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Biochimie

1. Activité enzymatique

1.1. Statut enzymatique antioxydante

Afin d’évaluer le statut enzymatique antioxydant myocardique des rats de chaque
population a la fin des différents s€jours expérimentaux, des coeurs ont été prélevés, clampés a
froid dans de I’azote liquide puis conservés a —80°C. Les tissus ventriculaires prélevés étaient
homogénéisés dans un tampon Tris-HCl (Tris HCl 60mM), contenant 1 mM d’acide
diéthylenetriaminepenta-acétique (pH 7.4, 10ml/g w.wt), a ’aide d’'un homogénéisateur de
téflon. Les tissus homogénéisés étaient ensuite centrifugés a 2000 g et 4°C pendant 10 min
afin d’¢éliminer les débris cellulaires. L’homogénat ainsi obtenu était utilisé pour évaluer les
activités enzymatiques de la SOD, de la CAT et de la GPx. Les activités enzymatiques sont
exprimées en unité internationale par milligramme de protéine (Ul/mg prot). Le dosage des

protéines de I’homogénat était réalisé selon la méthode décrite par Lowry et al., (1951).

1.1.1. Evaluation de I’activité enzymatique de la SOD.

Le dosage de I’activité de la SOD cardiaque a été réalisé selon la méthode décrite par
Marklund (1976), fondée sur 1’inhibition de I’auto-oxydation du pyrogallol avec 1’0, par la
SOD. La réalisation d’une droite de référence de la variation de la densité optique par min
(ADO/min) a partir de solutions gammes de SOD commerciale (de 0 a 25 mg/L) permettait
d’évaluer la concentration de SOD des échantillons tissulaires. La ADO/min était déterminée

par spectrophotométrie a 410 nm.
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1.1.2. Evaluation de I’activité enzymatique de la CAT.

Le dosage de I’activité de la CAT cardiaque a été réalisé selon la méthode décrite par
Beers et Sizer (1952), fondée sur la décomposition de I’H,O; par la CAT. L’activité de la

CAT était déterminée par spectrophotométrie suivant la disparition de I’H,O, a 240 nm.

1.1.3. Evaluation de I’activité enzymatique de la GPx.

Le dosage de I’activité de la GPx cardiaque a été réalisé selon la méthode décrite par
Flohe et Gunzler (1984), fondée sur la réduction des hydroperxydes organiques en alcools par
la GPx parallélement a 1’oxydation du glutathion réduit (GSH) en glutathion oxydé (GSSG).
Ce dernier, dont la formation est dépendante de I’activité de la GPx, est ensuite réduit par la
glutathion réductase (GRx) en présence de NADPH. L’activité de la GPx était déterminée par

spectrophotométrie suivant la décroissance de 1’absorption du NADPH a 340 nm.

GPx
2GSH + ROOH > GSSG + H,0 + ROH

GRXx
GSSG +NADPH + H* 2 GSH +NADP*

1.1.4. Evaluation de P’activité de la thioredoxine réductase

La thiorédoxine est une enzyme a activité antioxydante intrinseque qui est réduite par
la thiorédoxine réductase (TrxR). L’évaluation de I’activit¢ de la TrxR peut étre utilisée

comme marqueur du stress oxydant. En effet, en situation de stress oxydant, I’expression de la
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thiorédoxine et de la TrxR est activée de fagon a renforcer le statut antioxydant cellulaire
global. Le dosage de I’activité de la TrxR a été réalisé selon la méthode dérivant de celle
d’Ellman Riddles (Arner et al., 1999). Ce dosage est fondé sur la réduction du réactif
d’Ellman (le DTNB) en TNB en présence de NADPH. L’activit¢é de I’enzyme était

déterminée en suivant I’augmentation de 1’absorption du TNB a 405 nm.

1.2. Activité de la lactate déshydrogénase (LDH) dans les effluents coronaires

au cours du protocole d’IR

La LDH, utilisée comme marqueur de mort cellulaire, a été dosée a partir du recueil
des effluents coronaires réalisé¢ au cours du protocole d’IR. L’évaluation de son activité était
effectuée a 1’aide d’un kit de dosage spécifique (LDH-P, BIOLABO SA, France). Le principe
repose sur la réaction, médiée par la LDH, du pyruvate avec le NAD pour former du lactate et

du NADH. L’activité de la LDH était déterminée par spectrophotométrie suivant la disparition

du NAD a 340 nm.

2. Production de NO au cours du protocole d’IR

La production de NO a été estimée a partir de I’évaluation de la concentration de
dérivés nitrés (nitrites/nitrates) dans les effluents coronaires. La quantification des
nitrites/nitrates dans ces effluents est en effet classiqguement utilisée dans la littérature
scientifiqgue comme indice de la production de NO (Kobara et al., 2003 ; Bitar et al., 2005 ;
Heinzel et al., 2008). Le dosage des nitrites totaux a été réalisé suivant la méthode de Griess
apres réduction des nitrates en nitrites (QuantiChrom Nitric Oxide Assay Kit (DINO-250)).
La quantité de nitrite était déterminée par évaluation de 1’absorbance a 540 nm.
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3. Peroxydation lipidigue myocardique

La peroxydation lipidiqgue myocardique a été estimée a partir de la concentration
tissulaire en substances réagissantes avec 1’acide thiobarbiturique (TBARS). Les tissus VG
prélevés étaient homogéneises dans 1 ml de solution d’acide trichloroacetic 0,1 % (TCA).
L’homogénat était ensuite centrifugé a 12000 g pendant 15 min et 0.5 ml de surnageant était
ajouté a 1 ml de solution a 0.5 % d’acide thiobarbiturique (TBA) et 20 % de TCA. La solution
était incubée dans 1’eau bouillante pendant 30 min, puis la réaction était stoppée en la placant
dans un bain d’eau glacée. Les tubes étaient vortexés et 200 pl étaient placés dans une plaque
96 puits afin de lire 1’absorbance du surnageant a 532 nm. La valeur d’absorption non
spécifique a 600 nm était soustraite. La concentration de TBARS était ensuite calculée en

utilisant un coefficient d’extinction de 155 mM™>.cm™.

