my

experimental work. He has also offered wide scientific contribution to the

development of the current thesis, in Barcelona.

Dr L. Lands and S. Mohammed have been entirely responsible for the

determination and evaluation of glutathione measurements.

As concerns my contribution to the work presented herein, I am responsible for

all the experimental work described except for the glutathione measurements and

part of the contractility studies.
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ABBREVIATIONS

Listed below only the abbreviations most frequently used throughout the text.

LPS: lipolysaccharide

E. Coli : Escherichia Coli

TNF- αααα: tumor necrosis factor-α

IL-1: interleukin-1

ROS: reactive oxygen species

NO: nitric oxide

SOD: superoxide dismutase

MnSOD : manganese SOD

CuZnSOD: copper-zinc SOD

NADPH: nicotinamide adenine dinucleotide phosphate hydrogen

BH4: tetrahydrobiopterin

NOS: nitric oxide synthase-s

nNOS: neuronal nitric oxide synthase

iNOS: inducible nitric oxide synthase

eNOS: endothelial nitric oxide synthase

PEG-SOD: Polyethylen glycol-adsorbed-SOD

HOs: heme oxygenase-s

cGMP: cyclic guanylate monophosphate

CrMSPIX : chromium (III) mesoporphyrin IX

SDS: sodium dodecylsulfate

PVDF: polyvinylidene difluoride

HNE: hydroxynonenal

BSA: bovine serum albumin

SSA: sulfosalicylic acid

CO: carbon monoxide
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INTRODUCTION

Respiratory muscles are striated muscles that are under both voluntary and

involuntary control, and have to overcome elastic and resistive loads. Their resting

lenght is established by the balance between the inward recoil forces of the lung and

the outward recoil forces of the chest wall1,2. The function of the respiratory muscles

is essential to life, since they have to generate the required forces for ventilation

throughout the existence of the individual.

Sepsis is usually defined as the systemic response to serious infection,

including several clinical manifestations such as fever, tachycardia, tachypnea,

leukocytosis, and a localized site of infection. When hypotension or multiple organ

failure occurs as a consequence of this syndrome the condition is called septic

shock3. The cardiovascular response observed in septic shock in humans is divided

into two hemodynamic phases, which include an initial hyperdynamic phase

manifested by hypotension, a significant rise in cardiac output, and a decline in total

cardiovascular resistance. Conversely, the late hypodynamic phase is associated with

severe hypotension, low cardiac output, and a significant rise in peripheral vascular

resistance.

The incidence of both sepsis and septic shock has considerably increased in the

last 70 years, and it represents the most common cause of death in the intensive care

units3. Gram-negative bacteria constitutes by far the most frequent etiology of all the

septic shock syndromes. Endotoxin is the distinctive lipolysaccharide (LPS)

associated with the cell membrane of gram-negative organisms, and it represents the

classic example of an initiator of the septic shock pathogenetic cascade3. The
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endotoxin molecule consists of an inner oligosaccharide core which shares

similarities among common gram-negative bacteria, an outer core with a series of

oligosaccharides that are antigenically and structurally diverse, and a core lipid A

that is highly conserved across bacterial species3. Interestingly, the administration of

endotoxin to experimental animals results in a cardiovascular response very

comparable to that described in patients with septic shock. A cardiovascular response

similar to that of spontaneous sepsis, in addition to fever and mild constitutional

symptoms was also observed after the administration of a very small dose of purified

endotoxin to normal humans.

Respiratory insufficiency is currently considered to be the most important

cause of death in patients with septic shock4. Although respiratory failure has

traditionally been attributed to lung injury in sepsis, there is now growing evidence

that septic shock is also associated with ventilatory pump failure. In this regard,

sepsis-induced respiratory muscle failure has been the focus of many recent studies.

Burke et al5 already described in 1963 that hypercapnic respiratory failure occurred

in patients with  fulminating septic shock in the presence of normal PaO2. Several

years later it was shown clinical and electromyographic evidence of diaphragmatic

contractile failure in patients with severe sepsis who could not be weaned from

mechanical ventilation6. This observation was based on the concept previously

described by Friman7 who reported that both maximum force and endurance capacity

of various limb muscles significantly declined during acute infections in humans.
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Numerous experimental animal studies conducted in the last two decades have

also provided great evidence of the existence of an association between septic shock

and depressed contractile performance of both limb and ventilatory muscles. Sepsis

and/or septic shock in these studies has been induced by the administration of either

live microorganisms or bacterial endotoxin to experimental animals, which results in

cardiovascular features similar to those observed in the hypodynamic phase of

human septic shock. In this regard, Hussain et al8 were the first to report that

ventilatory failure of Escherichia Coli (E. Coli) endotoxic shock in dogs over several

hours was due to fatigue of the respiratory muscles, finally leading to hypercapnic

respiratory failure. Several years later other studies confirmed these findings as well.

Leon et al9 reported that acute E. Coli endotoxemia reduced diaphragm force in

response only to high frequency stimulation in mechanically ventilated rats. The

same group of investigators also demonstrated a decline in diaphragmatic force in

response to only high frequency stimulation, in this case, after 3 days of endotoxemia

in rats10. Shindoh et al11, however, after the same observation time period showed a

decrease in diaphragmatic force over a wide range of stimulation frequencies in

septic hamsters. Though, both groups of investigators concluded that prolonged

endotoxemia induced a decline in diaphragmatic endurance in both experimental

animals10,11. Most recently, it was shown12 that peritonitis caused diaphragm

weakness in rats, leading to the concept that humans with peritonitis may be as well

predisposed to respiratory muscle dysfunction12.

The factors involved in the respiratory muscle dysfunction can be divided into

two categories. On one hand, one group of factors are the consequence of an

imbalance between increased ventilatory muscle demands, due to augmentation of
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ventilation, plus hypoxemia and increased pulmonary resistances, and poor both

muscle oxygen and metabolite extraction. On the other hand, mediators of muscle

dysfunction include specific cellular, metabolic, and immune deficiencies that

interfere with a number of processes necessary for normal force generation4. These

defects are mediated by complex interactions between several local and systemic

mediators which, together, contribute to the respiratory muscle dysfunction described

in sepsis. These mediators are discussed in the following paragraphs.

On one hand, although there is no clear evidence showing their direct impact

on muscle function, bacterial endotoxins have been proposed to directly act on

skeletal muscles, leading to a sequence of events which ultimately would precipitate

muscle failure.

On the other hand, endotoxin has also been proposed to alter arachidonic acid

metabolism, leading to release of prostaglandins such as prostacyclin and

thromboxane A2
4. Pre-injection of chronic endotoxemic rats with indomethacin

(cyclooxygenase inhibitor) abrogated both the decline in diaphragmatic force

generating capacity and prolongation of twitch relaxation time10. In line with this,

Murphy et al13 showed similar results during acute bacteremia in piglets.

Interestingly, in this study the use of an analogue of thromboxane A2 elicited

comparable changes in diaphragmatic force similar to those described in acute

endotoxemia.

Furthermore, it is well known that endotoxin can stimulate monocytes,

macrophages, and mast cells to produce tumor necrosis factor alpha (TNF-α),
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interleukin-1 (IL-1), and other cytokines. Among them, TNF-α is considered to be a

central mediator of immune and inflammatory responses, thus, it has been the focus

of several experimental studies. In this regard, Wilcox et al14 reported that 3 hours

after systemic infusion of TNF-α was associated with decreased both diaphragmatic

pressure and shortening in response to artificial phrenic nerve stimulation, compared

to control animals. In line with this, in another study TNF-α messenger RNA was

shown to increase in the rat diaphragms after 3 hours of endotoxin administration.

Moreover, they also observed that endotoxin-induced diaphragmatic

hypocontractility was partially reversed by pre-treating the animals with anti-TNF-α

antibodies. These findings led to the idea that TNF-α must play a major role in

sepsis-induced muscle contractile dysfunction. Though, the mechanisms whereby

TNF-α act on skeletal muscle are not very clear yet. Indeed, it is very likely that this

cytokine acts by inducing secondary messenger molecules such as reactive oxygen

species (ROS) and nitric oxide (NO). To some extent, the study of their action

mechanisms in skeletal muscle constitutes the main goals of this research work.

NO is a multifunctional molecule that participates in numerous biological

processes in almost all aspects of life, including vasodilatation, bronchodilation,

neurotransmission, inhibition of both phagocyte and  platelet aggregation, and

antimicrobial activity15-17. NO is an extremely useful intracellular messenger, since it

does not react rapidly with most biological molecules at the dilute concentrations

produced in vivo. Its biological chemistry can easily be simplified in 3 main

reactions18. First, NO acts as a signalling molecule through binding and activation of

guanylate cyclase18. Second, NO may be destroyed by reaction with oxyhemoglobin

within a red blood cell to form nitrate19. Third, NO can be transformed to
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peroxynitrite (ONOO-) by reaction with superoxide anion (O2
-), which reaction is

usually limited by the micromolar concentrations of superoxide dismutases (SOD) in

cells. Nevertheless, excessive NO production as occurs during active inflammatory-

immune processes, leads to detrimental effects of this molecule on tissues, which

have been attributed to its diffusion-limited reaction with superoxide anion to form

the powerful and toxic oxidant peroxnitrite18. Interestingly, this highly reactive

species is considered to be mostly responsible for the majority of damaging effects of

excessive NO release18. In fact, when the concentration of NO rises to the

micromolar range it may outcompete SOD for reaction with superoxide anion, since

this reaction is 3-fold faster than that of SOD with superoxide. Therefore,

peroxynitrite formation will be the consequence of excessive production of both NO

and superoxide, a condition almost invariably occuring at sites of active

inflammatory processes20.

NO is synthesized from L-arginine by a group of hemoproteins known as NO

synthases (NOS) in the presence of nicotinamide adenine dinucleotide phosphate

hydrogen (NADPH) and tetrahydrobiopterin (BH4)21. Three isoforms have been

identified, two of which are constitutively expressed and were originally purified in

the endothelial cells (eNOS, NOS3), and brain cells (neuronal) (nNOS, NOS1). The

third one, which is an inducible isoform, was initially purified in macrophages

(iNOS, NOS2). The requirements for calcium and calmodulin differ between the

constitutive and the inducible isoforms. Since the inducibility of iNOS is highly

dependent on the stimulus rather than the gene product22, this classification of NOS

as constitutive and inducible isoforms is nowadays not very consistent.
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The isoform nNOS is only localized in the sarcolemma of type II fibers (fast

twitch) of rat skeletal muscles23. Interestingly, the authors of this study also found

that both guanylate cyclase and nNOS activities are coupled (signalling molecule).

Conversely, nNOS isoform does not exhibit a specific fiber type distribution in

human skeletal muscles as shown to be equally distributed in both type I and type II

fibers24,25. Interestingly, the role of nNOS isoform in the pathogenesis of LPS-

induced diaphragmatic contractile dysfunction and sarcolemmal injury has recently

been assessed using mice deficient in the nNOS gene (nNOS knockout mice) by

Comtois et al26. The authors of this study had previously found that sepsis induced

sarcolemmal injury, and NO was shown to be a contributing factor as demonstrated

by administration of NOS inhibitors to the septic animals27. They concluded from the

second study that nNOS isoform may play a protective role in the prevention of LPS-

induced impairment of diaphragmatic force. Nevertheless, this isoform was not a

major factor in the pathogenesis of sarcolemmal injury in septic animals, since

similar degrees were detected in both nNOS knockout and wild type mice.

The isoform eNOS is localized in the mitochondria of rat skeletal muscles,

without exhibiting a specific fiber type distribution28.

Both iNOS mRNA and iNOS protein levels were undetectable or only

minimally detectable in various normal skeletal muscles of rats and mice29-32.

Nevertheless, Gath et al33 demonstrated the expression of this isoform in normal

skeletal muscles from specific pathogen-free guinea pigs at the mRNA, protein, and

activity levels, suggesting a “constitutive” expression of this isoform in skeletal

muscle. Muscle iNOS is systemically expressed in response to bacterial
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lipolysaccharide injection in experimental animals, reaching its peak at 12 hours after

the endotoxin administration29-31. Boczkowski et al31 only detected positive iNOS

expression in muscle fibers of rat diaphragms, whereas iNOS expression was found

in rat diaphragms, intercostals, and soleus muscles by Hussain et al29,30. The role of

iNOS isoform in the pathogenesis of LPS-induced diaphragmatic contractile

dysfunction has been recently assessed using mice deficient in the iNOS gene (iNOS

knockout mice)34. The authors of this study concluded that muscle iNOS has a

protective role in attenuating the inhibitory effects of LPS on muscle contractility, as

demonstrated by the worsening of diaphragmatic force in septic diaphragms obtained

from iNOS knockout mice.

In general, the oxidative modifications induced by peroxynitrite and other

reactive nitrogen intermediates include addition or substitution products in which NO

is essentially incorporated into the target molecule (nitrosation and nitration

reactions)20. More irreversible NO-induced modifications, however, include nitration

of aromatic amino acids, lipids, and DNA bases35-37. In this regard, the amino acid

tyrosine appears to be a primarily susceptible target for nitration. Indeed, the

formation of free or protein-associated 3-nitrotyrosine is recently being considered as

a potential biomarker for the generation of reactive nitrogen species in vivo20.

Moreover, there is increasing evidence that nitration of essential tyrosine residues

can either inactivate numerous enzymes or prevent phosphorylation of tyrosine

kinase substrates, leading to the concept that tyrosine nitration might not only be

considered as a marker of nitrosative stress in vivo, but as a direct mediator of the

damaging effects on tissues observed during active inflammatory-immune processes.
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A large number of studies have demonstrated the generation of free radicals in

contracting skeletal muscle of intact animals using indirect indicators of oxidative

stress, such as protein oxidation, lipid peroxidation, and muscle glutathione. Recent

lines of evidence have established ROS-mediated oxidative stress as a cause of

muscle fatigue38. For instance, the antioxidant N-acetylcysteine, which scavenges

superoxide anion, hydroxyl radicals, and hydrogen peroxide, and provides cysteine

for the novo synthesis of glutathione, has been shown to attenuate the development

of muscle fatigue39. Similarly, other free radical scavengers such as SOD, catalase,

and dimethylsulfoxide prevented the rate of development of fatigue of diaphragm

strips in response to electrical stimulation of low frequency40. In this regard, ROS

effects on skeletal muscle function have usually been associated with certain

pathophysiological muscle conditions, such as muscle fatigue following strenuous

exercise, ischemia-reperfusion injury, inflammatory muscle disease, and various

myopathies41.

Recent evidence, however, has proved that endogenous ROS also regulate

contractile function of healthy skeletal muscle42. Indeed, they are produced at a

relatively low rate in resting muscle fibers where appear to be essential for normal

force production, and their levels progressively increase in response to muscle

activation38,40,42. ROS concentration within the muscle fiber is usually kept at

relatively low levels by intracellular antioxidants such as SOD. Interestingly, Reid38

has recently proposed a model of ROS homeostasis including their biphasic effects

on muscle force generation. According to this model, ROS levels in unfatigued

muscle fibers are relatively low and are required for normal force production. Both

twitch and tetanic muscle forces significantly decline when ROS are scavenged in
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these muscles, whereas modest ROS exposure increases force of unfatigued muscle.

Finally, excessive ROS production as occurs during exogenous ROS exposure,

strong muscle contractions or in sepsis results in oxidative stress, which in turn leads

to a decline in muscle force production.

Several studies have demonstrated that sepsis-induced muscle injury is largely

mediated by an increase in ROS levels. In this regard, in two studies the group of

Supinski43,44 were the first to report that free radicals contribute to the diaphragmatic

dysfunction induced induced by systemic endotoxin injection. These authors

concluded that administration of polyethylene glycol-adsorbed-SOD (PEG-SOD)

prevented both malondialdehyde formation (index of free radical-mediated lipid

peroxidation) and contractile dysfunction in septic hamsters. In line with this, Peralta

et al45 demonstrated increased levels of ROS (muscle chemiluminescence) in septic

rat hindlimb muscles. Pre-treatment of animals with SOD attenuated the levels of

ROS. One year later, the same group of investigators46 reported in another study that

oxidative stress occurs early in rats along with both inhibition of active

mitochondrial respiration and inactivation of antioxidant enzymes. Supinski et al47

concluded that endotoxin-induced dysfunction in septic hamsters was not limited to

ventilatory muscles, but also occurred in limb skeletal muscle, while cardiac muscle

appeared to be resistant to it. The same group of investigators48 have also shown that

free radicals reduce the maximal diaphragmatic mitochondrial oxygen consumption

in endotoxin-induced sepsis in rats. Most recently, they have also demonstrated that

free radicals play a central role in altering skeletal muscle contractile protein force-

generating capacity in septic rat diaphragms49. Despite the progress made in the

demonstration of the involvement of ROS in sepsis-induced skeletal muscle
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dysfunction, the potential sources of ROS production and the mechanisms whereby

oxidative stress contributes to this phenomenon are still poorly understood.