4. Western blots

4.1. Préparation des échantillons

Les échantillons tissulaires congelés étaient homogenéisés au potter, dans une solution
tampon a 4°C (50 mM Tris-HCI, pH=6,7 ; 1 % SDS ; 10 % glycerol, inhibiteurs de la protéase
(AEBSF 104 mM ; Aprotinine 80 uM ; Leupeptine 2 mM ; Bestatine 4 mM ; Pepstatin A 1.5

mM ; E-64 1.4 mM ; P8340 Sigma-Aldrich)).
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4.2. Dosage des protéines

La méthode de I’acide bicinchonique (BCA) a été utilisée pour la quantification des
protéines. Ce dosage est basé sur la réduction du Cu®* en Cu* par les protéines et la réaction
de ce dernier avec le BCA. Le complexe coloré BCA-Cu® formé présente une trés forte
absorbance a 562 nm, laquelle est linéaire avec I’augmentation des concentrations protéiques.
Une gamme étalon d’albumine bovine était réalisée puis les échantillons étaient testés (100
pL d’échantillons pour 2 ml de réactif). Apres 30 min d’incubation a 37°C avec le réactif kit
de dosage BSA Pierce (BCA Protein Assay Kit, Pierce, Rockford IL), la densité optique était

mesurée a 562 nm.

4.3. Western immunoblotting

Les échantillons étaient préparés avec du f-mercaptoethanol, bouillis pendant 5 min a
95°C puis, une quantité identique de protéines de chaque échantillon était placée sur le gel
SDS-PAGE (gel a gradient de 4 — 20 % pour 1’évaluation de I’expression des SERCA-2a et
gel simple a 15 % pour I’évaluation de I’expression de TNF-a) et 1’¢lectrophorese était
réalisée. Un marqueur de poids moléculaire était mis a migrer simultanément avec les
échantillons. Les protéines étaient ensuite transférées sur une membrane en polyvinylydéne
difluoride (PVDF) par electroblotting dans un appareil de transblot « Bio-Rad transfer
apparatus » (Bio-Rad Laboratories, Richmond, CA). Les membranes étaient placées a incuber
dans une solution de blocage pendant 1 heure a température ambiante (TBS 1X, 0.1 %
Tween-20 et 3 % BSA). Ensuite, les membranes étaient incubées sous agitation avec
I’anticorps primaire spécifique soit pendant 1 heure a température ambiante, soit toute la nuit

a 4°C (TNF-a: 1/1000; SERCA-2a: 1/12500; GAPDH: 1/2000). Puis, I’anticorps
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secondaire spécifique était mis au contact de la membrane 1 heure & température ambiante.
Un systéme luminescent ECL (Pierce, Rockford, IL) était ensuite utilisé pour la mise en
évidence autoradiographique. La photographie était scannée, puis I’intensité de chaque bande
était quantifiée par le logiciel ImageJ (Image J, V1.28 image processing and analysis software
from the National Health Institute, U.S.A.). La quantité de protéines était exprimée en

fonction de la quantité de GAPDH.

4.4. Evaluation immuno-histologique de 1’expression de iNOS cardiaque

Les cceurs étaient fixés durant un minimum de 24 heures dans la formaline (10 %,
Sigma HTS50) puis étaient coupés en tranches de 4 pum au microtome. Apres avoir réalisé un
déparaffinage et un démasquage antigénique (Dako S2031), un blocage des péroxydases
endogénes était réalis¢ (Dako S2001). Les coupes étaient incubées avec 1’anticorps primaire
toute la nuit a 4°C (iNOS ; 1/200) ; puis incubées 25 min avec I’anticorps secondaire biotinylé
a température ambiante (Anti-mouse, anti-rabbit; Dako (K5003)). Elles étaient ensuite
incubées 25 min avec de la streptavidine peroxydase (Dako) et 6 min avec de I’AEC (substrat
de la peroxydase). Les lames étaient enfin montées a 1’eau (Faramount aqueous Dako
(S3025)) et photographiées. L’expression de iNOS était évaluée par quantification
colorimétrique a 1’aide du logiciel ImagelJ (Image J, V1.28 image processing and analysis

software from the National Health Institute, U.S.A.).
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VIII. Traitement statistigue

Les résultats sont présentés sous forme de moyenne = somme des erreurs standards
(SEM). Le traitement statistique a été effectué a 1’aide du logiciel Statview 5.0. (SAS institute
Inc., Cary, NC, USA). Les différents paramétres évalués transversalement ont fait 1’objet
d’une analyse de variance factorielle (ANOVA a un facteur ou deux facteurs lorsque
nécessaire). Les différents parametres longitudinaux (pressions, débits coronariens...) ont été
analysés a I’aide d’'une ANOVA a mesures répétées. En cas d’interaction entre 2 facteurs, des
tests a posteriori (test de Tukey-Kramer) ont été réalisés. La distribution des coeurs basée sur
les scores d’arythmies a été analysée a partir du test non paramétrique de Mann-Whitney. Les
variables réparties de fagon binomiale ont été¢ analysées a 1’aide d’un test non paramétrique de
comparaison des proportions dit du « Chi carré », corrigé pour la continuité par la méthode de
Yates. Pour toutes les comparaisons statistiques réalisées dans ce travail, le risque d’erreur de

1% espéce o est fixé 4 5 % et le degré de significativité est fixé a 5 % (p<0,05).
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1. Résumé article 1

1.1. Contexte scientifique

Les effets cardiovasculaires du CO ont été fortement étudiés dans le cadre de travaux
en toxicologie, toutefois peu d’études se sont intéressées aux effets d’une exposition
chronique a de faibles concentrations de CO telles que retrouvées dans le cadre de pollutions
urbaines. Quelques travaux récents ont cependant mis en évidence qu’une exposition
prolongée a ce gaz, a des concentrations observées en milieu urbain, était a 1’origine du
développement d’un phénotype cardiomyocytaire pathologique (Bye et al., 2008 ; Andre et
al., 2010). Celui-ci est caractérisé, chez une population de rats exposée a des faibles
concentrations de CO, par une modification du statut redox cellulaire et une altération du
couplage excitation-contraction expliquée notamment par des troubles de 1’homéostasie
calcique. Ce remodelage cellulaire pathologique, sans incidence fonctionnelle majeure au
niveau de ’organe, est néanmoins discuté par les auteurs (Andre et al., 2010) comme étant un
facteur important pouvant influencer la sensibilité du myocarde a un stress ischémique aigu
(Myers et al., 1985 ; Steenbergen et al., 1987 ; Steenbergen et al., 1990 ; Steenbergen et al.,
1993 ; Imahashi et al., 2005 ; Murphy et Steenbergen, 2008). Ainsi, 1’objectif de cette étude

n°1 était :
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D’évaluer limpact du remodelage phénotypique cellulaire, observé chez une
population de rats exposés a une pollution de type citadine au CO, sur la sensibilité du
myocarde au syndrome d’IR ? Plus particulierement, le travail a été axé sur limplication

potentielle de la surcharge calcique et du stress oxydant.

1.2. Méthodologie

Les rats sont répartis en 2 groupes expérimentaux. Un groupe est conservé en milieu
sain et ’autre exposé durant 4 semaines 12 heures par jour a une pollution résiduelle de 30
ppm de CO complétée par 5 pics d’une heure a 100 ppm. Suite a cette période d’exposition,
un protocole d’IR régionale sur ceeur isolé perfusé de Langendorff est réalisé. Afin d’évaluer
le role du Ca?* intracellulaire sur la sensibilité du cceur a I'IR, un protocole d’A/R était
également mis en oeuvre sur cardiomyocytes isolés chargés avec un indicateur calcique.
Enfin, ’implication du stress oxydant est évaluée par incubation des cardiomyocytes avec de
la N-acetylcystéine (NAC, 20 puM) au cours du protocole d’A/R et par I’évaluation du statut

enzymatique antioxydant.

1.3. Résultats majeurs

Ce travail montre pour la premicre fois qu’une exposition prolongée a de faibles
concentrations de CO rend le cceur plus vulnérable a un accident ischémique aigu. En effet,
les lésions de reperfusion sont plus marquées chez les rats CO comparés a leurs homologues
exposés en environnement standard d’animalerie. Ceci est notamment caractérisé par une

aggravation des arythmies de reperfusion et une augmentation de la mort cellulaire. Ce
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résultat semble pouvoir étre expliqué par le remodelage phénotypique cardiomyocytaire
défavorable (diminution des défenses enzymatiques antioxydantes et altération de

I’homéostasie calcique).

Les rats exposés pendant 4 semaines au CO sont plus sensibles a I’IR myocardique.
La surcharge calcique diastolique et un stress oxydant plus important au cours de la

reperfusion post-ischémique semblent pouvoir expliquer ce résultat.

2. Article n°1:
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Meyer G, André L, Tanguy S, Boissiere J, Farah C, Lopez-
Lauri F, Gayrard S, Richard S, Boucher F, Cazorla O, Obert P,
Reboul C. Simulated urban carbon monoxide air pollution exacer-
bates rat heart ischemia-reperfusion injury. Am J Physiol Heart Circ
Physiol 298: H1445-H1453, 2010. First published March 5, 2010;
doi:10.1152/ajpheart.01194.2009.—Myocardial damages due to ische-
mia-reperfusion (I/R) are recognized to be the result of a complex
interplay between genetic and environmental factors. Epidemiological
studies snggested that, among environmental factors, carbon monox-
ide (CO) urban pollution can be linked to cardiac diseases and
mortality. The aim of this work was to evalnate the impact of exposure
to CO pollution on cardiac sensitivity to I/R. Regional myocardial I/R
was performed on isolated perfused hearts from rats exposed for 4 wk
to air enriched with CO (30-100 ppm). Functional variables, repet-
fusion ventricular arrhythmias (VA) and cellular damages (infarct
size, lactate dehydrogenase release) were assessed. Sarcomere length
shortening and Ca®* handling were evaluated in intact isolated car-
diomyocytes during a cellular anoxia-reoxygenation protocol. The
major results show that prolonged CO exposure worsens myocardial
I/R injuries, resulting in increased severity of postischemic VA,
impaired recovery of myocardial function, and increased infarct size
(60 * 5 vs. 33 = 2% of ischemic zone). The aggravating effects of
CO exposure on I/R could be explained by a reduced myocardial
enzymatic antioxidant status (superoxide dismutase —45%; glutathi-
one peroxidase —49%) associated with impaired intracellular Ca?*
handling. In conclusion, our results are consistent with the idea that
chronic CO pollution dramatically increases the severity of myocar-
dial I/R injuries.

environmental pollution; myocardial infarction; antioxidant status

MYOCARDIAL DAMAGES RESULTING from ischemia-reperfusion
(/R) are a major cause of morbidity and mortality in western
nations. Those myocardial I/R injuries result in cardiac dys-
function, arrhythmias, as well as irreversible myocyte damages
(25, 28). The sensitivity of the myocardium to I/R-induced
cellular injuries is recognized today to be the result of a
complex interplay between genetic, pathological, and environ-
mental factors. Moreover, it appears to be aggravated in several
diseases, including hypertension, metabolic disorders, and
complications from cigarette smoking and environmerntal pol-
lution.