The heme molecule is a complex of the transition element iron, linked to the

four nitrogen atoms of a tetrapyrrole macrocycle. It is ubiquitously distributed and of

vital importance in eukaryotes. It functions as the prosthetic moiety of various heme

proteins including: hemoglobin and myoglobin for oxygen transport, various

cytochromes involved in electron transport, energy production and chemical

metabolism, peroxidases and catalases for hydrogen peroxide activation, and many

other enzyme systems50.

Heme oxygenases (HOs), which were originally identified by Tenhunen

et al 51 are the rate limiting enzymes of the initial reaction in the degradation of heme

to yield equimolar quantities of biliverdin, carbon monoxide (CO) and free iron52.

Biliverdin is subsequently converted to bilirubin through the action of biliverdin

reductase, and then free iron is rapidly incorporated into ferritin. Three documented

isoforms (HO-1, HO-2, and HO-3) catalyze this reaction53-55. Although heme still

represents the typical inducer, the 32-kDa HO-1  isoform has been shown to be

induced  by various non-heme products, such as NO56,57, cytokines58, shearstress59,

heavy metals60, endotoxin61,62, hyperoxia63, hydrogen peroxide64, heat shock65 and

many others64. The 36-kDa HO-2 protein is mostly constitutively synthesized

existing predominantly in the central nervous system and testis64, though it may also

be present in other tissues such as skeletal muscle66. Most recently, the 33-kDa HO-3

isoform has been discovered, and it was shown to be present in the spleen, liver,

thymus, prostate, heart, kidney, brain, and testis55. Both HO-1 and HO-2  hold heme
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degrading activity, whereas the catalytic activity exhibited by HO-3 is very poor. The

highest HO activity under physiological conditions has been shown to occur in the

spleen, where senescent erythrocytes are sequestered and destroyed52. Though, this

activity may occur in all systemic organs as well.

As afore-mentioned numerous studies have shown that HO-1 enzyme

activity may also be stimulated by various non-heme products56,58,60,61,64, with the

common capacity to generate ROS production and/or modify glutathione levels52.

The demonstration of the induction of HO-1 by agents causing oxidative stress led to

the notion that HO-1 might have a cytoprotective role against the excess of oxidants.

In this regard, it has been well characterized that several antioxidant enzyme systems

are induced in response to oxidative stress, such as manganese (Mn)SOD, copper-

zinc (CuZn)SOD, and catalases that are in charge of scavenging ROS in order to

maintain cellular homeostasis. Recent evidence, however, shows that transcriptional

regulators such as c-FOS, c-Jun, and NF-κB, as well as other stress-response genes,

for instance HO-1 are up-regulated in response to oxidative stress-induced injury52.

Indeed, HO-1 enzyme is now thought to be part of a more general cellular response

to oxidative stress.

The cellular protective effects of HO-1 have been shown in various in

vivo and in vitro models of tissue injury60,67. Indeed, this protective effect was further

proved by observations made using  both HO-1 protein deficient mouse and human

models. With regard to HO-1 protein deficient mice (HO-1 knockout mice), it was

shown that mouse fetuses lacking the HO-1 gene68,69 did not survive to term, or in

case they did, they were abnormal and died within one year of birth. Additionally,

these mice showed growth retardation, normochromic and microcytic anemia,
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increased blood cellular counts, glomerulonephritis, and evidence of iron deposition

in quite a few organs such as liver, kidneys, and signs of chronic inflammation

represented by hepatoesplenomegaly. HO-1 knockout mice were also more

vulnerable to both death and hepatic necrosis in response to systemic administration

of endotoxin68. Furthermore, HO-1 deficient embryonic fibroblasts showed higher

sensitivity to oxidative stress-induced cytotoxicity, supporting the idea that

expression of HO-1 is essential for both cell viability and optimal maintenance of

cellular free radical levels69. In line with these experimental findings, a patient

suffering from deficient levels of HO-1 enzyme was also reported to exhibit growth

retardation, anemia, leukocytosis, and increased sensitivity to oxidative stress70.

It is now thought that HO-1 regulates cellular homeostasis via its three

major catabolic by-products: CO, bilirubin, and ferritin. CO has been shown to exert

protective effects on cellular homeostasis by activation of guanylate cyclase on the

binding of this molecule to the heme moiety of this enzyme, which in turn will lead

to the formation of cGMP71. This gaseous molecule may also have anti-inflammatory

effects through cGMP formation by inhibiting platelet activation or aggregation and

neutrophil infiltration72,73.  Bilirubin was first reported by Stocker et al74 to have

beneficial effects in the brain as a physiological antioxidant. This molecule is the

major endogenous antioxidant in mammalian tissues, and it accounts for most of the

antioxidant activity of human serum75. Finally, the incorporation of free iron into the

iron storage protein ferritin has also been reported to act as an antioxidant

mechanism64,76.
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Little is known about the presence, distribution and functional

significance of HOs in skeletal muscle fibers. In this regard, several studies have

shown a relationship between muscle contractions and expression of HO-1 enzyme.

For instance, HO-1 mRNA levels were shown to increase after repeated muscle

contractions in rat limb muscle77. The authors concluded that HO-1 induction might

underlie an antioxidant pathway in response to increased levels of ROS usually

generated during strong muscle contractions. Interestingly, in another study it was

shown that hemin-induced HO-1 expression directly correlated with both the content

of red fibers and tissue myoglobin in different rat muscles78. The authors of this

study concluded that HO-1 expression follows a specific fiber-type distribution in

skeletal muscle78. In addition to HO-1 enzyme increased expression in muscle fiber,

it was reported that HO-2 protein is present in satellite cells, vascular endothelial

cells, fibroblasts and extrafusal myofibers either associated with the non-junctional

sarcolemma or within the subsarcolemmal region66 .

As previously mentioned, HO-1 gene is also induced by the

administration of endotoxin. In line with this, an increase in both HO-1 mRNA levels

and activity was detected in the lungs of endotoxemic rats after LPS administration79.

Interestingly, pre-treatment of animals with hemoglobin led to HO-1 induction that

resulted in 100% survival. On the contrary, the administration of a competitive

inhibitor of HO activity to the endotoxemic rats completely abrogated the protective

effects attributed to HO-1 induction. Two years later, the same group of investigators

observed a clear reduction of both lung and systemic inflammatory effects of sepsis,

by pretreating animals with hemoglobin80. Finally, recent evidence showed that HOs

noticeably protect diaphragmatic contractile dysfunction induced by sepsis in rats81.
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In this study both a HO-1 inducer and a competitive inhibitor were used to

demonstrate the beneficial effects of this enzyme. The authors of this study

concluded that HOs play a protective role on the sepsis-induced respiratory muscle

contractile dysfunction by exerting antioxidant effects via their catabolic by-

products.



HYPOTHESES AND OBJECTIVES
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GENERAL HYPOTHESIS

Septic shock is associated with ventilatory pump failure due to the action of

several mediators, including the excessive production of both NO and ROS. At the

same time these two types of molecules will induce the up-regulation of HO-1

expression in the context of severe sepsis. The inducible enzyme HO-1 plays a

relevant protective role by alleviating sepsis-induced respiratory muscle dysfunction.

HO-1 cytoprotective effects are due to the action of its antioxidant by-products.

To test this hypothesis, several experiments were performed to assess on one

hand, the presence and localization of protein tyrosine nitration, and on the other to

investigate both the expression and localization of HOs and their biological

significance in control and septic muscles. These experiments have been divided into

two separate papers, and their respective hypotheses are described next.

SPECIFIC HYPOTHESES

1.- Increased levels of both NO and superoxide anion in the ventilatory

muscles during sepsis in experimental animals will lead to the formation of the

potent ROS peroxynitrite, and the consequent nitration of tyrosine residues. Protein

tyrosine nitration in skeletal muscle will be measured as the fingerprint of

peroxynitrite formation in this tissue. Nitrotyrosine formation might be a mediator of

the sepsis-induced respiratory muscle dysfunction.
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2.- HO-1 is induced in the ventilatory muscles during sepsis by several

mediators such as NO released by iNOS, peroxynitrite, and endotoxin. These

mediators are as well involved in the sepsis-induced diaphragmatic contractile

dysfunction. HO-1 increased activity will play a cytoprotective role within the

skeletal muscle fiber by attenuating the deleterious effects of ROS on muscle

contractile machinery.

GENERAL OBJECTIVES

As afore-mentioned this research work has been divided into two main projects

which are presented herein as two separate papers. As to the first paper, our main

objective was to assess the levels of nitrosative stress in sepsis-induced ventilatory

muscle contractile dysfunction as compared to control muscles. We also investigated

the contribution of the different NOS isoforms to the generation of reactive nitrogen

species in vivo under both normal and septic conditions in rat skeletal muscles.

As to the second paper, our main objectives were to assess both whether HOs

are induced in response to sepsis in rat ventilatory muscles, and whether they exert

cytoprotective effects in the sepsis-induced diaphragmatic contractile dysfunction.
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SPECIFIC OBJECTIVES

A) First paper: “Protein tyrosine nitration in the ventilatory muscles: role of

nitric oxide synthases”.

1.- To determine the presence, compartmentalization, and localization of

nitrotyrosine formation in both normal and septic ventilatory and limb rat skeletal

muscles of various fiber type composition.

2.- To investigate, using selective pharmacological inhibitors of NOS isoforms

and genetically altered mice which are deficient in a specific NOS isoform, the

contribution of the iNOS, eNOS, and nNOS isoforms to protein tyrosine nitration in

the ventilatory and limb muscles both under normal conditions and in response to

severe sepsis.

B) Second paper: “Role of heme oxygenases in sepsis-induced diaphragmatic

contractile dysfunction and oxidative stress”.

1.-  To assess the expression, localization, and functional significance of HO-1

and HO-2 in the regulation of redox status and contractile function of normal

ventilatory muscles.

2.- To evaluate the influence of sepsis on the expression of HO-1 and HO-2 in

the ventilatory muscles and to assess the contribution of these enzymes to sepsis-

induced muscle oxidative stress and contractile dysfunction.
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3.- To evaluate the involvement of the iNOS isoform in the regulation of

ventilatory muscle HO-1 and HO-2 expression both under normal conditions and in

response to severe sepsis.



METHODS
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GENERAL METHODS

The methodologies used to assess every specific objective of the current

research work are described in detail in the Methods section of each separate paper.

Nevertheless, the most general methodologies used are briefly summarized within

this section.

1.- ANIMAL EXPERIMENTS

Rats: Pathogen-free male Sprague-Dawley rats (250-275 g) were used.

Mice: Three separate groups of adult (8-12 weeks old) mice genetically deficient

(knockout) in either iNOS, eNOS, or nNOS isoforms were used to assess the

separate contribution of NOS isoforms to nitrotyrosine formation in the diaphragm.

For the iNOS isoform, B6/129 hybrid iNOS knockout mice (iNOS-/-) were generated.

Wild type B6/129 hybrid mice were purchased from Jackson Laboratories (Bar

Habor, ME). For the nNOS and eNOS isorforms, C57BL/6 nNOS-/- and eNOS-/- mice

were generated. Wild type C57BL/6 mice (the background strains for both eNOS-/-

and nNOS-/- ) mice were purchased from Charles River Inc.

Induction of sepsis: Sepsis was induced by injection with E. Coli LPS (serotype

055:B5, 20 mg/kg dissolved in 0.3 ml of saline).

Pharmacological NOS inhibition: Animals were injected with either a selective

iNOS inhibitor (1400 W, 20 mg/kg), or with a non-selective NOS inhibitor (L-

NAME, 30 mg/kg).

Pharmacological HO activity inhibition: Animals were injected with a selective

HO inhibitor [Chromium Mesoporphyrin IX (CrMSPIX), 5µmol/kg)].
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Animals were sacrificied at different time points according to each

experimental protocol. They were always anesthetized with sodium pentobarbital (30

mg/kg), and the diaphragm, external intercostal, gastrocnemius and soleus muscles

were quickly excised, and for immunoblotting frozen in liquid nitrogen, and then

stored at –80ºC. However, for immunostaining, the tissues were first flash frozen in

cold isopentane for 20 seconds, then immersed in liquid nitrogen, and finally stored

at –80ºC.

2.- MUSCLE SAMPLE PREPARATION

Fractionation of muscle samples: We used two distinct methods for separating

animal skeletal muscles into two different groups of compartments. On one hand,

muscle was fractionated into mitochondria, membrane, and cytosolic fractions. On

the other, muscle fibers were separated into myofibrillar, membrane and cytosolic

compartments. Separation of mitochondrial, membrane, and cytosolic muscle

fractions was achieved using the protocol of Rock et al 82. Fractionation of muscle

samples into myofibrillar, membrane, and cytosolic fractions was performed

according to the protocol of Fagan et al 83.

In various other experiments, only crude homogenates from either rat or mouse

skeletal muscles were used.

3.- TECHNIQUES

Immunoblotting: Crude homogenates and various muscle fractions or rat skeletal

muscles were mixed with sample buffer, boiled for 5 min, and then loaded onto tris-

glycine sodium dodecylsulfate (SDS) polyacrylamide gels, and separated by

electrophoresis. Proteins were transferred electrophoretically to polyvinylidene
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difluoride (PVDF) membranes. The PVDF membranes were subsequently incubated

with primary monoclonal or polyclonal antibodies raised against 3-nitrotyrosine in

the experiments corresponding to the first paper. As to the experiments

corresponding to the second paper, the PVDF membranes were incubated with both

monoclonal anti-HO-1 and anti-HO-2 antibodies. Furthermore, a well characterized

polyclonal antibody to detect 4-hydroxy-2-nonenal (HNE) protein adducts was also

used to detect lipid peroxidation in both ventilatory and limb muscles of normal and

septic animals. Protein oxidation was measured by evaluating the levels of protein

carbonyl group formation using the Oxyblot protein oxidation detection kit.

Immunohistochemistry: Frozen tissue sections (5-10 µm thickness) were adsorbed

to microscope slides and dried. The sections were fixed with acetone at –20ºC, re-

hydrated with PBS, and then blocked with solutions of avidin, biotin, and 3% BSA.

The sections were then incubated with primary monoclonal or polyclonal antibodies

raised against 3-nitrotyrosine in the first study. As for the second study, sections

were incubated with primary monoclonal anti-HO-1 and anti-HO-2 antibodies.

Glutathione measurements: Frozen muscle samples were homogenized in 20 µL

5% 5-Sulfosalicylic acid (SSA) / mg tissue. The homogenate was then centrifuged at

10,000 g for 5 min at 4ºC. Total glutathione concentration was determined by the

glutathione reductase recycling method of Tietze84 adapted for the Cobas Mira S

spectrophotometer (Roche Diagnostics, Laval, Quebec).
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4.- MUSCLE CONTRACTILITY STUDIES

The biological significance of HO in the sepsis-induced diaphragmatic

contractile dysfunction was assessed by evaluating muscle physiological parameters

such as force and endurance.

Diaphragmatic strip preparation: Very briefly, diaphragms of control and septic

(24 hours post LPS injection) rats both un-treated and treated with CrMSPIX were

surgically excised with ribs and central tendon attached, and then placed in an

equilibrated Krebs solution chilled at 4ºC. From the central tendon to the rib, a

muscle strip (3-4 mm wide) was dissected from the lateral costal portion of the

diaphragm. The strip was mounted in a muscle chamber, which was subsequently

mounted vertically into a double jacket gut bath (Kent Scientific Instruments).  A 4.0

silk thread was used to secure the central tendon to the isometric force transducer

(Kent Scientific Instruments).

Force-frequency measurements: Muscle strips were electrically stimulated at

constant currents via platinum electrodes mounted in the muscle chamber wich were

connected to a square wave pulse stimulator (Grass Instruments, model S48). Muscle

lenght was gradually adjusted with a micrometer to the optimal value (L0) at which

maximum isometric muscle force was generated in response to supramaximal

stimulation (current of 300-350 mA, 120 Hz frequency). Muscle force was evaluated

by stimulating the muscle at 10, 20, 30, 50, and 120 Hz while maintaining

supramaximal current and stimulation duration (600 ms) constant. Muscle fatigue

was evaluated by continuously stimulating the muscle at 100 Hz during 3 min.
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Modification of tyrosine residues and formation of 3-nitroty-
rosine is one of the most commonly identified effects of reac-
tive nitrogen species on proteins. In this study we evaluated
the presence and localization of tyrosine nitration in various
ventilatory and limb muscles. We also assessed the contribu-
tion of the neuronal (nNOS), the endothelial (eNOS), and the
inducible (iNOS) isoforms of nitric oxide synthase (NOS) to ty-
rosine nitration in skeletal muscles both under normal condi-
tions and in response to severe sepsis. In normal rats and
mice, muscle tyrosine nitration was detected at 52, 48, 40, 30,
18, and 10 kD protein bands. Tyrosine nitration of the major-
ity of these protein bands was significantly reduced within 1 h
of 

 

in vivo

 

 NOS inhibition in rats. Diaphragmatic protein tyrosine

 

nitration in mice deficient in the inducible NOS (iNOS

 

�

 

/

 

�

 

) av-

 

eraged 
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 50% of that detected in wild-type (iNOS
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) mice.
Injection of bacterial lipopolysaccharides (LPS) in rats pro-
duced a significant rise in protein tyrosine nitration in the mi-
tochondrial and membrane fractions but not in the cytosol of

 

ventilatory muscles. Absence of iNOS expression (iNOS
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/
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), but
not nNOS (nNOS
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/
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) or eNOS (eNOS
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/

 

�

 

), in genetically altered
mice resulted in a significant reduction in LPS-mediated rise in
diaphragmatic nitrotyrosine. We conclude that tyrosine nitra-
tion of proteins occurs in normal muscle fibers and is depen-
dent mainly on the activity of the iNOS isoform. Sepsis-medi-
ated increase in protein tyrosine nitration is limited to the
mitochondria and cell membrane and is highly dependent on
the activity of the iNOS but not the nNOS or eNOS isoforms.