Address for reprint requests and other correspondence: C. Reboul, Research
Laboratory: EA 4278, Physiology and Physiopathology of Cardiovascular
Adaptations to Exercise, Faculty of Sciences, Avignon Univ., F-84000 Av-
ignon, France (e-mail: Cyril.reboul@univ-avignon fr).

http:/Avww.ajpheart.org

0363-6135/10 $8.00 Copyright © 2010 the American Physiological Society

Among the environmental factors that could influence the
development of cardiovascular diseases, several epidemiolog-
ical studies have recently suggested that urban atmospheric
pollution may exert adverse effects on cardiovascular health (7,
11, 12, 15). Among the numerous pollutants, carbon monoxide
(CO) has been described as one of the main pollutants respon-
sible for the development of cardiovascular diseases (9, 35). In
urban environments, CO concentration usually varies from 2 to
40 ppm, but during heavy traffic it may be as high as 170 ppm
(10, 34, 40). At this level, CO exposure has been correlated
with hospital admissions, mortality, and morbidity related to
cardiovascular diseases (9, 13, 29). Today, although the patho-
physiological mechanisms regarding acute CO poisoning are
well known, mechanisms associated with chronic exposure to
lower concentrations of CO, consistent with urban environ-
mental pollution, remain unclear. We (2) and Bye et al. (14)
have recently reported that prolonged CO exposure induces a
pathological myocardial cellular phenotype characterized by a
major remodeling of the excitation-contraction coupling. Such
deleterious consequences may worsen the effect of cardiovas-
cular diseases.

The aim of this experimental work was to challenge the
impact of a chronic exposure to simulated CO urban pollution
on the sensitivity of the myocardium to I/R in a rat model. The
major result shows that prolonged exposure to CO at a level
found in the urban environment has a dramatic deleterious
impact on the sensitivity of the myocardium to I/R.

METHODS

Experiments complied with the Guide for the Care and Use of
Laboratory Animals published by the United States National Institutes of
Health (National Institutes of Health Publications no. 85-23, revised
1996) and was approved by the French Ministry of Agriculture.

Animals and CO Exposure

Adult, male Wistar rats (n = 64; 345 = 7 g Charles River
Laboratories) were randomly assigned to the following two groups:
CO rats (exposed for 4 wk to simulated CO urban pollution, n = 32)
and control animals (Ctrl rats, exposed to standard filtered air, n =
32). CO rats were housed in an airtight exposure container for 4 wk.
Exposure was performed according to a 12:12-h CO in the air-ambient
air cycle. To simulate CO urban pollution, exposure was performed as
follows: during CO exposure, a CO concentration of 30 ppm was
maintained in the airtight container and monitored with an aspirative
CO analyzer (CHEMGARD Infrared Gas Monitor NEM A 4 Version;

H1445
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MSA). This initial concentration was supplemented with five 1-h
peaks at 100 ppm CO. During ambient air exposure, animals were
placed in the laboratory animal house with a CO concentration of 0
ppm. Ctrl rats were confined in the laboratory animal house for 4 wk
and were manipulated daily. At the end of the 4-wk CO exposure, rats
were housed 24 h in standard filtered air to avoid the acute effects of
CO on the myocardinm.

Regional Myocardial Ischemia and Reperfusion on Isolated
Perfused Rat Heart

Rats were anaesthetized with pentobarbital sodivm (50 mg/kg ip).
A thoracotomy was performed, and the heart was rapidly removed, by
cutting the great vessels, and immersed in ice-cold Krebs solution.
The heart was transferred to the perfusion apparatus, and the aorta was
camnulated for perfusion with oxygenated (95% 02-5% CO2) Krebs
solution (37°C) composed of (in mM) 118.3 NaCl, 25 NaHCOs3, 4.7
K{, 1.2 MgS0O4, 1.2 KHoPO4, 11.1 glucose, and 2.5 CaCl (pH =
7.4). The hearts were perfused at a constant pressure (80 mmHg).

Evaluation of postischemic reperfitsion infitry. On a first set of rats
(n = 8/group), the atrioventricular node was crushed using fine
forceps, the right atrium was excised, and the hearts were paced at a
rate of 300 beats/min with an electrical stimnlator (low voltage
stimulator, BSL MP35 SS58L, 3V). An ultrathin, water-filled balloon
was inserted in the left ventricle via the mitral valve, and the balloon
volume was adjusted to achieve a left ventricular (L'V) end diastolic
pressure of 5 mmHg. Coronary blood flow was measured by collec-
tion of the infiltration effluents. A suture on a round-bodied needle
was placed around the left anterior descending coronary artery (LAD),
and the suture ends were placed around a small length of tubing to
form a snare. The heart was allowed to stabilize for 30 min. Following
the stabilization period, the LAD was occluded for 30 min. Subse-
quently, the snare occluder was released to allow reperfusion of the
previously ischemic vascnlar bed for 120 min. The LAD was then
reoccluded, and Evans blue dye solution (5 ml, 2%) was injected in
the left ventricle to allow perfused (stained blue) and nonperfused
(unstained) areas of the heart to be distingnished. After removal of the
hearts, it was divided into five slices perpendicular to the apex-base
axis. Triphenyltetrazolium chloride staining (0.5 mg/ml for 20 min at
37°C) was used to assess myocardial tissue viability and to determine
myocardial infarct size. Tissue slices were photographed, and area at
risk and infarcted area were then determined nsing a computer-based
system (Imagel; NIH).

Evaluation of postischemic reperfitsion-induced ventricular arrhy-
thmins. On a second set of rats (n = 14/group), arthythmic events were
evaluated on isolated nonpaced hearts. The heart was mounted, and
the LAD occlusion was performed as previously described. A com-
puterized electrocardiogram was obtained continuously during the
protocol. The various types of arthythmias were defined as described
in the Lambeth conventions (39). The analysis of the electrocardio-
gram enabled assessment of the incidence (percent no. of hearts
exhibiting a given type of arrhythmia) of different types of ventricular
arrhythmias (Fig. 1A) as follows: sinus rhythm, ventricular premature
beats (VPB), ventricular tachycardia (VT), and ventricular fibrillation
(VF). To allow the comparison of the severity of thythm disturbances
occurring upon reperfusion, each individual heart was characterized
according to a five-point arthythmic score previously described by
Tanguy et al. (37) and designed so that the more severe the arthyth-
mia, the larger the number (Fig. 1B). Such a simplified scoring system
allows the assignment of a single number to each heart, and the
comparison of the distribution of the hearts by various scores.