 

The formation of 3-nitrotyrosine (NO

 

2

 

Tyr) is the most
commonly studied covalent modification of proteins at-
tributed to nitric oxide (NO). Elevated NO

 

2

 

Tyr formation
has been documented in acute lung injury, sepsis, rheuma-
toid arthritis, amytrophic lateral sclerosis, Alzheimer, and
liver transplantation (1, 2). Several mechanisms are involved
in tyrosine nitration, including peroxynitrite (formed from

 

the near diffusion-limited reaction between NO and O

 

2

 

�

 

anions), the reaction of NO with protein tyrosyl radicals
(3), the reaction of nitrite and peroxidases (4), and finally
nitrous acid (formed in acidic environment such as the
stomach) (5).

Little information is available regarding protein tyrosine
nitration in skeletal muscles. Recent studies have docu-

mented significant NO

 

2

 

Tyr formation in the limb and ven-
tilatory muscles of animals with severe sepsis (6–8). Despite
this recent progress, many aspects of NO

 

2

 

Tyr formation in
skeletal muscles remain unexplored. For instance, it is un-
clear whether NO

 

2

 

Tyr formation occurs in normal skeletal
muscle fibers and whether this formation is dependent on
the fiber-type composition of various muscles. Constitutive
NO synthesis and nitric oxide synthase (NOS) expression
inside skeletal muscles is highly dependent on fiber-type
composition especially in rats and mice (9, 10). Another im-
portant question that remained unanswered is the contri-
bution of the neuronal (nNOS), endothelial (eNOS), and
the inducible (iNOS) isoforms of NOSs to NO

 

2

 

Tyr forma-
tion in muscle fibers. We should emphasize that all of these
isoforms contribute to elevated NO synthesis in the muscles
of septic animals (6). Finally, the nature of tyrosine-nitrated
proteins inside skeletal muscle fibers remains unexplored.
Numerous proteins have been shown to be tyrosine nitrated

 

in nonmuscle cells and organs including cytosolic and con-
tractile proteins such as actin, catalase, glutathione-S-trans-
ferase, tubulin, carbonic anhydrase, and several mitochondrial
enzymes including Mn-superoxide dismutase (Mn-SOD),
aconitase, ATP synthase, and glutamate dehydrogenase (11–
13). Whether these proteins, particularly Mn-SOD, actin,
and tubulin, are also tyrosine nitrated inside skeletal mus-
cle fibers remain unclear.

We hypothesized in this study that protein tyrosine ni-
tration occurs inside normal skeletal muscle fibers and is
dependent on NO synthesis. This hypothesis is based on
the fact that skeletal muscles are among few organs in
which the two components required for peroxynitrite for-
mation (O

 

2

 

�

 

 and NO) are constitutively synthesized (9,
14). We also hypothesized, on the basis of an excellent cor-
relation between the time course of NO

 

2

 

Tyr formation
and iNOS expression in the ventilatory muscles of septic
rats (6), that protein tyrosine nitration in these muscles is
dependent mainly on the activity of iNOS. To test these
hypotheses, we assessed the presence and localization of
protein tyrosine nitration in normal ventilatory and limb
muscles of various fiber-type compositions. We also evalu-
ated, using selective pharmacologic inhibitors of NOS iso-
forms and genetically altered mice, which are deficient in a
specific NOS isoforms, the contribution of the iNOS, eNOS,
and nNOS isoforms to protein tyrosine nitration in the ven-
tilatory and limb muscles both under normal conditions
and in response to severe sepsis.

 

Materials and Methods

 

Reagents for protein measurement were purchased from Bio-Rad
Inc. (Hercules, CA). Gels and loading buffers for immunoblotting
were obtained from Novex Inc. (San Diego, CA). Aprotinin, leu-
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peptin, trypsin inhibitor, pepstatin A, and phenylmethylsulpho-
nyfluoride (PMSF) were purchased from Sigma Chemicals (St.
Louis, MO). Monoclonal, polyclonal, and horseradish peroxi-
dase–conjugated polyclonal antibodies for NO

 

2

 

Tyr were ob-
tained from Cayman Chemical Inc. (Ann Arbor, MI), Upstate
Biotechnology (Lake Placid, NY), and Academy Biomedical Co.
(Houston, TX), respectively. Secondary antibodies for immuno-
blotting and immunohistochemistry were obtained from Trans-
duction Laboratories Inc. (Lexington, KY) and Jackson Immu-
noResearch Inc. (West Grove, PA), respectively. Reagents for
enhanced chemiluminescence detection were obtained from Chemi-
con Inc. (Temecula, CA).

 

Animal Preparation

 

Rat Experiments

 

. 

 

The Animal Research Committee of McGill
University and University of Virginia approved all procedures.
Pathogen-free male Sprague-Dawley rats (250–275 g) were used.
The animals were housed in the animal facility of the hospital,
fed food and water 

 

ad libitum

 

, and studied 1 wk after arrival.

 

Nitrotyrosine formation in normal rat muscles.

 

 Male rats were
anesthetized with sodium pentobarbital (30 mg/kg), and the dia-
phragm, intercostals, gastrocnemius, and soleus muscles were
quickly excised and frozen in liquid nitrogen. For immunostain-
ing, the tissues were first flash frozen in cold isopentane (20 s),
then immersed in liquid nitrogen and stored at 

 

�

 

80

 

�

 

C.

 

Acute NOS inhibition.

 

 To evaluate the acute influence of
NOS inhibition on muscle nitrotyrosine formation, three groups
of male rats were studied. Group 1 served as control, whereas
Groups 2 and 3 were injected intraperitoneally with either a se-
lective iNOS inhibitor (1400W, 20 mg/kg) or a nonselective NOS
inhibitor (L-NAME, 30 mg/kg). Both inhibitors were dissolved in
0.3 ml of phosphate-buffered saline (PBS). All animals were
killed 1 h later and the diaphragm (mixed fiber composition) and
soleus (rich in type I fibers) muscles were quickly excised and
frozen in liquid nitrogen.

 

Sepsis.

 

 Five groups of pathogen-free male Sprague-Dawley
rats (250–300 g, 

 

n

 

 

 

�

 

 5 in each group) were studied 1 wk after ar-
rival. Group 1 was injected with normal saline (control group).
Groups 2, 3, and 4 were injected intraperitoneally with 

 

Escheri-
chia coli

 

 lipopolysaccharides (LPS) (serotype 055:B5; Sigma Inc.,
20 mg/kg dissolved in 0.3 ml of PBS) and killed by an overdose of
sodium pentobarbital 6, 12, and 24 h after the injection, respec-
tively. Group 5 animals were injected with a selective iNOS in-
hibitor (1400W, 20 mg/kg) 30 min before LPS administration and
every 8 h thereafter and were killed 24 h after LPS administra-
tion. The diaphragm was quickly dissected, frozen in liquid nitro-
gen, and stored at 

 

�

 

80

 

�

 

C.
Mice Experiments. To evaluate the separate effects of NOS

isoforms on nitrotyrosine formation in the diaphragm, we studied
three separate groups of adult (8- to 12-week-old) mice geneti-
cally deficient (knockout) in iNOS, eNOS, or nNOS isoforms.
For the iNOS isoforms, B6/129 hybrid iNOS knockout mice
(iNOS

 

�

 

/

 

�

 

) were generated as mentioned previously (15) and a
full colony of these mice was maintained at McGill University.
Wild-type B6/129 hybrid mice (iNOS

 

�

 

/

 

�

 

) were purchased from
Jackson Laboratories (Bar Harbor, ME) and bred to serve as ex-
perimental controls. NO

 

2

 

Tyr formation in normal mice muscles
was studied in two groups (

 

n

 

 

 

�

 

 6 in each group) of wild-type
(control–iNOS

 

�

 

/

 

�

 

) and iNOS knockout (control–iNOS

 

�

 

/

 

�

 

) mice.
Animals were anesthetized with sodium pentobarbital (30 mg/kg),
the chest was then opened, and the diaphragm was quickly ex-
cised and frozen in liquid nitrogen. To evaluate the role of iNOS
in sepsis-induced NO

 

2

 

Tyr formation, two groups (

 

n

 

 

 

�

 

 6 in each
group) of iNOS

 

�

 

/

 

�

 

 (LPS–iNOS

 

�

 

/

 

�

 

) and iNOS

 

�

 

/

 

�

 

 (LPS–iNOS

 

�

 

/

 

�

 

)
mice were injected with intraperitoneal 

 

E. coli

 

 LPS (20 mg/kg)
and killed 24 h later. The diaphragm was excised and frozen in
liquid nitrogen as mentioned above. For the nNOS and eNOS

 

isoforms, C57BL/6 nNOS

 

�

 

/

 

�

 

 and eNOS

 

�

 

/

 

� 

 

mice were generated
as mentioned previously (16, 17). The nNOS

 

�

 

/

 

�

 

 mouse colony
was maintained at McGill University, whereas the eNOS

 

�

 

/

 

�

 

mouse colony was placed at the University of Virginia. Wild-type
(WT) C57BL/6 mice (the background strain for both eNOS

 

�

 

/

 

�

 

and nNOS

 

�

 

/

 

�

 

 mice) were purchased from Charles River Inc. The
roles of eNOS and nNOS isoforms in NO

 

2

 

Tyr formation in nor-
mal muscles were assessed by comparing diaphragm NO

 

2

 

Tyr lev-
els among control nNOS

 

�

 

/

 

�

 

 and eNOS

 

�

 

/

 

�

 

 mice and their corre-
sponding wild-type animals. These groups were designated as
control–nNOS

 

�

 

/

 

�

 

, control–nNOS

 

�

 

/

 

�

 

, control–eNOS

 

�

 

/

 

�

 

 and con-
trol–eNOS

 

�

 

/

 

�

 

 mice. Sampling of the diaphragms from these ani-
mals was performed as mentioned above. The involvement of the
nNOS isoform in sepsis-induced NO

 

2

 

Tyr formation was evalu-
ated by injecting two groups (

 

n

 

 

 

�

 

 6 in each group) of nNOS

 

�

 

/

 

�

 

(LPS–nNOS

 

�

 

/

 

�

 

) and nNOS

 

�

 

/

 

�

 

 (LPS–nNOS

 

�

 

/

 

�

 

) mice with 

 

E. coli

 

LPS (20 mg/kg i.p.). Using an identical approach, we compared
diaphragmatic NO

 

2

 

Tyr formation after 24 h of 

 

E. coli

 

 LPS (20 mg/kg)
injection in eNOS

 

�

 

/

 

�

 

 (LPS–eNOS

 

�

 

/

 

�

 

) and eNOS

 

�

 

/

 

�

 

 (LPS–
eNOS

 

�

 

/

 

�

 

) mice. All animals were killed after 24 h of LPS injec-
tion and the diaphragm was excised and frozen as mentioned
above.

 

Muscle Sample Preparation

 

Fractionation of muscle samples.

 

 Separation of mitochondrial,
membrane, and cytosolic muscle fractions was achieved using the
protocol of Rock and colleagues (18). The entire procedure was
done at 4

 

�

 

C. In brief, frozen muscle samples were homogenized
in 6 vol/wt ice-cooled homogenization buffer A (tris-maleate
10 mM, EGTA 3 mM, sucrose 275 mM, DTT 0.1 mM; leupeptin 2

 

�

 

g/ml; PMSF 100 

 

�

 

g/ml; aprotinin 2 

 

�

 

g/ml, and pepstatin A 1 mg/
100 ml, pH 7.2). Samples were then centrifuged at 1000 

 

�

 

 

 

g

 

 for
10 min. The pellet (P1) was discarded, whereas the supernatant
(S1) was designated as 

 

crude homogenates

 

. These homogenates
were then centrifuged at 12,000 

 

�

 

 

 

g

 

 for 20 min to yield superna-
tant (S2) and pellet (P2). Pellet (P2) was then resuspended in
buffer B (tris-maleate 10 mM, EDTA 0.1 mM, and KCl 135 mM)
and then centrifuged at 12,000 

 

�

 

 

 

g

 

 for 20 min to yield S3 and P3.
The resulting pellet (P3) was resuspended in buffer A and desig-
nated as the 

 

mitochondrial fraction

 

. Both S2 and S3 fractions were
pooled and were used to separate the membrane and cytosolic
fractions by centrifugation for 1 h at 100,000 

 

�

 

 

 

g

 

. The resulting
supernatant (S4) was designated as the 

 

cytosolic fraction

 

, whereas
the pellet (P4) was resuspended in buffer C (HEPES 10 mM and
sucrose 300 mM, pH 7.2), treated for 1 h with 600 mM KCl, and
then centrifuged again at 100,000 

 

�

 

 

 

g

 

 for 1 h. Pellet was resus-
pended in buffer A and designated as the 

 

membrane fraction

 

.
Fractionation of muscle samples into myofibrillar, membrane,

and cytosolic fractions was performed according to the protocol
of Fagan and colleagues (19). In brief, muscle samples were ho-
mogenized in ice-cooled pyrophosphate buffer (tris-maleate 0.01M,
0.1M KCl, 2 mM MgCl

 

2

 

, 2 mM EGTA, 2 mM Na

 

4

 

P

 

2

 

O

 

7

 

, 0.1M
Na

 

2

 

PO

 

3

 

, and 1 mM DTT, pH 6.8). Samples were then centrifuged
at 1000 

 

�

 

 

 

g

 

 for 10 min. The pellet (P1) was then washed four
times with 10-vol low-salt buffer followed by one wash with low-
salt buffer containing Triton X-100 (0.02%) and one wash with
sodium deoxycholate (0.02%). The pellet was then washed two
additional times in low-salt buffer and was finally suspended in
pyrophosphate buffer and designated as the myofibrillar

 

 

 

fraction.
The supernatant (S1) was then centrifuged at 100,000 

 

�

 

 

 

g

 

 for 1 h
to yield supernatant (S2, cytosolic fraction). The resulting pellet
(P2) was resuspended in buffer A (

 

see above) and designated as
membrane fraction. Protein concentrations of various muscle
fractions were measured according to the Bradford technique
(BioRad Inc.).

Immunoblotting.  Crude homogenates and various muscle frac-
tions of rat diaphragmatic samples (80 �g per sample) were

Comp2
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mixed with sample buffer, boiled for 5 min at 95�C, and were
then loaded onto 8 or 10% tris-glycine sodium dodecylsulfate
(SDS) polyacrylamide gels and separated by electrophoresis (150 V,
30 mA for 1.5 h). Lysates of human and rat neutrophils were used
as positive controls (including control for species differences).
Proteins were transferred electrophoretically (25 V, 375 mA for 2 h)
to methanol presoaked polyvinylidene difluoride (PVDF) mem-
branes, and then blocked with 1% bovine serum albumin (BSA)
for 1 h at room temperature. The PVDF membranes were subse-
quently incubated with primary monoclonal or polyclonal anti-
bodies raised against NO2Tyr and dissolved in 1% BSA. In few
samples, we also probed membrane with monoclonal antibodies
specific to iNOS and nNOS proteins (Transduction Laboratories
Inc.). In addition, the efficiency of separating muscle samples
into different fractions was verified by probing various muscle
fractions with selective antibodies to cytochrome oxidase (mito-
chondrial marker), caveolin-3 (marker of sarcolemma), and tropo-
nin I (myofibril protein marker). After three 10-min washes with
wash buffer on rotating shaker, the PVDF membranes were fur-
ther incubated with horseradish peroxidase (HRP)-conjugated
anti-mouse or anti-rabbit secondary antibodies. Specific proteins
were detected with a chemiluminescence kit (Chemicon Inc.)
The blots were scanned with an imaging densitometer and optical
densities (OD) of positive nitrotyrosine protein bands were
quantified with SigmaGel software (Jandel Scientific Inc.) Total
NO2Tyr OD was calculated for each sample by adding OD of in-
dividual positive protein band. Specificity of anti-NO2Tyr antibod-
ies was evaluated by preincubation of each primary antibody with
either 10-mM nitrotyrosine or 10-fold excess peroxynitrite-ty-
rosine–nitrated bovine serum albumin (generously provided by
Dr. Ischiropoulos, University of Pennsylvania).