Cardiomyocyte Excitation-Contraction Analysis After Cellular
Anoxia-Reoxygenation

On a third set of rats (n = 4/group), single ventricular cardiomyo-
cytes were isolated by enzymatic digestion as previously described
(24). Cardiomyocytes were transferred to a glass petri dish and placed

CO POLLUTION AND MYOCARDIAL ISCHEMIA-REPERFUSION

in an anoxic chamber (O, level ~2%) for 60 min, followed by a
60-min reoxygenation in ambient air (O, ~19.4%). Unloaded cell
shortening and Ca?™* concentration (indo 1 dye) were measured using
field stimulation (0.5 Hz, 22°C, 1.8 mM external Ca®*) before and
after anoxia-reoxygenation (A/R). Sarcomere length (SL) and fluo-
rescence (405 and 480 nm) were recorded simultaneously (TonOptix
system; Hilton). The A/R experiment was then carried out in the
presence or absence of a nonspecific antioxidant [N-acetylcystein
(NAQO), 20 pM].

Biochemical Assays

Heart antioxidant enzyme activity. A fourth set of rats (n =
6/group) was nsed to evaluate the enzymatic antioxidant status of the
myocardinm consecutive to chronic CO exposure and before I/R.
After the end of CO exposure (24 h), the hearts were freeze-clamped,
and the frozen veniricular tissue was homogenized in Tris HCl buffer
(60 mM Tris-HCI and 1 mM diethyltriaminopentaacetic acid, pH 7.4,
10 ml/g wet wt) using a Teflon potier homogenizer. Tissue homoge-
nates were then centrifuged for 10 min at 200 g at 4°C to remove all
nuclear debris. Cardiac superoxide dismutase (SOD) activity was
assessed in the supernatant according to the method described by
Marklund (22). Cardiac glutathione peroxidase (GPx) activity was
assessed spectrophotometrically on the cytosolic fraction according to
the method described by Flohe and Giinzler (18). Catalase activity
was determined according to the method described by Beers and Sizer
(8). All enzyme activities were expressed in units per milligram
protein (U/mg protein). The modified method of Lowry et al. (21) was
used to determine protein content of tissue homogenates, using BSA
as standard.

Lactate dehydrogenase in coronary effluents. Lactate dehydrogenase
(LDH) activity was measured in coronary effluents by spectrophotormetry
using an LDH kit (LDH-P; BIOLABO). Measurements were made at the
end of stabilization and at 10, 30, and 60 min of reperfusion. LDH
activity was normalized to coronary blood flow.

Thicbarbituric acid-reactive substances it LV fissues. Thiobarbi-
turic acid-reactive substances (TBARS) were assessed in LV tissues
after 30 min of reperfusion using the thiobarbituric acid (TBA) test.
Frozen heart tissue (120 mg) was homogenized in 1 ml 0.1% TCA
solution, The homogenate was centrifuged at 12,000 g for 15 min, and
0.5 ml of the supernatant was added to 1 ml of 0.5% TBA in 20%
TCA. The mixture was incubated in boiling water for 30 min, and the
reaction was stopped by placing the reaction tubes in an ice bath.
Tubes were briefly vortexed, triplicate 200-pl aliquots were taken
from each tube and placed in 96-well plates, and the supernatant
absorbance was read at 532 nm in a microplate reader. The value for
nonspecific absorption at 600 nm was subtracted. The amount of
TBARS (red pigment) was calculated using an extinction coefficient
of 155 mM ~t.em~1

Statistics

Data were analyzed using one-way ANOVA between groups and
repeated-measures ANOV A when necessary. When significant interac-
tions were found, a Tukey-Kramer test was applied. The distribution of
the hearts based on the various arthythmic scores was analyzed by a
nonparametric Mann-Whitney U-test. Binomially distribnted variables
(such as incidence of VF) were analyzed using nonparametric Yaies™ chi
square test (Statview; Adept Scientific, Letchworth, UK). Alevel of P <
0.05 was considered statistically significant. Data are expressed as group
means or group mean fractions of baseline = SE.

RESULTS

Effects of CO Exposure on Myocardial Reperfusion
Ventricular Arrhythmias

The time course of reperfusion-induced VPB, VT, and VF in
individual hearts is shown in Fig. 1C. Figure 1D shows a

AJP-Heart Circ Physiol  VOL 298 - MAY 2010 - www.ajpheart.org

0102 ‘G Aely uo Bio ABojoisAyd peaydle woiy papeojumoq

- 105 -




Etude n°1

CO POLLUTION AND MYOCARDIAL ISCHEMIA-REPERFUSION

A

Na arthythmic event

i

Ventricular tachycardia (VT)

i e

1s

Vaniricular premature beat (VPB}

) mr
ﬁijw !M\f

Ventricular fibrillation (VF)

C Ctrl Rats (n=11)

28 P

19 .’éZ 22 I
[ W L, e 0 I——

2l .

6
23
5 Wm

27 R

Arrhythmic score in the setting of acute Mi

Score Event

0 No arrhythmic event

1 Only VPB

2 VT with or without VPB
3 Reversible VF

4 Sustained VF

CO Rats (n=13)

18 [
7

20 P
12 77777 P77z

2
5 I 1
21 1
T R e e

gz Yzl

10 [ Pz

H1447

Fig. 1. Effects of carbon monoxide (CO) expo-
sure on the severity of postischemic reperfu-
sion-induced arrhythmic events. Electrocardio-
graphic recordings (A) of normal sinus rhythm
and of arrhythmias identified during postisch-
emic reperfusion as described in the Lambeth
Convention [sinus thythm, ventricular prema-
ture beat (VPB), ventricular tachycardia (V'T).
and ventricular fibrillation (VF)] and related
arthythmic scores (B). C: time course of reper-
fusion-induced VPB (crossed out bars), VT
(gray bars), and VF (black bars) of each heart of
the control (Cul) group (left) and CO (right)
group (nos. on left refer to the order of the
experiments). [): categorization of arrhythmia
classes (score) according to B. Values are ex-
pressed as a percentage of the total no. of hearts

I
]
13 7277 1
1
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for each group (Ctrl rats n = 11, CO rats n =

| I | I | l

13, distribution was tested using nonparametric
Mann-Whitney’s test, Ctrl vs. CO rats: P <
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Duration of reperfusion (s)

55 ] C_]CtrRats

Ctrl vs CO : p<0.05
(n=11) (n=13)

Duration of reperfusion (s)

120 180 240 0.05). M1, myocardial infarction. E: effects of
CO exposure on mean arrthythmic score (data
are presented as means * SE, Cul rats n = 11,

CO rats n = 13, one-way ANOVA, *P < 0.05,

* Ctl vs. CO rats).

% of rats of each group

Arrhythmic score

significant difference in the distribution of the arrhythmic
scores observed in both experimental groups. According to the
increased mean arrhythmic score observed in CO rats during
reperfusion, the arrhythmia severity was higher in CO rais
compared with Cul rats (Fig. 1E). Moreover, sustained VF
were triggered more frequently in the CO rats compared with
Cirl rats (54 vs, 9%, P << 0.05 nonparamelric Yales™ chi square
test).

Effects of CO Exposure on Postischemic Recovery of
Mvyocardial Function

Any difference regarding cardiac function was reported
between CO and Ctrl rats before ischemia (Table 1). Postische-
mic recovery of LV developed pressure and conlractility,
assessed during reperfusion, was significantly lower in CO rats
compared with Cirl (Fig. 2). Indeed, the postischemic recovery

Ctrl rats

COrats

of L.V developed pressure, +dP/dipy,. and —dP/dly., were
significantly altered in the CO rats compared with Cirl rats
(Fig. 2, A-C).

These functional results were paired with some deleteri-
ous effects of CO exposure on postischemic myocardial
coronary blood flow recovery (Fig. 2D). Indeed, although no
difference in coronary blood flow was reported between CO
and Cirl rats before ischemia (Ctrl rats: 11.5 = 0.9 ml/min
vs. CO rats: 11.8 £ 1.4 ml/min), coronary blood flow was
significantly lower in CO rats compared with Citrl rats
during reperfusion.

Effects of CO Exposure on Myocardial Postischemic
Reperfusion-Induced Cellular Death

The deleterious effects of CO exposure on I/R-induced
injury were characterized by an increase in myocardial infarct
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Table 1. Myocardial funclion during regional
ischemia-reperfusion protocol in Ctrl and CO rats

+dPidtan, — AP/,
LVDP, mmHg mmHg/s mmHg/s

Baseline

Ctd rats 91.79 =747 3,365 + 304 —1,944 + 123

CO rats 03.85 = 12.11 2,932 + 369 —1,994 + 219
30 min of Ischemia

Ctrl rats 6550 =482 2,304 + 487 —1,447 + 199

CO rats 5329 = 5.66 1,757 £ 240 —1,111 + 162
5 min of Reperfusion

Ctd rats 6128 =3.05 2,169 + 318 —1,255 + 103

CO rats 41.86 £3.61% 1,372 £276% =002 + 131*
30 min of Reperfusion

Ctd rats 6331 =515 2,376 £ 331 —1344 + 114

CO rats 43.71 £5.66% 1,541 & 364* —887 + 216*
60 min of Reperfusion

Ctal rats 50.99 = 1.85 1,996 = 320 —1,063 + 81

CO rats 36.10 = 6.62*% 1,332 + 365 —761 & 115%
90 min of Reperfusion

Ctrl rats 4354 +1.33 1,747 + 376 —020 + 120

CO rats 3178 £9.7¢ 1,203 £ 331 =703 + 121
120 min of Reperfusion

Ctd rats 30.85 +2.52 1,609 *+ 258 —832 + 110

CO rats 24,52 £591*% 1,028 +237* —570 + 169*

Values are means = SE; LVDP, left ventricular developed pressure; +dP/
dtpa;, maximal derivative of left ventricular pressure; —dP/dfynin, minimal
derivative of left ventricular pressure; Ctrl rats, rats exposed to filtered standard
air; CO rats, rats exposed to carbon monoxide. *P < 0.05 vs. Ctrl rats.

size in CO rats compared with Ctrl rats (Fig. 3, A and B).
Indeed, no difference regarding the risk zone (ischemic zone)
was observed between CO and Cirl rats after 120 min of
reperfusion. However, the infarct size was markedly increased

A
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in CO rats (60 + 5 vs. 33 = 2% of the risk zone; P < 0.05).
LDH released in coronary effluents, used as an index of cell
death, was significantly augmented at the onset of reperfusion
in both Ctrl and CO rats (1.91 = 030 to 5.84 + 1.45 U/min for
Ctrl rats; 2.69 = 0.54 to 14.26 = 3.20 U/min for CO rats; P <
0.05). Moreover, the peak of LDH release at the onset of
reperfusion was significantly higher in CO rats than in Ctrl rats.
Finally, LDH release remained significantly higher in CO rats
after 30 and 60 min of reperfusion. No difference regarding
LDH release was observed during the stabilization period
{Fig. 3C). LV TBARS concentration was significantly in-
creased in CO compared with Ctrl rats after 30 min of
reperfusion (6.43 * 0.76 vs. 4.40 = 0.35 nmol/g; Fig. 3D).