Immunohistochemistry.  Frozen tissues sections (5–10 �m
thickness) were adsorbed to microscope slides and dried. The
sections were fixed with acetone at �20�C, rehydrated with PBS
containing 1% BSA (pH 7.4), and were then blocked with solu-
tions of avidin, biotin (15 min each at room temperature), and
then 3% BSA for 30 min. The sections were incubated for 1 h at
room temperature with primary monoclonal or polyclonal anti-
bodies raised against NO2Tyr. For negative control, the primary
antibody was replaced with nonspecific mouse or rabbit IgG. Af-
ter three rinses with PBS, sections were incubated with biotin-
conjugated anti-mouse or anti-rabbit secondary antibodies at
room temperature for 1 h followed by exposure to Cy3-labeled
strepavidin for 1 h. Sections were then washed, mounted with
coverslips, and examined with a Nikon fluorescence microscope
and photographed with a 35 mm camera (Nikon Inc.).

Statistical analysis.  Values are presented as means � SEM.
Differences in OD of individual NO2Tyr protein band or total

sample NO2Tyr OD between various conditions were compared
with one-way analysis of variance (ANOVA) followed by Tukey
test for multiple comparisons. P values of less than 5% were con-
sidered significant.

Results
Protein Tyrosine Nitration in Normal Muscles

Figure 1 illustrates NO2Tyr immunoreactivity in normal
rat diaphragms detected with three different antibodies.
Monoclonal anti-NO2Tyr antibody (Cayman Chemical
Inc.) detected five nitrated protein bands of 52, 48, 40, 30,
and 10 kD. (Figure 1A). The ODs of each of these protein
bands expressed as a percentage of total muscle NO2Tyr
OD are listed in Table 1. Polyclonal anti-NO2Tyr antibody
(Upstate Biotechnology) also detected the above-mentioned
nitrated proteins in addition to an 18-kD protein band
(Figure 1 B). The intensity of nitrated protein bands de-
tected with the polyclonal antibody differed from those
delineated by the monoclonal antibody (Table 1). Simi-
larly, HRP-conjugated anti-NO2Tyr polyclonal antibody
(Academy Biomedical) detected positively nitrated pro-
tein bands of 52, 40, 30, 18, and 10 kD; however, an addi-
tional positive band of 66 kD was also detected and that of
48 kD was not detected in normal rat diaphragms (Figure
1C). Unlike the monoclonal antibody, which preferentially
detects 30- and 52-kD protein bands, the intensity of the
10-kD protein band was the highest proportion of total di-
aphragmatic NO2Tyr signal detected with the HRP-conju-
gated anti-NO2Tyr antibody (Figure 1C and Table 1). When
various rat muscles were compared with respect to nitroty-
rosine immunoreactivity, intercostals muscles showed sim-
ilar pattern of nitrotyrosine proteins to that of the dia-
phragm, whereas gastrocnemius and soleus muscles have
weaker protein nitration at 10 kD compared with the dia-
phragm and intercostals muscles (Figure 1D). Figure 1E il-
lustrates the specificity of monoclonal anti-NO2Tyr in de-
tecting NO2Tyr formation in rat diaphragm. Preincubation
of monoclonal anti-NO2Tyr antibody with 10-fold excess
of peroxynitrite-tyrosine–nitrated bovine serum albumin
completely eliminated NO2Tyr immunoreactivity (two right
lanes, underlined). Similar results were obtained when this
antibody or polyclonal antibodies were preincubated with
10 mM nitrotyrosine (data not shown).

Figure 1. Representative immunoblots of two dif-
ferent rat diaphragmatic (D) homogenates probed
with monoclonal (Cayman Chemical Inc. [A]), poly-
clonal (Upstate Biotechnology Inc. [B]) and HRP-
conjugated polyclonal (Academy Biomedical Co.
[C]) anti-NO2Tyr antibodies. Note the differences
in the intensity of individual protein bands among
the three immunoblots. (D) A representative im-
munoblot of rat diaphragm (D), intercostals (I),
gastrocnemius (G), and soleus (S) muscles probed
with monoclonal anti-NO2Tyr antibody. (E) Selec-
tivity of monoclonal anti-NO2Tyr antibody. Rat
diaphragmatic samples (20 and 40 �g total protein

per lane) were probed with monoclonal anti-NO2Tyr antibody (two left lanes). The two right lanes (underlined) show diaphragmatic
muscle samples probed with the same antibody, which was preincubated with 10-fold excess of nitrated bovine serum albumin. Note
that this preincubation resulted in disappearance of positive nitrotyrosine protein bands shown in the left two lanes.
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Figure 2 illustrates the presence of NO2Tyr immunore-
activity in various muscle fractions. Monoclonal anti-
NO2Tyr antibody detected positive NO2Tyr protein bands
mainly in the cytosolic fraction, whereas only weak bands
were detected in the myofibrillar, membrane, and mito-
chondrial fractions (Figures 2A and 2B).

Localization of nitrotyrosine immunoreactivity in nor-
mal rat muscles is shown in Figure 3. Monoclonal anti-
NO2Tyr antibody detected positive staining in gastrocne-
mius (Figures 3A and 3B) and soleus (Figure 3C) in close
proximity to the sarcolemma. Positive NO2Tyr staining was
also detected in nerve fibers (arrows in Figure 3D), but not
in blood vessels traversing skeletal muscles (Figure 3D).
Polyclonal anti-NO2Tyr also detected positive NO2Tyr in
the diaphragm of normal rats in close proximity to the sar-
colemma (Figure 3E). We should emphasize that we de-
tected in this muscle punctate cytosolic-positive NO2Tyr
staining suggesting that a proportion of tyrosine-nitrated
proteins is not close to the sarcolemma. Replacement of
primary antibodies with nonspecific mouse IgG or rabbit
IgG completely eliminated positive NO2Tyr staining (Fig-
ure 3F).

Role of NOS in Protein Tyrosine Nitration in
Normal Muscles

Examination of crude homogenates (Figure 4A) and vari-
ous muscle fractions (Figure 4B) after 1 h of in vivo ad-
ministration of either a selective iNOS inhibitor (1400W)
or nonselective NOS inhibitor (L-NAME) in normal rats
revealed significant reductions in total diaphragmatic
NO2Tyr levels (Figure 4C). Administration of 1400W re-
duced NO2Tyr OD at 52 and 48 kD to 72 and 64% of con-
trol diaphragms, respectively (P 	 0.05). Those of 30 and
10 kD remained similar to control muscles. The inhibitory
effect of 1400W on tyrosine nitration of 52- and 48-kD
proteins was much more pronounced when muscle homo-
genates were fractioned into mitochondrial, cytosolic, and
membrane fractions (Figure 4B). L-NAME administration
produced relatively larger reduction in NO2Tyr levels of
crude diaphragm homogenates compared with that elic-
ited by 1400W, and lowered NO2Tyr ODs of 52-, 48-, and
30-kD protein bands to 20, 48, and 81% of control mus-
cles, respectively (P 	 0.01).

In addition to pharmacologic inhibition of NOS activity
in rats, we compared diaphragmatic NO2Tyr OD among
wild-type mice and mice deficient in either iNOS, eNOS,
or nNOS (knockout) isoforms (Figure 5). Anti-NO2Tyr
antibodies detected in the diaphragms of control–iNOS�/�

(B129/C57Bl6 wild-type), control–nNOS�/� and control–
eNOS�/� (Bl6 wild-type) mice several nitrated protein
bands, which are similar to those detected in the dia-
phragms of normal rats (Figures 5A–5C). In control–
iNOS�/� mice, the intensities of these bands, particularly
those of 52-, 48-, 40-, and 30-kD protein bands, were sig-
nificantly lower than in iNOS�/� mice (Figure 5A). By
comparison, absence of nNOS or eNOS proteins has no ef-
fects on the intensity of NO2Tyr protein bands compared
with wild-type mice (Figures 5B and 5C). Figure 5D shows
total diaphragmatic NO2Tyr ODs in the six groups of con-
trol animals. Total NO2Tyr OD was significantly lower in
iNOS�/� mice compared with that of iNOS�/� mice (P 	
0.01), whereas no significant differences were observed in
total diaphragmatic NO2Tyr levels between eNOS�/� and
nNOS�/� animals and their corresponding wild-type ani-
mals.

Protein Tyrosine Nitration in Septic Muscles

The influence of sepsis on NO2Tyr formation in the venti-
latory and limb muscles was assessed both in rats and

TABLE 1

ODs of various nitrotyrosine protein bands as percentage of total nitrotyrosine OD detected in the diaphragm of normal rats 
using various anti-nitrotyrosine antibodies

OD
(% of Total) 66 kD 52 kD 48 kD 40 kD 30 kD 18 kD 10 kD

Monoclonal
antibody — 21.3 � 0.8 13.6 � 0.6 17.6 � 0.4 30.6 � 1.5 — 16.8 � 2.0

Polyclonal
antibody — 19.2 � 0.2 12.5 � 0.8 17.7 � 1.7 12.6 � 0.5 12.6 � 0.8 24.8 � 1.8

HRP-polyclonal
antibody 6.5 � 0.5 20.7 � 3.7 14.0 � 5.0 19.7 � 1.0 10.3 � 1.7 27.7 � 1.1

Definition of abbreviations: optical densities, OD.
Values are mean � SE (n � 5 samples detected with each antibody).

Figure 2. (A) Representative immunoblot of myofibrillar, mem-
brane, and cytosolic fractions of normal rat diaphragm samples
probed with monoclonal anti-NO2Tyr antibody. (B) Membrane,
mitochondrial and cytosolic fractions of a rat diaphragm probed
with monoclonal anti-NO2Tyr antibody. Note that the majority
of tyrosine nitrated protein bands are localized in the cytosolic
fraction.
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mice. Injection of E. coli LPS in rats elicited a significant
induction of the iNOS isoform in the diaphragm and in-
tercostals muscles, which peaked after 12 h of LPS admin-
istration (Figure 6). In addition to iNOS induction, LPS
injection produced a significant rise in nNOS protein ex-
pression, which peaked after 24 h of LPS administration
(Figure 6). Injection of LPS in rats produced a significant
rise in NO2Tyr OD of crude diaphragmatic homogenates
with total NO2Tyr OD after 6, 12, and 24 h of LPS injec-

tion reaching 120 � 3, 134 � 7, and 175 � 6% of control
samples, respectively (P 	 0.05, Figure 7A). Fractionation
of muscle homogenates revealed that the increase in
NO2Tyr formation in response to LPS injection was local-
ized mainly in the mitochondrial and membrane fractions
rather than in the cytosolic fraction (Figures 7B and 7C).
The rise in mitochondrial and membrane NO2Tyr levels in
response to LPS injection was evident mainly at 52-, 48-,
and 30 kD-protein bands rather than at the 10-kD band.

Figure 3. Immunohistochemical localization of ty-
rosine-nitrated proteins in normal rat muscles. Mono-
clonal anti-NO2Tyr antibody detected positive staining
in gastrocnemius (A and B) and soleus (C) muscle
sections in close proximity to the sarcolemma. Posi-
tive NO2Tyr staining was also detected in nerve
fibers (arrows in D) but not in blood vessels travers-
ing gastrocnemius muscle. Detection of protein ty-
rosine nitration in the diaphragm of rats with poly-
clonal anti-NO2Tyr antibody is shown in (E), whereas
(F) shows negative control staining in which the pri-
mary anti-NO2Tyr antibody was replaced by non-
specific mouse IgG. Magnification of all panels ex-
cept (B) is �200. (B) is magnified at �400.

Figure 4. Effects of acute (within 1 h) inhibition of
NO synthesis on the intensity of protein tyrosine
nitration in the crude lysates (A) and in the mito-
chondrial, cytosolic, and membrane fractions (B)
of the diaphragm. Rats were injected with either
1400W (selective iNOS inhibitor) or L-NAME
(nonselective NOS inhibitor). (C) Total muscle
NO2Tyr OD of control, 1400W-, and L-NAME–
treated animals. *P 	 0.05 compared with control.
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Selective inhibition of iNOS activity in septic rats by the
administration of 1400W before and after LPS injection
resulted in significant attenuation of LPS-induced rise in
diaphragmatic NO2Tyr formation. Indeed, NO2Tyr OD of
52-, 48-, and 30-kD protein bands in septic rats that re-
ceived 1400W reached 63, 76, and 77% of corresponding
values in rats receiving only LPS, respectively (P 	 0.05).

The involvement of NOS isoforms in LPS-induced rise
in muscle NO2Tyr formation was also assessed in wild-
type mice, iNOS�/�, nNOS�/�, and eNOS�/� mice. LPS in-
jection in iNOS�/� mice increased total diaphragmatic
NO2Tyr OD by a mean value of 56% of control–iNOS�/�

mice (P 	 0.05, Figure 8A). Only the 10-kD protein band
did not show any rise in tyrosine nitration in response to
LPS injection in iNOS�/� mice (Figure 8A). By compari-
son, LPS injection in iNOS�/� mice did not elevate dia-
phragmatic tyrosine nitration (mean values of 91% of con-
trol–iNOS�/� mice, Figure 8A). Injection of LPS in
nNOS�/� and nNOS�/� mice produced a similar degree of
increased tyrosine nitration in diaphragmatic lysates (mean
values of 161 and 168% of corresponding control animals,
respectively). Moreover, similar augmentation in dia-
phragmatic tyrosine nitration was noticed among eNOS�/�

and eNOS�/� mice in response to LPS injection (154 and
149% of corresponding control animals, respectively). Fig-
ure 8B summarizes total diaphragm NO2Tyr OD mea-
sured in response to LPS injection in nNOS�/�, iNOS�/�,
and eNOS�/� mice (results are expressed as % of their
corresponding septic wild-type animals). Whereas total ty-

rosine nitration in LPS–nNOS�/� and LPS–eNOS�/� mice
was similar to their corresponding wild-type animals, total
tyrosine nitration in LPS–iNOS�/� mice was significantly
lower than LPS–iNOS�/� mice. These results suggest that
the absence of iNOS, but not nNOS or eNOS, significantly
alters the response of muscle tyrosine nitration to LPS in-
jection.

Discussion
The main findings of this study are that (i) abundant
NO2Tyr formation is detected in the cytosolic fraction of
normal rat and mouse ventilatory and limb muscles; (ii)
NO2Tyr immunoreactivity in the ventilatory and limb
muscles is limited to specific protein bands ranging in
apparent molecular mass between 66 and 10 kD; (iii) phar-
macologic inhibitors and knockout mice experiments re-
vealed that in normal ventilatory muscles, the iNOS isoform
is a major contributor to NO2Tyr formation; and finally,
(iv) injection of LPS resulted in augmentation of muscle
NO2Tyr formation, particularly in the mitochondrial and
membrane fractions, and was dependent in large part on
muscle iNOS activity.

Little information is available regarding NO2Tyr for-
mation in the ventilatory and limb muscles. Supinski and
colleagues (20) used dot-blotting technique to demon-
strate a significant increase in NO2Tyr formation in the di-
aphragm of septic rats. Our group reported recently that
two protein bands (50 and 42 kD) are tyrosine nitrated in

Figure 5. (A–C) Representative NO2Tyr
immunoblots of diaphragmatic samples ob-
tained from control iNOS�/�, nNOS�/�, and
eNOS�/� mice and their corresponding
wild-type (�/�) animals. Note that the ab-
sence of iNOS but eNOS or nNOS had a
major effect on tyrosine nitration of dia-
phragmatic proteins. (D) Mean values of to-
tal diaphragmatic NO2Tyr OD in control
wild-type and NOS knockout mice. **P 	
0.01 compared with wild-type mice. Note
that the total diaphragmatic NO2Tyr OD is
significantly lower in iNOS�/� mice com-
pared with iNOS�/� mice.

Figure 6. (A) Expression of iNOS (top) and
nNOS (bottom) proteins in the diaphragm
and intercostals muscles of rats in response
to LPS injection. 0 refers to control animals,
whereas �ve refers to positive controls.
Note the transient nature of iNOS expres-
sion and the upregulation of nNOS protein
after 24 h of LPS administration. (B) Opti-
cal densities of nNOS and iNOS proteins
(mean values of five animals) in the dia-
phragm and intercostals muscles of control
(0 h) and LPS-injected animals. *, ** P 	
0.05 and 0.01, respectively, compared with
control values (0 h).

Comp2
Au:
Information missing here? "not"?



Unc
or

re
cte

d 
Pro

of

Barreiro, Comtois, Gea, et al.: Nitrotyrosine and Ventilatory Muscles 7

normal rat diaphragms, and two additional protein bands
(196 and 86) are heavily nitrated in the diaphragm of sep-
tic rats (6). In a more recent study, Boczkowski and col-
leagues (8) described tyrosine nitration of a single 105-kD
protein band in diaphragmatic mitochondria of septic rats
and in response to exposure of isolated muscle mitochon-
dria to SIN-1 (peroxynitrite donor). We detected in the
current study abundant protein tyrosine nitration in the
ventilatory and limb muscles of both normal rats and mice.
This tyrosine nitration was noticeable with three different
antibodies, though various intensities of specific proteins
bands were apparent depending on the type of the anti-
body used. The fact that more tyrosine nitrated protein
bands were detected with polyclonal antibodies is not sur-
prising since these antibodies are capable of detecting
more diverse epitopes than monoclonal antibodies. We at-
tribute the failure to detect abundant protein nitration in
normal skeletal muscles in previous studies to lack of pro-
tein separation (as in Supinski and colleagues [20]), incom-
plete separation of various proteins (as in our previous

study [6]), or measurement of NO2Tyr formation in one
muscle fraction (mitochondria, in Boczkowski and col-
leagues [8]).

Our finding of a significant reduction in intensity of ty-
rosine-nitrated proteins in the diaphragm of rats injected
with NOS inhibitors and in the diaphragms of iNOS�/�

mice confirms that NO2Tyr formation in skeletal muscle
fibers is dependent on NO production. Moreover, we
found that the level of specific tyrosine nitrated proteins
(52 and 48 kD) declined significantly within 1 h of NOS in-
hibition, whereas other nitrated proteins (30 and 10 kD)
were less sensitive to rapid NOS inhibition (Figure 4). We
speculate that increased turnover rate of tyrosine-nitrated
proteins can explain this finding. Our speculation in this
respect is supported by the observation of Souza and col-
leagues (21), namely, that protein nitration enhances sus-
ceptibility to degradation by the proteasome. Another
possible mechanism for rapid decline in tyrosine nitration
after 1 h of NOS inhibition is that an enzymatic mecha-
nism exists to denitrate nitrated tyrosine residues. The ex-
istence of such mechanism (nitrotyrosine denitrase) has
been proposed by Kamisaki and colleagues (22), who
found that homogenates of rat lung and spleen are capable
of modifying tyrosine-containing proteins in a time and
protein concentration-dependent fashion. The exact na-
ture and molecular structure of “nitrotyrosine denitrase”
remain to be elucidated.

Although the exact contribution of each of the NOS
isoforms expressed in skeletal muscle fibers to protein ty-
rosine nitration in normal muscle remains speculative, our
experiments in which NOS isoforms were pharmacologi-
cally inhibited or genetically altered in mice clearly sug-
gest that the iNOS isoform is the main contributor to
NO2Tyr formation in normal muscles. These results are
rather surprising since relatively low levels of iNOS pro-
tein have been detected in normal skeletal muscles of vari-
ous species compared with the other two isoforms (nNOS
and eNOS) (6, 23, 24). It is possible that even low levels of
iNOS protein are sufficient to elicit protein tyrosine nitra-
tion in skeletal muscles because of the much higher rate of
NO synthesis by the iNOS isoform compared with the
nNOS and eNOS isoforms. Although previous studies in
neurons suggest that the nNOS isoform is involved in pro-
tein tyrosine nitration (25), our results using nNOS�/� and

Figure 7. (A) Influence of LPS injection on
diaphragmatic NO2Tyr formation. Notice
that NO2Tyr levels rose substantially 24 h
after LPS compared with control samples.
(B) Localization of NO2Tyr formation in
control and septic diaphragmatic muscle
samples. Notice the appearance of tyrosine-
nitrated proteins in the mitochondrial and
membrane fractions but not the cytocolic
fractions of rat diaphragms in response to
LPS injection. (C) Mean values of total
NO2Tyr OD in the three fractions of dia-
phragmatic samples obtained from control
(open bars) and septic (24 h after LPS injec-
tion; filled bars) rats. *P 	 0.05 compared
with control animals.

Figure 8. (A) Comparison of diaphragmatic protein tyrosine ni-
tration in wild-type (iNOS�/�) and iNOS knockout (iNOS�/�)
mice under control condition and after 24 h of LPS injection. (B)
Mean values of total NO2Tyr OD of diaphragmatic muscle sam-
ples obtained after 24 h of LPS injection in iNOS�/�, nNOS�/�,
and eNOS�/� mice. Values are expressed as percentage of corre-
sponding septic wild-type animals. *P 	 0.05 compared with
wild-type animals.



Unc
or

re
cte

d 
Pro

of

8 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 26 2002

eNOS�/� mice suggest that both of these isoforms do not
play a major role in protein tyrosine nitration in normal
skeletal muscles.

Previous studies have documented an increase in pro-
tein tyrosine nitration in the ventilatory muscles of septic
humans and rats (6–8). It has also been shown that sys-
temic inhibition of NOS in septic animals reduces mito-
chondrial tyrosine nitration (8). The contribution, how-
ever, of various NOS isoforms to the rise in protein
tyrosine nitration in septic animals or the presence of ty-
rosine nitration in various muscle compartments were not
assessed in the above-mentioned studies. We found that
muscle NO2Tyr levels increase significantly in septic ani-
mals and that tyrosine nitration was mainly localized in the
mitochondrial and membrane fractions but not in the cyto-
solic fraction. Our results also indicate that LPS-induced
protein nitration is mediated primarily by the iNOS iso-
form but not by the nNOS and eNOS isoforms despite the
fact that the levels of these isoforms in the ventilatory
muscles are elevated in response to LPS injection (Figure
6) (6). The mechanisms responsible for in vivo nitration of
tyrosine residues remain the focus of intense investigation
and debate over the past several years. The most widely
accepted mechanism of in vivo tyrosine nitration is perox-
ynitrite, which is formed from the near diffusion-limited
reaction between NO and superoxide anions (1). The
identity of peroxynitrite as the reaction product of NO and
superoxide anions, as well as its ability of peroxynitrite to
nitrate tyrosine residues at physiologic pH has recently
been confirmed by Reiter and colleagues (26). We pro-
pose that protein tyrosine nitration in skeletal muscles is
mediated primarily by peroxynitrite and that iNOS is the
primary source of NO required for peroxynitrite forma-
tion. Other proposed pathways mediating protein tyrosine
nitration include the reaction of NO with tyrosyl radical
generated by prostaglandin H synthase-2 (3), and oxida-
tion of NO2

� by H2O2 at physiologic pH, which can result
in the formation of peroxynitrous acid and consequently
lead to nitration of tyrosine residues (2). We speculate that
these two pathways are not likely to contribute to tyrosine
nitration in skeletal muscles simply because the first path-
way necessitates the presence of abundant prostaglandin
H synthase-2 expression, which is not usually present in
skeletal muscle fibers. The second pathway requires rela-
tively high concentrations of H2O2 (
 1 mM), although
normal skeletal muscle H2O2 levels are quite small (27).
Finally, it has been proposed recently that myeloperoxi-
dase (MPO), utilizing both NO2

� and H2O2, is capable of
nitrating tyrosine residues (28). We believe that this path-
way does not play a major role in tyrosine nitration in nor-
mal skeletal muscle because MPO is localized mainly in
polymorphonuclear leukocytes, whereas protein tyrosine
nitration is detected inside muscle fibers. Moreover, the
MPO pathway requires relatively high levels of NO2

� and
H2O2 and more than 1 h to produce tyrosine nitration (29).

A major finding in our study is that muscle NO2Tyr is
limited to specific protein bands ranging in apparent mass
between 66 and 10 kD, though the intensity of these bands
in normal muscles and the changes in their intensity in re-
sponse to inhibition of NOS differed significantly depend-
ing on the antibody used. Tyrosine nitration is a selective

process, which is dependent on several factors such as the
nature of the nitrating agent, the exposure of the aromatic
ring to the surface of protein, the location of tyrosine on a
loop structure, and the presence of glutamate in the local
environment of the tyrosine residue (2). Interestingly, ty-
rosine nitration is not influenced by protein abundance or
the abundance of tyrosine residues in a given protein (2). Ma-
jor progress has recently been made in identifying ty-
rosine-nitrated proteins. The majority of these proteins are
cytosolic, including catalase, glutathione-S-transferase, car-
bonic anhydrase III, tyrosine hydroxylase, cAMP-dependent
protein kinase, lactate dehydrogenase, glycogen synthase,
and transketolase (12, 13, 30). In addition, cytoskeletal
proteins such as actin, neurofilament L, tubulin, and myo-
fibrillar creatine kinase have recently been shown to be ty-
rosine nitrated (11, 12, 32, 33). Tyrosine nitration of sev-
eral mitochondrial proteins such as aconitase, Mn-SOD,
ATP synthase, glutamate dehydrogenase, and glutamate
oxaloacetate transaminase-2 has also been described (12,
33). Finally, recent studies suggest that nuclear proteins
such as histones II-S and VIII-S can be tyrosine nitrated
(13). The influence of tyrosine nitration on protein func-
tion remains in most cases unclear. There is, however, evi-
dence that tyrosine nitration may result in loss of function.
For instance, nitration of specific tyrosine residues of Mn-
SOD or �1-antitrypsin causes a significant inhibition of
activity of these proteins (33, 34). Nitration of C-terminal
tyrosine residue in �-tubulin compromises microtubule
organization and binding of microtubule-associated pro-
teins (32).

Our findings that the majority of tyrosine-nitrated pro-
teins in normal skeletal muscles are residing in the cytosol
is in agreement with the observations Aulak and col-
leagues (12) that described NO2Tyr formation in cultured
A459 cells and in the liver and lungs of LPS-injected rats.
We did observe, however, that protein tyrosine nitration
rose significantly in the mitochondrial and membrane frac-
tions in response to LPS injection. Although our study
does not provide a comprehensive list of tyrosine-nitrated
proteins in skeletal muscles, we can exclude several pro-
teins from the list of tyrosine-nitrated proteins (12, 13, 32,
33). The fact that we did not observe abundant tyrosine ni-
tration in the myofibrillar fraction excludes the possibility
of sarcomeric actin and myofibrillar creatine kinase. More-
over, we can exclude Mn-SOD from the list of possible ty-
rosine-nitrated proteins in our study because the apparent
molecular masses of tyrosine-nitrated proteins in various
muscle fractions do not correspond to that of Mn-SOD
and that this protein is localized in the mitochondria where
little tyrosine nitration was detected in normal muscles.
Other previously described tyrosine-nitrated proteins such
as neurofilament L and lung surfactant protein A can also
be excluded because they are not usually abundantly ex-
pressed inside normal skeletal muscle fibers. One possible
candidate for tyrosine nitration in the cystosol of normal
muscles is tubulin, which has a similar molecular mass (49 kD)
to protein bands detected by various anti-NO2Tyr anti-
bodies in normal muscle samples (Figure 1). Both the �
and � isoforms of tubulin are known to undergo tyrosine
nitration under specific conditions (12, 32). We have con-
ducted several experiments in which tyrosine-nitrated pro-
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teins in normal diaphragm muscle lysates were immuno-
precipitated with monoclonal and polyclonal anti-NO2Tyr
antibodies. The immunocomplexes were then separated on
SDS-PAGE, transferred to PVDF membranes and probed
with anti-tubulin antibody (Sigma Chemical Inc.). We were
unable to detect positive tubulin protein bands in the
NO2Tyr immunocomplexes suggesting that tubulin is not
tyrosine nitrated in normal rat diaphragm. Clearly, more
research is needed to elucidate the identity of tyrosine-
nitrated proteins in skeletal muscle.

In summary, our study indicates that there is abundant
protein tyrosine nitration in the cytosol of both ventilatory
and limb muscles and that tyrosine nitration is limited to
specific proteins ranging in molecular mass between 66 and
10 kD. We also found that sepsis elicits a significant aug-
mentation of NO2Tyr formation in the ventilatory muscles
that is localized in the mitochondrial and membrane frac-
tions. Finally, NO2Tyr formation both in normal and sep-
tic muscles appears to be dependent on the activity of the
inducible NOS.
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mortality  (27). Similarly, mice which are deficient
in HO-1 are very susceptible to the effects of
reactive oxygen species and develop a high mortality
in response to LPS administration (28). In
endothelial cells, gene transfer of HO-1 protects
against oxidant-induced lung injury (36). The anti-
oxidant properties of HOs are believed to be
mediated by products of HO activity including
bilirubin, CO and ferritin (26,30).
Little is known about the existence and functional
significance of HOs in skeletal muscles. Baum et al.
(4) described the presence of HO-2 protein inside
normal mammalian skeletal muscles and reported
that this protein co-localizes with the neuronal nitric
oxide synthase (nNOS) in close proximity to the
non-junctional sarcolemma. HO-2 has also been
identified at the neuromuscular junctions of normal
skeletal muscles (20). More recent studies have
indicated that HO-1 is expressed at relatively low
levels in normal in-vivo skeletal muscles and in-vitro
cultured myoblasts and that HO-1 expression is
elevated in response to increased muscle activation
or exposure to exogenous hemin and nitric oxide
(NO)(13,35). The functional significance of HOs in
skeletal muscle was not addressed in these studies.
Very recently, Taille et al. (32) described for the
first time the involvement of HOs in LPS-induced
oxidative stress and contractile dysfunction of the
ventilatory muscles. These authors observed that
injection of LPS in rats evokes HO-1 induction in
the ventilatory muscles of rats with no change in
HO-2 expression. It was also reported that inhibition
of HO activity augments LPS-induced muscle
oxidative stress and worsens LPS-induced muscle
contractile dysfunction (32). Despite this recent
progress, many aspects of the biological roles of
HOs in the ventilatory or limb muscles remain
unclear. For instance, it is unclear whether HOs play
any role in regulating redox status or contractile
function of normal skeletal muscles. The
observations that both enzymes, particularly HO-2,
are expressed at various sites within normal muscle
fibers and inside blood vessels supplying muscles
(16), suggests a functional role for these enzymes in
normal  muscle  fibers.   Moreover,  our  preliminary

HEME OXYGENASES (HOs) ARE the rate-limiting
enzymes  of  the  initial  reaction  in  the degradation
of heme, which yields equimolar quantities of
biliverdin  IXa,  carbon monoxide (CO), and free iron
(8). Biliverdin  is subsequently converted to bilirubin,
and free iron is rapidly incorportated into ferritin. So
far, three HO isoforms have been identified, HO-2
and HO-3 are constitutively expressed in various
cells, whereas HO-1 is transcriptionally activated in
response to a variety of stimuli including bacterial
lipopolysaccharide (LPS), heat stress, hypoxia and
exposure to nitric oxide (NO) (1,7,9). There is
increasing evidence that HOs play important roles in
the cellular defence against oxidative stress and the
deleterious effects of pro-inflammatory cytokines and
LPS. Indeed, pharmacological inhibition of HO
activity renders rats  more  sensitive  to  LPS-induced

Barreiro, Esther, Alain S. Comtois, Shawn
Mohammed, Larry C. Lands, and Sabah N.A. Hussain.
Role of heme oxygenases in sepsis-induced diaphragmatic
contractile dysfunction and oxidative stress. Am. J.
Physiol. (Lung Cell Mol Physiol). Heme oxygenases
(HOs), essential enzymes for heme metabolism, play an
important role in the defence against oxidative stress. In
this study we evaluated the expression and functional
significance of HO-1 and HO-2 in the ventilatory muscles
of normal rats and rats injected with bacterial
lipopolysaccharide (LPS). Both HO-1 and HO-2 proteins
were detected inside ventilatory and limb muscle fibers of
normal rats. Diaphragmatic HO-1 and HO-2 expressions
rose significantly within 1 hr and 12 hrs of LPS injection,
respectively. Inhibition of the activity of the inducible
nitric oxide synthase (iNOS) in rats and absence of this
isoform in iNOS-/- mice did alter sepsis-induced regulation
of muscle HOs.  Systemic inhibition of HO activity with
chromium mesoporphyrin IX enhanced muscle protein
oxidation and hydroxynonenal formation in both normal
and septic rats. Moreover, in-vitro diaphragmatic force
generation declined substantially in response to HO
inhibition both in normal and septic rats. We conclude that
both HO-1 and HO-2 proteins play an important role in the
regulation of muscle contractility and in the defence
against sepsis-induced oxidative stress.

heme oxygenases, nitric oxide, nitric oxide synthase,
sepsis, diaphragm
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experiments in rats suggested that LPS evokes
significant up-regulation of muscle HOs with HO-1
expression being elevated early in sepsis, whereas
HO-2 is elevated within 12 hrs of LPS injection.
These results suggest that there are differences in the
response of HO-1 and HO-2 to LPS injection.
Finally, there is increasing evidence that exogenous
NO donors exert a significant stimulatory effect on
HO expression in a variety of cells, including cultured
myocytes (17). Whether or not endogenous muscle
NO production, particularly in septic animals where
the inducible (iNOS) nitric oxide synthase is highly
expressed, participates in the regulation of muscle HO
expression remains unclear.
   The main objectives of this study are: 1) to assess
the expression, localization and functional
significance of HO-1 and HO-2 in the regulation of
redox status and contractile function of normal
ventilatory muscles; 2) to evaluate the influence of
sepsis (induced by LPS injection) on the expression
of HO-1 and HO-2 in the ventilatory muscles and to
assess the contribution of these enzymes to sepsis-
induced muscle oxidative stress and contractile
dysfunction, and finally 3) to evaluate the
involvement of the iNOS isoform in the regulation of
ventilatory muscle HO-1 and HO-2 expression both
under normal conditions and in response to severe
sepsis.