Effects of CO Exposure on Cardiomyocyte
Excitation-Contraction Coupling Before and After A/R

At the cellular level, prolonged CO exposure induced im-
pairments of ventricular myocyte function (Fig. 4). Indeed,
before A/R, SL shortening (Fig. 4, A and B) as well ag Ca®*
transient (Fig. 4, C and D) were significantly impaired in CO
rats compared with Ctrl rats. In addition, diastolic cytosolic
Ca®" was markedly higher in CO compared with Ctrl rats (Fig.
4F). Consecutively to A/R, SL. shortening was decreased in
both groups (Fig. 4, A and B) and remained significantly lower
in CO compared with Ctrl rats. This decreased SL shortening
was associated with a decreased Ca®™ transient in both groups
consecutive to A/R. It is of note that Ca?¥ transient from CO
rats remained lower than Ca®* transient from Ctrl rats (Fig. 4,
C and D). Following A/R, diastolic Ca?* increased in the two
experimental groups; however, for this parameter, statistical
significance was reported only in Ctrl rats. Consequently,
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80 'g:?w_ Fig. 3. Effects of CO exposure on I_/R-induced
£ '8 ™ cellular death. A: representative sections of rat
3 ~ ° hearts stained with triphenyltetrazolium chloride
T 60 | é’ ) (TTC) after a regional ischemia of 30 and 120 min
s s % reperfusion from the isolated heart experiments in
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s H ¥ ! i s 40-1 2 expressed as a percentage of risk zone (right).
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DISCUSSION

following A/R, no difference was observed concerning intra-
cellular diastolic Ca®>* between Ctrl and CO rats (Fig. 4E).
Following A/R, the incubation of NAC (a nonspecific anti-
oxidant) reduced the impairment of cardiac cell contraction in
both Ctrl and CO rats. In addition, NAC infusion partly blunted
the higher sensitivity of CO rat cardiomyocytes to A/R, since
in this condition no difference was reported between Ctrl and
CO groups regarding SL shortening (Fig. 5A). As far as the
alterations of Ca?* handling are concerned, the incubation of
NAC improved Ca®" transient in both Ctrl and CO rats.
However, the difference between the two experimental popu-
lations was still reported (Fig. 5B). Finally, diastolic cytosolic
Ca’" was significantly reduced in CO rat cardiomyocytes in
the presence of NAC compared with the corresponding con-
trols (Fig. 5C). In the presence of NAC, no difference was
reported regarding this variable between Ctrl and CO rats.

Effects of CO Exposure on Myocardial Antioxidant Enzyme
Activity

In CO rats, following 4 wk of exposure to simulated urban
CO pollution, cardiac SOD and GPx activities were signifi-
cantly lower compared with Ctrl rats (Fig. 6, A and B). No
significant change in catalase activity was observed in this
model of CO exposure (Fig. 6C).

To the best of our knowledge, our study is the first to
investigate the effects of prolonged exposure to simulated
urban environmental CO pollution on myocardial sensitivity to
I/R. The major result is that prolonged exposure to simulated
urban CO pollution worsens myocardial I/R injuries, promot-
ing a major increase in the severity of arrhythmic events, an
impairment of myocardial function observed at both global and
cellular levels, and an increase in the infarct size. These
phenomena could be mainly related to hidden effects of CO
exposure on myocardial phenotype, including /) an impair-
ment of cellular Ca®>" handling and 2) an altered antioxidant
status of the myocardium.

CO Exposure and Myocardial I/R

Eventhough CO urban pollution has been associated with
increased cardiovascular disease and cardiac mortality (9, 13,
29), we demonstrate here that chronic CO exposure renders the
heart more vulnerable to I/R. Previous experimental studies
have only documented the effect of acute CO exposure or to
CO-releasing molecules used as preconditioning strategies to
protect the myocardium against I/R injury (3, 6, 19). It was also
reported that endogenous CO production could protect the
heart from I/R injuries. These beneficial effects of endogenous
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Fig. 4. Effects of CO exposure on cardiomyo-
cyte excitation-contraction before and after cel-
lular anoxia-reoxygenation (A/R). A: represen-
tative contraction of intact myocytes. B: con-
traction of intact myocytes, measured by
sarcomere length (SL) shortening. SL shorten-
ing is presented as a mean of the percentage of
shortening + SE [# = 4 rats/group, 2-way
ANOVA, P < 0.05, pre-A/R vs. post-AR #)
and Ctul vs. CO mats (*)]. C representative 4
superimposed Ca®" transients in intact myo-
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cytes. Ca®* transients (D) and diastolic Ca?+
(E) in intact myocytes. Ca’" transients and
diastolic Ca’* are presented as means = SE
[# = 4 rats/group, 2-way ANOVA; P < 0.05,
pre-A/R vs. post-A/R (#) and Ctrl vs. CO rats
(*]. NS, not significant.
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CO production during /R could be because of a decrease in
oxidative stress (26), an enhanced Ca>" handling (36), and CO
anti-inflammatory and anti-apoptotic properties (20), which
may ultimately lead to a decrease in I/R-induced VF (4, 5). In
our model, no difference regarding cardiac function and coro-
nary blood flow was evidenced between Cirl and CO rats
before I/R. Remarkably, only postischemic reperfusion al-
lowed us to distinguish the hearts of CO-exposed rats from
those of Ctrl rats, thereby pointing out the deleterious effect of
CO. These results are in line with our previous study (2), which
exhibited no difference of cardiac function in the basal condi-
tion but highlighted functional impairments in CO rats in
stressful conditions (i.e., B-adrenergic stimulation). Therefore,
discrepancies between our results and studies reporting the
protective role of CO exposure could be explained by differ-
ences in the duration and severity of CO exposure (3, 6, 19). In
our model, CO rats experimented a chronic (4 wk with 12 h
daily exposure) CO exposure mimicking urban concentrations
(30-100 ppm). In addition, it has to be noted that, in our
model, to avoid the acute effects of CO on the myocardium,
rats were housed for 24 h in standard filtered air before I/R

Pre AR Fost AR
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=
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study. Therefore, under our experimental conditions, no differ-
ence of carboxyhemoglobin was made obvious between Ctrl
and CO rats at the time of the VR procedure (carboxyhemo-
globin 24 h after exposure, CO rats: 1.2 = 0.4% vs. Ctrl rats
1.0 £ 0.5%; not significant).