MATERIALS AND METHODS:

   Reagents. Gels and loading buffers for immunoblotting
were obtained from Novex Inc. (San Diego, CA). E. Coli
LPS (serotype 055:B5), bovine serum albumin (BSA),
aprotinin, leupeptin, trypsin inhibitor, pepstatin A, tris-
maleate, dithiothreitol (DTT) and phenylmethyl-sulphonyl
fluoride (PMSF) were purchased from Sigma Chemicals
(St. Louis, MO). 1400 W was obtained from Cayman
Chemical Company (Ann Arbor, MI). Monoclonal
antibodies for HO-1 and HO-2 were obtained from
Transduction Laboratories (Lexington, KY).  Pure HO-1
and HO-2 proteins were purchased from StressGen
Biotechnologies (Victoria, BC). Secondary antibodies for
immunohistochemistry were purchased from Jackson
ImmunoResearch Inc. (West Grove, PA). Reagents for
enhanced chemiluminescence detection were obtained from
Chemicon Inc. (Temecula, CA). Chromium mesoporphyrin
IX (CrMSPIX) was purchased from Porphyrin Products,
Inc. (Logan, UT). Oxyblot protein oxidation kit was
purchased from Intergen Company (NY).
   Preparation of CrMSPIX: CrMSPIX was dissolved in
500 µl of 10% (wt/vol) ethanolamine. After addition of 7
ml of distilled water and adjusting the pH to 7.4 with HCl,
the volume was adjusted to 10 ml in order to obtain a final
solution of 650 µM concentration. For the inhibition of HO
activity, we injected animals with a single dose of
CrMSPIX (5 µmol per kg body weight) in one single
injection.
   Animal preparations:
   Rat Experiments: The Animal Research Committee of
McGill University approved all procedures. Pathogen-free

male Sprague-Dawley rats (250-275 g) were used in all
protocols. The animals were housed in the animal facility
of the hospital, were fed food and water ad libitum and
were studied 1 week after arrival.  At the end of all
experimental protocols, the animals were anesthetized with
sodium pentobarbital (30 mg/kg) and the diaphragm (and
intercostals, gastrocnemius and soleus in a few animals)
was quickly excised and frozen in liquid nitrogen. For
immunostaining, the tissues were first flash frozen in cold
isopentane (20 s), then immersed in liquid nitrogen and
stored at -80ºC.
  a) HO-1 and HO-2 expressions in normal and septic
muscles: We studied 8 groups (n=3 in each group) of male
rats. Group 1 animals served as control and were injected
with 0.3 ml normal saline and were sacrificed 1 hr later. All
the remaining groups received intraperitoneal injection of
E. coli LPS (serotype 055:B5, Sigma Inc., 20 mg/kg) and
were sacrificed 1, 3, 6, 12, 24, 48 and 72 hrs later.
   b)  iNOS inhibition and HO-1 and HO-2 expressions: We
evaluated the involvement of the iNOS isoform in the
regulation of diaphragmatic HO-1 and HO-2 expression by
studying two groups (n=5 in each group) of male rats.
Group 1 received an injection of E. coli LPS as mentioned
above and was sacrificed 24 hrs later. Group 2 animals
received an injection of 1400W (20 mg/kg, a selective
iNOS inhibitor) 30 min before LPS administration and
every 8 hrs thereafter and were sacrificed 24 hrs after LPS
administration.
   c) Effects of HO inhibition: We evaluated the functional
significance of HOs in regulating redox status and muscle
contractility by inhibiting HO activity with CrMSPIX. Four
groups of male rats (n=6 in each group) were studied.
Group 1 animals served as controls and were injected with
0.3 ml of normal saline and sacrificed 1 hr after the
injection.  Group 2 animals were injected with CrMSPIX (5
µmol/kg body weight i.p) followed an hour later by i.p.
injection of 0.3 ml of normal saline. These animals were
sacrificed 1 hr after saline injection.  Groups 3 animals
were injected with E. coli LPS (20 mg/kg) and were
sacrificed 24 hrs later, whereas CrMSPIX (5 µmol/kg body
weight i.p) was injected 1 hr prior to LPS injection in group
4 animals. Animals in that group were sacrificed 24 hrs
after LPS injection.
   Mice Experiments: To further evaluate the role of iNOS
in the regulation of muscle HO-1 and HO-2 expressions,
we studied adult (8-12 weeks old male) mice genetically
deficient (knockout) in iNOS.  B6/129 hybrid iNOS
knockout mice (iNOS-/-) were generated as previously
described (21). We also studied wild type B6/129 hybrid
mice (iNOS+/+) (purchased from Jackson laboratories, Bar
Harbor, Maine) and bred to serve as experimental controls.
In each genotype (iNOS+/+ and iNOS-/-), HO-1 and HO-2
protein expressions were studied in four groups of mice
(n=5 in each group). Group 1 animals were injected with
saline and served as control, whereas group 2, 3 and 4
animals received i.p. injection of E. coli LPS (20 mg/kg)
and were sacrificed 6, 12 and 24 hrs later. The diaphragm
was excised and frozen in liquid nitrogen as described
above.
   Immunoblotting: Frozen muscle samples were
homogenized in 6 v/w ice-cooled homogenization buffer A
(tris-maleate 10 mM, EGTA 3 mM, sucrose 275 mM, DTT
0.1 mM; leupeptin 2µg/ml; PMSF 100µg/ml; aprotinin
2µg/ml, pepstatin A 1 mg/100ml, pH 7.2). Samples were
then centrifuged at 1000g for 10 min. The pellet was
discarded, whereas the supernatant was designated as crude
homogenate.  Total muscle protein level in each sample
was determined with the Bradford technique (Biorad Inc.).
Crude homogenate samples (80 µg per sample) were mixed
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with SDS sample buffer, boiled for 5 min at 95º C and were
then loaded onto 8 or 10% tris-glycine sodium
dodecylsulfate polyacrylamide gels (SDS-PAGE) and
separated by electrophoresis (150 V, 30 mA for 1.5 hrs).
Pure HO-1 and HO-2 proteins were used as positive
controls. Proteins were transferred electrophoretically (25
V, 375 mA for 2 hrs) to methanol pre-soaked
polyvinylidene difluoride (PVDF) membranes, and then
blocked with 1% bovine serum albumin (BSA) for 1 hr at
room temperature. The PVDF membranes were
subsequently incubated overnight at 4°C with primary
monoclonal anti-HO-1 and anti-HO-2 antibodies. After
three 10 min washes with wash buffer on a rotating shaker
the PVDF membranes were further incubated with
horseradish peroxidase (HRP)-conjugated anti-mouse
secondary antibody. Specific proteins were detected with
an enhanced chemiluminescence (ECL) kit (Chemicon
Inc.)  The blots were scanned with an imaging densitometer
and optical densities (OD) of positive HO-1 and HO-2
protein bands were quantified with SigmaGel software
(Jandel Scientific Inc.).
   Protein Oxidation: We measured protein oxidation in
muscle samples by evaluating the levels of protein carbonyl
using immunoblotting. Protein carbonyls are formed by a
variety of oxidative mechanisms and are sensitive indices
of oxidative injury (22). The conventional assay for protein
carbonyls is a colorimetric procedure that measure the
binding of dinitrophrenylhydrazine (DNP), however,
western blotting using anti-DNP antibody provides a much
more sensitive method than colorimetric procedures. We
used an Oxyblot kit, which contains all solutions required
for the derivatization of the samples as well as the
antibodies required for the immunodetection. Briefly, 15
µg of protein were used per derivatization reaction.
Proteins were then denatured by addition of 12% SDS. The
samples were subsequently derivatized by adding 10 µl of
1X DNPH solution and incubated for 15 min. Finally, 7.5
µl of neutralization solution and 2-mercaptoethanol were
added to the sample mixture. Both derivatized and un-
derivatized (negative control) muscle samples were then
separated on SDS-PAGE and transferred onto PVDF
membranes, as described above. Membranes were probed
with polyclonal anti-DNP moiety antibody. Positive
proteins were detected with HRP-conjugated anti-rabbit
secondary antibody and an ECL kit as described. Total
levels of carbonyls in each muscle sample were calculated
by adding OD of individual positive protein band.
   Measurements of 4-hydroxy-2-nonenal (HNE):
Peroxidation of membrane lipids results in free radical-
mediated fragmentation of polyunsaturated fatty acids and
the formation of various aldehydes, alkenals and
hydroxyalkenals.  4-Hydroxy-2-nonenal (HNE) is an α,β-
unsaturated aldehyde and represents the most cytotoxic
product of lipid peroxidation. We used a well-characterized
polyclonal antibody to detect HNE protein adducts in the
ventilatory and limb muscles of normal and septic rats (31).
Crude muscle homogenates were separated on SDS-PAGE
and transferred to PVDF membranes as described above.
Membranes were probed with polyclonal anti-HNE
antibody (Calbiochem, San Diego CA) and specific
proteins were detected with HRP-conjugated antibody and
an ECL kit. Adding OD of individual positive protein band
calculated total level of HNE in each muscle sample.
   Immunohistochemistry: Frozen tissues sections (5-10 µm
thickness) were adsorbed to microscope slides and dried.
The sections were fixed with acetone at -20°C, re-hydrated
with PBS (pH 7.4), and were then blocked with solutions of
avidin, biotin (15 min each at room temperature) and then
3% BSA for 30 min. The sections were incubated for 1 hr

at room temperature with primary monoclonal anti-HO-1
and anti-HO-2 antibodies. To evaluate the negative control
staining, the primary antibody was replaced with non-
specific mouse IgG. After three rinses with PBS, sections
were incubated with biotin-conjugated anti-mouse or anti-
rabbit secondary antibodies at room temperature for 1 hr
followed by exposure to Cy3-labelled streptavidin for 1 hr.
Sections were then washed, mounted with cover-slips and
examined with a fluorescence microscope and
photographed with a 35 mm camera (Olympus Inc.).
   Glutathione Measurements: Frozen muscle samples were
homogenized in 20 µL 5% SSA (5-Sulfosalicylic acid)/mg
tissue.  The homogenate was then centrifuged at 10,000 g
for 5 min, at 4° C.  The supernatant was diluted 1:5.5 in
ddH2O, aliquoted, and immediately  stored at -70° C, for
total glutathione (GSH) measurement. Total glutathione
concentration was determined by the glutathione reductase
(GR) recycling method of Tietze (34) adapted for the
Cobas Mira S spectrophotometer (Roche Diagnostics,
Laval, Quebec).  Briefly, we placed 250 µL NADPH (0.3
mM), 30 µL DTNB (5,5’-Dithio-bis(2-nitrobenzoic acid))
(6.0 mM) and 95 µL of sample, standard or 0.9% SSA into
cuvettes.  After a 4-min incubation period at 37° C, 15 µL
GR (2 U/100 µL) was added and the reaction was
monitored every 24 s for 12 min. Under these conditions,
the method is linear for GSH concentrations between 0.1
and 6 µM.

   Diaphragmatic muscle strip preparation: Diaphragms of
control and septic (24 hrs post LPS) rats un-treated and
treated with CrMSPIX were surgically excised with ribs
and central tendon attached and were placed in an
equilibrated (95% 02 - 5% CO2; pH 7.38) Krebs solution
chilled at 4°C that had the following composition (mM):
118.0 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 1 KH2PO4, 25
NaHCO3, and 11.0 glucose.  From the central tendon to the
rib, a muscle strip (3-4 mm wide) was dissected from the
lateral costal portion of the diaphragm.  The rib was left
attached to the strip and was used to secure the diaphragm
strip in the custom built Plexiglas muscle chamber.  The
strip was mounted in a muscle chamber and the muscle
chamber was mounted vertically into a double jacket gut
bath (Kent Scientific Instruments).  A 4.0 silk thread was
used to secure the central tendon to the isometric force
transducer (Kent Scientific Instruments). Muscle strips
were electrically stimulated at constant currents via
platinum electrodes mounted in the muscle chamber which
were connected to a square wave pulse stimulator (Grass
Instruments, model S48). After an equilibration period of
30 min (temperature of 22-25°C), the organ bath
temperature was increased to 35 °C and the maximum
current necessary to elicit maximum force during 120 Hz
stimulation-frequency (600 ms duration) was then
identified.  Muscle length was then gradually adjusted with
a micrometer to the optimal value (Lo) at which maximum
isometric muscle force was generated in response to supra-
maximum stimulation (current of 300-350 mA, 120 Hz
frequency). Force-frequency relationships of diaphragmatic
strips were then constructed by varying the stimulation
frequency (between 10 and 120 Hz) while maintaining
supra-maximal current and stimulation duration (600 ms)
constant. Tetanic contractions were digitized at a frequency
of 1 KHz with a personal computer and stored on the hard
disk for later analysis.  At the end of the experiment, the
strips were blotted dry and weighed.  Muscle length (cm)
and weight (g) were measured and used to calculate the
cross sectional area.  Isometric forces were normalized for
muscle cross sectional area estimated by using the value of
1.056 g/cm3 for muscle density. The peak force in N/cm2
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was measured for each contraction within the force
frequency curve.
   Statistical Analysis: Values are presented as means ±
SEM.  Differences in muscle force and OD of HO-1 and
HO-2 proteins, total HNE and total carbonyls among
various conditions were compared with one-way ANOVA
followed by Tukey test for multiple comparisons. P values
of less than 5% were considered significant. Statistical
analyses were performed with SigmaStat software (Jandel
Scientific, Chicago, IL).

RESULTS

   Expression and localization of HO-1 and HO-2 in
normal rat skeletal muscles: Pure HO-1 and HO-2
proteins were detected in crude diaphragmatic
homogenates as clear bands with apparent molecular
masses of 32 and 36 kDa, respectively (figure 1A).
Similarly, HO-1 and HO-2 proteins were also
detected in soleus, intercostals and gastrocnemius
muscle samples obtained from normal rats (results are
not shown).  Figure 2 illustrates the localization of
HO-1 and HO-2 proteins in the diaphragm and leg
muscles of normal rats. The anti-HO-2 antibody
detected positive HO-2 protein staining at the sub-
sarcolemmal region of normal gastrocnemius muscle
sections (panel A). Similar positive HO-2 staining
was found in close proximity to the non-junctional
sarcolemma of rat diaphragms (panel B). HO-2
protein was also present in endothelial cells of normal
muscle sections.  Positive HO-1 protein staining was
detected with a monoclonal anti-HO-1 antibody in
close proximity to the sarcolemma of gastrocnemius
muscle sections (panels C and D) and in the
endothelial cells of a blood vessel traversing this
muscle (panel E). Replacement of primary antibodies
with non-specific mouse IgG completely eliminated
positive HO protein staining (panel F).

Muscle HO expression in septic rats and mice: Figure
1 illustrates the effect of LPS injection on
diaphragmatic HO-1 and HO-2 protein expression in
rats. HO-1 protein levels rose rapidly by more than 3-
fold within 1 and 3 hrs of LPS injection with gradual
decline thereafter. After 72 hrs of LPS injection, HO-
1 expression was slightly higher than control values
(figure 1A and B). Unlike HO-1 expression, the
intensity of HO-2 protein rose substantially after 12
and 24 hrs of LPS injection with a return to values
similar to control values after 48 hrs of LPS injection
(figure 1). The changes in HO-1 and HO-2 protein
expression in response to LPS injection in wild type
mice are shown in figure 3. Diaphragmatic HO-1
expression rose substantially within 6 hrs of LPS
injection and remained elevated even after 24 hrs of
LPS injection (figure 3 A and B). We were unable to
detect HO-2 protein in immunoblots of diaphragms
obtained from control and septic wild type mice.
   Role of iNOS in HO expression: We evaluated the
role of iNOS in LPS-induced HO-1 and HO-2
expressions in muscles by examining mice deficient
in iNOS and by injecting rats with a selective iNOS
inhibitor (1400W). Figure 3 shows that diaphragmatic
HO-1 expression rose substantially after 6, 12 and 24
hrs of LPS injection in iNOS-/- mice. The degree of

Fig. 1.  A)  Representative immunoblots indicating the time
course of HO-1 and HO-2 protein expression in normal rat
diaphragms (C) and in the diaphragms of rats sacrificed
after 1, 3, 6, 12, 24, 48 and 72 hrs of LPS injection. +ve
refers to positive controls (pure HO-1 and HO-2 proteins).
B) Mean values (±SEM) of HO-1 and HO-2 optical
densities in the diaphragms of normal and LPS-injected
rats. Note the differences in the time course of HO-1 and
HO-2 induction in response to LPS injection.

Fig. 2. Localization of HO-2 protein in the gastrocnemius
and the diaphragm of normal rats is shown in panels A and
B, respectively. Note that HO-2 protein is localized in close
proximity to the sarcolemma. Panels C and D show positive
HO-1 protein staining in the gastrocnemius of normal rats,
whereas panel E indicates the presence of HO-1 protein in
blood vessels supplying leg muscles of normal rats. Panel F
represents negative control staining in which the primary
anti-HO-1 or HO-2 antibodies were replaced with non-
specific rabbit IgG.



Heme Oxygenases and Ventilatory Muscle 5

HO-1 induction after LPS injection in iNOS-/- mice
was similar to that observed in iNOS+/+ mice (figure
3). Figure 4 shows that treatment with 1400W
(selective iNOS inhibitor) did not alter the induction
of diaphragmatic HO-1 and HO-2 expressions
observed 24 hrs after LPS injection.

HOs and muscle oxidative stress: Measurement of
carbonyl groups in diaphragmatic lysates using
immunoblotting indicates the presence of relatively
few oxidized proteins in control diaphragms (apparent
molecular masses of 65, 46 and 34 kDA, figure 5A).
Injection of LPS resulted in a significant increase in
the intensity of these pre-existing oxidized proteins as
well as the appearance of new oxidized proteins with
molecular masses of 236, 150, 137 and 44 kDa (figure
5A). Administration of CrMSPIX elicited substantial
reduction in the OD of the majority of oxidized
proteins both under control conditions and after LPS
injection (figure 5A and C).  The  anti-HNE  antibody

 detected four main protein bands in control
diaphragms with molecular masses of 74, 49, 44 and
40 kDa (figure 5B). Injection of LPS resulted in a
small increase in intensity of the 74-kDa protein band.
Administration of CrMSPIX in control and septic
animals elicited a significant rise in total HNE
intensity primarily due to the appearance of a strong
positive  protein  band  at  24  kDa  (figure 5B and C).
Figure 6 illustrates the changes in total diaphragmatic
glutathione levels both in control and septic rats.
Injection of LPS resulted in a significant decline in
total glutathione to values, which are about one third
of those found in control diaphragms (figure 6).
Injection of CrMSPIX did not alter the level of total
glutathione in the diaphragm of control and septic
rats.
 Diaphragmatic contractility: Figure 7 shows that
LPS injection had elicited by 24 hrs a substantial
decline  in  diaphragmatic force generation with mean

Fig. 3. A) Representative immunoblots of HO-1 protein in
the diaphragm of wild type (iNOS+/+) and iNOS knockout
(iNOS-/-) mice both under control conditions (C) and 6, 12,
and 24 hrs after LPS injection. B) Mean (±SEM) values of
HO-1 protein optical densities (expressed as percentage of
control values) of diaphragmatic samples obtained from
iNOS+/+ and iNOS-/- mice. ** P<0.01 compared with control
values. Note that the induction of HO-1 protein in response
to LPS injection was observed in both genotypes.

Fig. 4.  A) Representative immunoblots of HO-1 and HO-2
proteins in the diaphragms of normal rats (C) and rats
examined after 24 hrs of LPS injection. Also shown are
diaphragm samples obtained from LPS-injected rats pre-
treated with a selective iNOS inhibitor (1400W). B) Mean
values of optical densities of HO-1 and HO-2 proteins in
the diaphragms of normal rats and rats injected 24hrs earlier
with LPS (with or without pre-treatment with 1400W). **,
* P<0.01 and 0.05 compared with control rat diaphragms.
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force averaging 38, 45, 52, 45, 48, 51 and 52% of
those generated in response to 1, 10, 20, 30, 50, 100
and 120 Hz stimulation in control diaphragms.
Administration of CrMSPIX elicited a significant
decline in diaphragmatic force both under control
conditions and in response to LPS injection (figure 7).

 HOs and iNOS expression: We assessed the
influence of HO activity on muscle iNOS expression
by measuring diaphragmatic iNOS protein expression
after 6 and 24 hrs of LPS injection (with or without
CrMSPIX administration).    LPS   injection  elicited
in  the diaphragm a transient expression of iNOS
protein    which   disappeared   after   24  hrs  of   LPS

injection (figure 8). Administration of CrMSPIX had
no effect on the time course of diaphragmatic iNOS
expression suggesting that muscle HO activity does
not modulate iNOS expression.

DISCUSSION

   The main findings of this study are that: 1) both
HO-1 and HO-2 enzymes are constitutively expressed
inside skeletal muscle fibres of rats and mice; 2) the
expression of both enzymes increases significantly in
response to LPS injection but at different time
courses; 3) systemic inhibition of HO activity
augmented muscle protein oxidation, lipid
peroxidation and significantly reduced the ability of
muscle fibers to generate force both in normal rats
and in rats injected with LPS; 4) the iNOS isoform is
not involved in the regulation of muscle HO
expression.

Fig. 5.  A) Representative immunoblots of protein carbonyl
groups in the diaphragms of control and LPS-injected rats
(with or without pre-treatment with HO inhibitor,
CrMSPIX). Note that administration of CrMSPIX
augmented carbonyl group intensity both in control and
septic diaphragms. B) Representative immunoblots of HNE
(index of lipid peroxidation) in control and LPS-injected rats
(with or without pre-treatment with CrMSPIX). Note the
appearance of a 22-kDa-protein band in response to HO
inhibition. C) Mean values of total optical densities of
carbonyl groups and HNE in control and septic diaphragms
(with and without pre-treatment with CrMSPIX). * P<0.05
compared with animals without CrMSPIX injection.

Fig. 6.  Total diaphragmatic glutathione levels in the
diaphragms of control and LPS-injected rat with or
without CrMSPIX injection. Note the decline n total
glutathione level in septic diaphragms. Treatment with
CrMSPIX had no effect on LPS-induced decline in total
glutathione.

Fig. 7. Force-frequency relationships of in-vitro isolated
strips of diaphragms excised from control (open circles)
and after 24 hrs of LPS injection (filled circles). Also
shown is the effect of CrMSPIX treatment in control (open
squares) and LPS-injected (filled squares) animals. Note
the substantial decline in diaphragmatic force in response
to CrMSPIX treatment.

Fig. 8. Representative immunoblots of iNOS protein in the
diaphragms of control animals and animals sacrificed after
6 and 24 hrs of LPS injection. Note that administration of
HO inhibitor (CrMSPIX) did not alter the transient LPS-
induced iNOS expression.
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   Expression of HO in normal and septic muscles:
Our study indicates that both HO-1 and HO-2
proteins are expressed, albeit at low levels, in normal
limb and ventilatory muscles. This finding is in
agreement with previous studies documenting the
existence of these proteins in in-vivo mammalian
muscles and cultured myocytes (4,20,32,35). In
accordance with Baum et al. (4), we report here the
expression of HO-1 and HO-2 in blood vessels
traversing skeletal muscles.
   Little is known about the factors that regulate HO
expression in skeletal muscle fibers. In non-muscle
cells, many conditions such as heat shock, ischemia,
hypoxia, endotoxin, pro-inflammatory cytokines and
hemin induce HO expression, particularly that of HO-
1 (for review, see (8)). In skeletal muscles, Essig et al.
reported that exhaustive running or artificial
stimulation induce muscle HO-1 mRNA expression.
Hemin is another inducer of HO-1 expression in
cultured myocytes (35). We report here that
diaphragmatic HO-1 and HO-2 expression in rats and
HO-1 expression in mice was significantly elevated in
response to LPS injection. Taille et al. (32) reported
that LPS injection in rats elicits a significant
induction of diaphragmatic HO-1 expression with no
change in HO-2 expression. The contradictory results
regarding the influence of LPS on HO-2 between our
study and that of Taille et al. (32) is likely to be due
to the differences in dosage of LPS used in the two
studies (4 mg/kg in Taille’s study compared with 20
mg/kg in our study).  We should emphasize that
Taille et al. did not investigate the mechanisms
responsible for induction of HO-1 and HO-2
expression in LPS injected animals.
   We speculate that the following mechanisms are
responsible for up-regulation of muscle HO
expression in septic animals. First, we propose that
the induction of HOs inside muscle fibers late in
sepsis might be due in part to increased reactive
oxygen species (ROS) production (23,29) which are
known to enhance HO expression (8). However, it is
unlikely that ROS were involved in early (after 1 hour
of LPS injection) up-regulation of muscle HO-1
expression since (figure 1).  Second, HO-1 induction
in septic muscles might have been mediated by stress
activated (c-fos and c-jun) and pro-inflammatory
(NFκB) transcription factors. Bindings sites for these
transcription factors have been clearly identified in
the promoter of HO-1 (8). In addition, TNF-α and IL-
1α activate HO-1 expression in endothelial cells, an
action which is mediated via protein kinase C, Ca++

and phospholipase A2 (33). On the basis of these
observations, it is likely that LPS and pro-
inflammatory cytokines, particularly TNF-α are

directly responsible for elevated muscle HO-1
expression in septic animals. Third, exposure of
mesangial, endothelial, smooth muscle cells and
cultured myocytes to exogenous NO donors has
recently been shown to elicit a significant induction of
HO-1 mRNA and activity (9,11,17, 35). Under
normal conditions, NO is produced inside skeletal
muscle fibers by the neuronal and endothelial NOS
isoforms (19). However, muscle NO production rises
significantly in septic animals as a result of iNOS
induction (5,18). We have excluded an involvement
of iNOS in regulating muscle HO expression in the
current study on the basis that inhibition of iNOS
activity in rats and absence of iNOS expression in
iNOS-/- mice did not alter the effects of LPS on HO-1
and HO-2 expressions. Fourth, it has been shown that
peroxynitrite (formed from the near-diffusion reaction
between NO and O2

.- radicals) regulates HO-1 mRNA
expression and activity in endothelial cells (15). In
septic rats, tyrosine nitration (footprint of
peroxynitrite formation) increases significantly in the
ventilatory and limb muscles in response to LPS
injection (12).  On the basis of these findings, it is
plausible that induction of diaphragmatic HO
expression in septic animals might have been caused
by increased peroxynitrite formation. We believe that
this was not likely since inhibition of iNOS activity
by 1400W, a procedure known to reduce peroxynitrite
formation, had no effect on LPS-induced muscle HO
expression.
   Role of HO in oxidative stress: One of the major
findings in our study is that administration of the HO
inhibitor, CrMSPIX, increased diaphragmatic protein
oxidation and lipid peroxidation (as measured with
HNE antibody) both under normal conditions and in
response to LPS injection. Taille et al. (32) described
a similar rise in protein oxidation and
malondialdehyde contents in response to HO
inhibition in septic muscles but not in control
diaphragms. We speculate that difference between our
findings with respect to normal rat diaphragms and
that of Taille et al. are due to the use of two different
inhibitors of HO activity (chromium (III)
mesoporphyrin IX in our study vs zinc protoporphyrin
IX in Taille’s study).  Appleton et al. (3) reported that
chromium (III) mesoporphyrin IX is a more potent
and more selective inhibitor of HO activity than zinc
protoporphyrin IX.  Despite this difference, both our
study and that of Taille et al. suggest that muscle HO
activity plays an important and protective role in
attenuating muscle oxidative stress particularly in
septic animals. This suggestion is in accordance with
previous findings in non-muscle cells (15,27).
Moreover,  mice  deficient  in HO-1 have been shown
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to be vulnerable to mortality and hepatic cirrhosis
induced by LPS (28). The protective effects of HOs
have been attributed to the anti-oxidant properties of
the products of HO activity (bilirubin, CO, and
ferritin)(14,25,26).
   Effects of HO inhibition on muscle contractility: A
major finding in our study is that inhibition of HO
activity evoked a significant impairment of
diaphragmatic contractility  (figure 7). Although the
exact mechanisms through which HO activity
influence muscle contractility remain speculative, we
propose that HOs, through the anti-oxidant properties
of their products, promote excitation-contraction
coupling by inhibiting the negative effects of ROS on
sarcoplasmic (SR) Ca++ release-channels and SR Ca++

uptake (2,6). In addition, reduction of maximum
muscle force by HO inhibition suggests that HOs may
also exert their effects at the level of contractile
proteins. These effects may include attenuation of the
deleterious effects of ROS on myofibrillar Ca++

sensitivity and myofibrillar creatine kinase activity
(24). Finally, it is possible HOs influence muscle
function by promoting vascular dilation though an
NO-independent activation of guanylate cyclase and a
rise in cGMP (10).
   In summary, our results indicate the presence of
HO-1 and HO-2 proteins inside ventilatory muscle
fibers and that the expression of both enzymes is up-
regulated albeit with different time courses, in
response to LPS injection in rats. Our results also
suggest that HO activity plays very important and
protective roles in attenuating oxidative stress and
promotion of sub-maximum and maximum force
generation both under normal conditions and in
response to severe sepsis.
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SUMMARY OF RESULTS

1) Muscle tyrosine nitration was detected at 52, 48, 40, 30, 18, and 10 KDa protein

bands which were localized in the cytosol of normal skeletal muscles of both rats

and mice.

2) Within 1 hour of in vivo pharmacological NOS inhibition protein tyrosine

nitration was considerably reduced.

3) Diaphragms from mice deficient in the iNOS protein (iNOS-/-) showed a 50%

reduction in protein tyrosine nitration compared to diaphragms obtained from

wild type mice (iNOS+/+).

4) Sepsis elicited by LPS injection induced a rise in protein tyrosine nitration in the

mitochondrial and membrane fractions of the ventilatory muscles, but not in the

cytosolic compartment.

5) Absence of iNOS expression either by pharmacological inhibition or by using

iNOS knockout mice resulted in a significant reduction in LPS-mediated

diaphragmatic nitrotyrosine formation. Conversely, protein tyrosine nitration was

not modified in diaphragms from mice deficient in either the eNOS isoform

(eNOS-/- mice) or the nNOS isoform (nNOS-/- mice).

6) Both HO-1 and HO-2 proteins were detected within both ventilatory and limb

muscle fibers of normal rats.
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7) Interestingly, diaphragmatic both HO-1 and HO-2 expressions significantly rose

within 1 hour and 12 hours of endotoxemia, respectively.

8) Inhibition of the activity of the iNOS isoform  in rats, and absence of this protein

in mice genetically altered (iNOS-/- mice) did not modify the expression of

muscle HOs.

9) Systemic inhibition of HO activity using the selective inhibitor CrMSPIX

significantly increased both muscle protein oxidation (carbonyl group formation)

and lipid peroxidation (hydroxynonenal protein adducts) in normal and septic

rats.

10) Contractility studies showed that in vitro diaphragmatic force generation

substantially declined in response to HO activity inhibition both in normal and

septic rats.
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DISCUSSION

The formation of 3-nitrotyrosine is the most frequently studied covalent

modification of proteins attributed to NO. Increased nitrotyrosine formation has been

reported in acute lung injury, sepsis, rheumatoid arthritis, amyotrophic lateral

sclerosis, Alzheimer, and liver transplantation18,85. Several mechanisms are involved

in tyrosine nitration, including the reaction of NO with protein tyrosil radicals86, the

reaction of nitrite and peroxidases20, nitrous acid formed in acidic environment such

as the stomach87, and the reactive species peroxynitrite, which is formed from the

near-diffusion limited reaction between NO and superoxide anions18.

Since both NO and ROS are constitutively synthesized in skeletal muscle, it

could be argued that nitrotyrosine formation may be an important occurring

phenomenon within the skeletal muscle fiber. Little information, however, is still

available regarding protein nitration in skeletal muscles. In this regard, various recent

studies have established significant nitrotyrosine formation in both ventilatory and

limb muscles of septic animals30,88,89. For instance, our group30 previously reported

that two protein bands (50 and 42 KDa) are tyrosine nitrated in normal rat

diaphragms, whereas two additional protein bands (196 and 42 KDa) are strongly

nitrated in septic rat diaphragms. Most recently, Boczkowski et al89 described

tyrosine nitration of a single 105 KDa protein band within diaphragmatic

mitochondria of septic rats. In the same study, the authors also showed the presence

of the same nitrated protein band in response to exposure of isolated muscle

mitochondria to SIN-1 (peroxynitrite donor).  Moreover, Supinski et al90 also

demonstrated a significant increase in nitrotyrosine formation in septic rat

diaphragms using dot blotting technique. Interestingly, in the present study we
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detected abundant protein tyrosine nitration in the ventilatory and  limb muscles of

both normal rats and mice. This tyrosine nitration was noticeable with three different

antibodies, though various intensities of specific protein bands were apparent

depending on the type of antibody used. More tyrosine nitrated protein bands were

detected with polyclonal antibodies. This is due to the fact that these antibodies are

capable of detecting more epitopes than monoclonal antibodies. It is worth

mentioning that either the lack of protein separation, incomplete separation of

various proteins, or measurement of nitrotyrosine formation only in one muscle

fraction are conditions which may account for the failure to detect abundant protein

nitration in normal skeletal muscles in previous studies.

We have demonstrated using both NOS pharmacological inhibitors and mice

genetically modified that nitrotyrosine formation in skeletal muscle fibers is

dependent on NO synthesis. Although the precise contribution of each of the NOS

isoforms expressed in skeletal muscle fibers to protein nitration in normal muscle

remains speculative, our experiments based on the use of either pharmacological

NOS inhibition or genetically deficient mice suggest that the iNOS isoform is the

main contributor to nitrotyrosine formation in normal muscles. These results are very

surprising since skeletal muscles of various species have been shown to express very

low levels of the iNOS protein compared with the constitutive isoforms nNOS and

eNOS30,31,33. Though, it is possible that even very low levels of iNOS protein are

sufficient to produce NO, which in turn will elicit protein tyrosine nitration in normal

skeletal muscles, since the rate of NO synthesized by iNOS isoform is much higher

than that of either nNOS or eNOS.



Doctoral thesis

Esther Barreiro Portela 28

As above-mentioned several studies have documented an increase in protein

tyrosine nitration in the ventilatory muscles of both septic humans and rats30,88,89.

Moreover, Boczkowski et al89 showed that systemic inhibition of NOS reduced

mitochondrial tyrosine nitration in septic animals. Nevertheless, the regulation of

protein tyrosine nitration in septic animals by the different NOS isoforms as well as

the identification of nitrotyrosine formation in various muscle compartments have

not been assessed in those studies. In our current study we found in septic animals

that both muscle nitrotyrosine levels significantly increase, and that tyrosine nitration

is mainly localized within the mitochondrial and membrane fractions, but not in the

cytosolic fraction. Interestingly, our results also indicate that LPS-induced protein

nitration is primarily mediated by the iNOS isoform, but not by the nNOS nor the

eNOS isoforms, despite the fact that the levels of both enzymes are increased in

response to LPS injection30.

The mechanisms involved in the in vivo nitration of tyrosine residues have

been the focus of intense research work over the last few years. In this regard, the

most widely accepted mechanism is the formation of peroxynitrite, whose identity as

the reaction product of NO and superoxide anions, as well as its ability to nitrate

tyrosine residues at physiological pH has recently been confirmed by Reiter et al91.

Based on that, we propose that both protein tyrosine nitration in skeletal muscles is

primarily mediated by peroxynitrite and that iNOS protein is the primary source of

NO required for peroxynitrite formation. Therefore, protein tyrosine nitration is now

considered to be the fingerprint of peroxynitrite formation. The other mechanisms

briefly mentioned in the first paragraph of this section are not likely to be involved in

the in vivo protein tyrosine nitration in skeletal muscle. In fact, the pathway
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characterized by the reaction of NO with tyrosil radicals generated by prostaglandin

H synthase-286 requires the presence of this substance in large quantities, which is

not usually the case in skeletal muscle. As to the oxidation reaction of NO2
- by H2O2

at physiological pH which can result in the formation of peroxynitrous acid and

consequent nitration of protein tyrosine residues85, this reaction is not likely to occur

in skeletal muscle since the concentrations of H2O2 are very low in this tissue92.

Finally, myeloperoxidases utilizing both NO2
- and H2O2 have been shown to nitrate

tyrosine residues93. We do not consider this pathway to be very likely to nitrate

proteins within the skeletal muscle fiber, since myeloperoxidases are mainly

localized inside polymorphonuclear leukocytes. Furthermore, these enzymes require

relatively high levels of both NO2
- and H2O2 and more than 1 hour to nitrate protein

tyrosine residues94.

We conclude from our observations that muscle nitrotyrosine is limited to

specific protein bands ranging in apparent molecular mass between 66 and 10 KDa,

representing one of the major findings in our study. Tyrosine nitration is a selective

process which depends on several factors such as the nature of the nitrating agent, the

exposure of the aromatic ring to the surface of protein, the location of tyrosine on a

loop structure, and the presence of the amino acid glutamate in the local environment

of the tyrosine residue85. Interestingly, protein tyrosine nitration is not influenced by

protein abundance nor by the amount of tyrosine residues in a given protein85.

Furthermore, the identification of tyrosine nitrated proteins constitutes a step further

in the last few years. So far, the majority of the proteins identified are localized

within the cytosol. Examples of these proteins are catalase, glutathione-S-transferase,

carbonic anhydrase III, tyrosine hydroxylase, cAMP-dependent protein kinase,
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lactate dehydrogenase, glycogen synthase, and transketolase95-97. Additionally,

cytoskeletal proteins such as actin, neurofilament L, tubulin, and myofibrillar

creatine kinase have recently been shown to be tyrosine nitrated95,98,99,100. Moreover,

several mitochondrial proteins such as aconitase, Mn-SOD, ATP synthase, glutamate

dehydrogenase, and glutamate oxaloacetate transaminase-2 have also been shown to

be tyrosine nitrated95,100. Finally, recent evidence has shown that several nuclear

proteins such as histones II-S and VIII-S are as well tyrosine nitrated96. Whether

protein tyrosine nitration affects protein function still remains unclear. Though, it has

already been shown that nitration of specific tyrosine residues of Mn-SOD and α-1

antitrypsin is associated with a significant inhibition of the activity of these

enzymes100,101. Another example is the nitration of the c-terminal tyrosine residue in

α-tubulin which compromises both microtubule organization and binding of

microtubule-associated proteins99.

Interestingly, in our study whilst protein tyrosine nitration significantly rose in

both the mitochondrial and membrane fractions in response to LPS injection, most of

the nitrated proteins in normal skeletal muscles were localized within the cytosolic

compartment. The latter is consistent with the finding reported by Aulak et al95, who

described nitrotyrosine formation in cultured A459 cells, and in both liver and lungs

of LPS-injected rats.

Despite the fact that our study does not provide a comprehensive list of

tyrosine nitrated proteins in skeletal muscles, several proteins can be excluded from

the above-mentioned list of tyrosine nitrated proteins95,96,99,100. In this regard, both

sarcomeric actin and myofibrillar creatine kinase can be excluded, since abundant
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tyrosine nitration in the myofibrillar fraction was not observed. The enzyme Mn-

SOD should also be excluded because the apparent molecular masses of the different

tyrosine nitrated proteins detected in our study do not correspond to that of Mn-SOD.

Furthermore, this enzyme is localized within the mitochondria, and in normal

muscles very little nitrated protein bands were found in this compartment. Othe

proteins which have been described to be nitrated such as neurofilament L and lung

surfactant protein A can also be excluded since they are not usually abundantly

expressed within normal skeletal muscle fibers. Finally, based on the fact that

tubulin, which is a cytosolic protein and has an apparent molecular mass of 49 KDa,

we conducted a series of experiments to assess whether one of our nitrated protein

bands might be tubulin. After immunoprecipitation of normal diaphragm muscle

lysates with both monoclonal and polyclonal anti-nitrotyrosine antibodies, which

were subsequently separated by electrophoresis and probed with anti-tubulin

antibody, we were unable to detect positive tubulin bands in the nitrotyrosine

immunocomplexes. We conclude from this finding that tubulin is not tyrosine

nitrated in normal rat diaphragm. More studies appear required to clearly elucidate

the identity of these nitrated proteins and to establish to what extent this phenomenon

is involved in the sepsis-induced skeletal muscle dysfunction.

The development of oxidative stress in the ventilatory muscles in response to

sepsis, most probably mediated by peroxynitrite formation, has also been

demonstrated in our study by using three well established indices of oxidation. ROS

generated in vivo are involved in the pathogenesis of several disorders, including

cancer, aging, stroke, and cardiovascular diseases102. Recent evidence has shown that

cytokines, such as TNF-α which is a mediator of the sepsis-induced ventilatory
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muscle failure, also stimulates the production of ROS during E.Coli endotoxemia103.

Skeletal muscle may be a major site of oxidation-induced tissue damage in sepsis,

since it constitutes the major protein pool within the body. According to this

hypothesis, several lines of evidence have confirmed this hypothesis by showing

increased levels of ROS in skeletal muscles of septic animals44-46. In line with this, in

the present study, we have also demonstrated an increase in both the levels of

diaphragmatic protein oxidation and lipid peroxidation, and a decrease in total

diaphragmatic glutathione levels. Our results are consistent with data reported by

Fagan et al83 who found that limb skeletal muscle proteins from septic rats contained

significantly more carbonyl groups than muscle proteins from control animals. We

have conducted a more comprehensive study on sepsis-induced ventilatory muscle

oxidative stress, but data corresponding to this work is not reported herein.

After demonstration of the occurrence of both nitrosative and oxidative stresses

in septic ventilatory muscles, we hypothesized whether these muscles might develop

protective mechanisms against the damaging effects of sepsis. We also assessed to

what extent these two forms of stress mediate the sepsis-induced respiratory muscle

dysfunction. In line with this, our study indicates that both HO-1 and HO-2 proteins

are expressed at low levels in normal limb and ventilatory muscles. Previous studies

have also documented the existence of these two proteins in in vivo mammalian

tissues and cultured myocytes66,81,104,105. Baum et al66 also reported the expression of

both HO-1 and HO-2 in normal skeletal muscle and in blood vessels traversing the

muscles.

Little information is still available regarding the factors involved in the

regulation of HO expression in skeletal muscle. Numerous conditions in non-muscle
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cells have been proposed to induce both HO-1 expression and activity, which is the

inducible isoform. Among others, heat shock, ischemia, hypoxia, endotoxin, pro-

inflammatory cytokines, and hemin are known to induce HO-1 expression52. In

skeletal muscles, Essig et al77 reported that either exhaustive running or artificial

stimulation resulted in  marked HO-1 mRNA expression. In cultured myocytes

hemin was also shown to increase HO-1 expression105. In our study, LPS injection

induced a marked increase in both diaphragmatic HO-1 and HO-2 expression in rats,

and only in diaphragmatic HO-1 expression in mice. In the study published by Taillé

et al81 it was shown that both HO-1 and HO-2 enzymes are constitutively expressed

in normal skeletal muscle. These authors also reported an increase in HO-1

expression in rat diaphragms in response to LPS injection, with no change in HO-2

expression. We claim that the experimental conditions (differences in dosage of LPS

used in the two studies) may account for the discrepancies found between the two

studies regarding HO-2 expression in response to LPS.

We propose several mechanisms whereby HO expression may be regulated in

septic animals. On one hand, it can be speculated that the induction of HOs inside

muscle fibers late in sepsis might be due in part to increased ROS production which

are known to enhance HO expression43,46,52. It is unlikely, however, that ROS were

involved in the up-regulation of muscle HO-1 expression as early as after 1 hour of

LPS injection, since previous reports have documented that enhanced muscle ROS

production occurs after several hours of LPS injection83. On the other hand, HO-1

induction in septic muscles might have been mediated by stress activated (c-fos and

c-jun) and pro-inflammatory (NFκB) transcription factors, since binding sites for

these transcription factors have been clearly identified within the promoter region of
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HO-152. Additionally, both TNF-α and IL-1α have been shown to activate HO-1

expression in endothelial cells, an action which is mediated via protein kinase C,

Ca2+, and phospholipase A2
106. Based on these observations, both LPS and pro-

inflammatory cytokines, particularly TNF-α are very likely to be directly responsible

for increased muscle HO-1 expression in septic animals. Another likely mechanism

is based on the observations that exposure of mesangial, endothelial, smooth muscle

cells, and cultured myocytes to exogenous NO donors elicits a significant induction

of both HO-1 mRNA and activity56,105,107,108. It is worth mentioning that under

normal conditions NO is synthesized by the constitutive NOS isoforms (nNOS and

eNOS)23. However, the NOS isoform responsible for muscle NO increased

production in response to sepsis is the iNOS29,31. Based on our findings, we have

excluded the involvement of this isoform in the regulation of muscle HO expression

in sepsis, since both inhibition of iNOS activity in rats and absence of iNOS

expression in iNOS-/- mice did not modify the effects of LPS on both HO-1 and HO-

2 expressions. Finally, the reactive species peroxynitrite has been shown to regulate

both HO-1 mRNA expression and activity in endothelial cells109. As shown in the

first study herein, protein tyrosine nitration (the fingerprint of peroxynitrite

formation)  is significantly increased in both the ventilatory and limb muscles in

response to LPS injection. Therefore, it could be argued that induction of

diaphragmatic HO expression in septic animals might be due to peroxynitrite

formation in those muscles. This pathway, however, is not very likely, since

inhibition of iNOS activity by injecting the animals with 1400W, which is known to

clearly reduce peroxynitrite formation, had no effect on LPS-induced muscle HO

expression.
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One of the major findings in the present study is the fact that inhibition of HO

activity by injecting the animals with CrMSPIX clearly increased both protein

oxidation and lipid peroxidation, both under normal conditions and in response to

LPS injection. Similarly, Taillé et al81 also showed a rise in protein oxidation and

malondialdehyde contents in response to HO inhibition in septic muscles, but not in

control diaphragms. We speculate that the discrepancies found between the two

studies are due to the use of two different inhibitors of HO activity (Chromium

Mesoporphyrin IX in our study vs zinc protoporphyrin IX in the study published by

Taillé et al81). We decided to use CrMSPIX, since Appleton et al110 reported that this

competitive inhibitor of HO activity is both more powerful and more selective than

zinc protoporphyrin IX. Despite this difference, we can conclude from both studies

that muscle HO activity clearly plays a relevant and protective role in alleviating the

deleterious effects of oxidants on muscle, particularly in septic animals. Previous

findings have also shown similar results in non-muscle cells109,79. Furthermore, mice

deficient in HO-1 protein (HO-1-/- mice) have been shown to be extremely vulnerable

to mortality and hepatic cirrhosis induced by sepsis69. The protective effects of HO

activity have been attributed to the antioxidant properties of its by-products by

scavenging muscle oxidants (biliverdin, CO, and ferritin)72,111,112. In fact, bilirubin is

one of the most abundant endogenous antioxidant in mammalian tissue, and has been

shown to efficiently scavenge peroxyl radicals in vitro and in vivo112,113. Ferritin,

another by-product of HO catabolism of heme, has recently been shown to induce

protection against cellular damage114, though there is no evidence yet in the literature

about its possible protective effects in skeletal muscle. Finally, the CO pathway

might also contribute to the protective effects exerted by HO activity in skeletal
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muscle, as it does in other tissues72. Though, the precise sites of CO effects in

skeletal muscle still remain unexplored.

The most remarkable finding in our second study is that inhibition of HO

activity elicited a significant impairment of diaphragmatic contractility. As

previously mentioned, despite the fact that the exact mechanisms whereby HO

activity promotes muscle contractility still remain unknown, we propose several

possible pathways. In this regard, HO activity may promote excitation-contraction

coupling by inhibiting the deleterious effects of ROS on both sarcoplasmic Ca2+

release-channels and sarcoplasmic Ca2+ uptake115,116. Contractile proteins may also

be a target for the action of HO activity. Indeed, attenuation of the deleterious effects

of ROS on both myofibrillar Ca2+ sensitivity and myofibrillar creatine kinase activity

have been shown in cardiac myofibrils117. Finally,  HOs are likely to influence

muscle function by promoting vascular dilation by increasing cGMP via activation of

guanylate cyclase118.

All the experiments described in this study were designed with the aim of

better understanding the mechanisms whereby diaphragmatic contractile dysfunction

occurs in sepsis. As to the first study, we have documented for the first time that the

phenomenon of protein tyrosine nitration is abundantly present in normal muscles

and that several proteins of various apparent molecular weights are nitrated in both

ventilatory and limb muscles of control animals. We have also first demonstrated in

our current study that these nitrated proteins are mainy localized in the cytosol of

normal skeletal muscle fibers in close proximity to the sarcolemma. Interestingly, in

this study we have also shown for the first time that the inducible isoform is the
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major modulator of protein nitration under both normal and septic conditions.

Another original finding demonstrated in this study is that sepsis leads to an increase

in tyrosine nitration of proteins localized within the mitochondrial and myofibrilar

fractions of rat diaphragms, but not of those localized in the cystosol.

In relation to the second study presented herein we have to acknowledge that

the recent work published  by Taillé et al81 shows various similar findings to those

described in this thesis. Both studies demonstrate that HOs exert major antioxidant

effects and protect muscle contractile machinery from the inhibitory effects of ROS

in both normal and septic skeletal muscles. Nevertheless, we are the first to report

that the inducible NOS isoform does not modulate HO expression as assessed by

using both pharmacological inhibition and a transgenic mouse model deficient in the

iNOS protein. Additionally, in the last study of the current thesis, a collection of

experiments were originally designed to investigate the role of HO activity in muscle

glutathione concentrations in endotoxemia. As far as we are concerned, this is the

first time that the role of HO in relation to muscle glutathione concentrations has

been addressed.

Future studies appear required to further investigate the biological significance

of protein tyrosine nitration, as well as to identify the nature of these nitrated

proteins.  Finally, the development of therapeutical approaches specifically designed

to upregulate HO-1 expression might be hopeful strategies for precluding sepsis-

induced respiratory muscle failure.
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FINAL CONCLUSIONS

1) Abundant protein tyrosine nitration occurs in the cytosolic fraction of

normal skeletal muscles.

2) Sepsis induces an increase in protein tyrosine nitration which mainly occurs

in both the mitochondrial and membrane fractions of both ventilatory and limb

muscles.

3) Protein tyrosine nitration is limited to specific protein bands ranging in

apparent molecular weight between 66 and 10 KDa.

4) The inducible NOS isoform appears to be the main regulator of protein

tyrosine nitration in both normal and septic skeletal muscles.

5) Both HO-1 and HO-2 appear to be constitutively expressed at low levels in

normal skeletal muscle.

6) The expressions of both HO-1 and HO-2 are up-regulated in response to

sepsis.

7) The inducible NOS isoform is not involved in the modulation of HO

expression as assessed by using both a selective pharmacological iNOS inhibitor and

a transgenic mouse model deficient in the iNOS protein.

8) HOs exert major antioxidant effects and protect muscle contractile

machinery from the inhibitory effects of ROS in both normal and septic muscles.

Consequently, these enzymes promote sub-maximum and maximum force generation

both under normal conditions and in response to severe sepsis.
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