Effects of CO Exposure on Postischemic Myocardial Injuries

The higher susceptibility of the myocardium to I/R in CO-
exposed rats was notably characterized by higher propensity
to arrhythmic events at the onset of reperfusion. Higher
arrhythmic score and higher occurrence of sustained VF (54
vs. 9%) were evidenced. Arrhythmias, and more particularly
sustained VF, are the most dangerous consequences of
myocardial /R, since they induce an impairment of blood
circulation and ultimately lead to sudden cardiac death.
Sheps et al. (31, 32) have already highlighted the proar-
rhythmic effect of CO exposure (1 day at 100 or 200 ppm)
in patients with documented coronary artery diseases. How-
ever, as mentioned above, in our model, no difference of
carboxyhemoglobin was reported between Ctrl and CO rats
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Fig. 5. Effects of N-acetylcystein (NAC) in-
cubation on the sensitivity to A/R of cardio-
myocytes from Ctrl and CO rats. A: contrac-
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at the time of the I/R procedure, avoiding then the acute
effects of CO on the myocardium. In CO rats, the higher
sensitivity of the myocardium was also characterized by an
impairment of postischemic recovery of myocardial func-
tion. This could be related to the significantly impaired
cellular contractile function observed, consecutive to A/R,
on isolated cardiomyocytes of CO rats compared with Ctrl
rats. This result suggests that cardiomyocyte damages lead
to a reduced postischemic recovery of cardiac function. It
seems, however, that the main factor involved in the expla-
nation of this result was that CO pollution is associated, in
our model, with a marked increase of I/R-induced cardiac
cell death. I/R injuries, including cardiomyocyte impair-
ments as well as arrhythmic events, were mainly explained,
in past literature, by increased oxidative stress and Ca®™"-
handling alteration (25, 41).

Implication of Ca®* and Oxidative Stress

The increased sensitivity to I/R of the myocardium after
CO exposure was characterized by the increase of arrhyth-
mic events, increased functional disturbances, and cell
death. The cellular mechanisms underlying theses aspects of
the reperfusion syndrome may involve impairments of Ca>*
handling or overproduction of oxygen-derived free radicals.
In a recent study, we have shown that CO pollution by itself
initiates a pathological phenotype of the cardiomyocytes
involving a profound remodeling of the excitation-
contraction coupling through Ca®*-handling alteration (2),
which was confirmed in the present work. This remodeling
was characterized by an impairment of cardiomyocyte short-
ening that was not observed at the whole heart level. This
phenomenon, which has already been reported by our team,
may involve compensatory mechanisms (2) that remain to

tion of intact myocytes, measured by SL
shortening. SL shortening is presented as a
mean of the percentage of shortening = SE. B
and C: Ca®" transients (B) and (C) diastolic
Ca®* (C) in intact myocytes. Ca®* transients
and diastolic Ca®* are presented as means +
SE [r = 4 rats/group, 2-way ANOVA; P <
0.05, with NAC vs. without NAC ($) and Ctrl
vs. CO rats (%)].

CiA/R COAR COAR
NAC NAC

be investigated. The cardiomyocytes also exhibit an increase
in diastolic Ca®* resulting from an altered Ca®" reuptake in
the sarcoplasmic reticulum (SR) due to a decreased sarco-
(endo)plasmic reticulum Ca®>"-ATPase (SERCA) 2a expres-
sion and also potentially from a Ca?* leak from the SR
through the ryanodine receptors (2). Alterations of Ca®"
handling may be involved in cardiomyocyte dysfunction and
ultimately in cell death during I/R (1, 33, 38). It is therefore
very likely that these alterations, associated with CO expo-
sure, increase the severity of cardiomyocytes and whole
heart injuries related to I/R. Indeed, in our study, at the
whole heart level, CO exposure increases cardiomyocyte
death after I/R. Considering only viable myocytes, we report
here that SL shortening and Ca?* handling are altered by
A/R to the same extent in both Ctrl and CO rats, resulting
therefore in more pronounced dysfunctions in CO rats
compared with Ctrl rats. Therefore, it seems that Ca®*
handling in viable cardiomyocytes was not more impaired
by A/R in CO rats, but that the lower amplitude of Ca®>*
transient reported in this population following A/R was the
result of prolonged CO exposure-induced phenotypical
changes. Consequently, a major finding of the present study
was that the impaired Ca®>* handling observed before to A/R
is a key factor in the development of functional impairments
and arrhythmic events observed at the onset of reperfusion
in CO rats and is therefore a candidate to explain higher
sensitivity of CO rat myocardium to I/R.

The essential role of oxidative stress in the pathogenesis of
myocardial I/R injury has been largely reported (16, 30, 41).
Indeed, exacerbated oxidative stress during I/R is a key factor
in the worsening of postischemic arrhythmias, cardiac dysfunc-
tion, and irreversible cardiomyocyte damages (16, 17, 25, 41).
Oxidative stress is defined as an imbalance between the pro-
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Fig. 6. Effects of CO exposure on superoxide dismutase (SOD, A), glutathione
peroxidase (GPx, B), and catalase (C) activities expressed in mU/mg protein.
Data are presented as means = SE (1 = 6 rats/group, 1-way ANOVA, *P <
0.05, Ctd vs. CO rats).

CO rats

duction of reactive oxygen species and biological antioxidant
systems that are involved in the detoxification of reactive
intermediates. An important result of our study is the impaired
enzymatic antioxidant status of the myocardium, including a
major decreased activity of SOD (—45%), GPx (—49%), and
catalase (—26%, not statistically significant). We previously
discussed the potential role of altered redox status of the

CO POLLUTION AND MYOCARDIAL ISCHEMIA-REPERFUSION

myocardium to explain the effects of prolonged exposure to
CO on excitation-contraction coupling (2). Indeed, since pro-
teins involved in Ca®* handling are potential targets for redox
alterations, decrease of antioxidant defenses associated with
the increased activity of thioredoxin reductase observed in our
previous study (2) confirmed a CO-induced oxidative stress.
Therefore, those alterations of enzymatic antioxidant defense
could play a major role in phenotypical changes of CO-
exposed rat myocardium, mainly affecting Ca** homeostasy.
Besides, SOD prevents changes in myocardial function, and
Ca®" homeostasis in isolated hearts subjected to /R (27),
catalase, and GPx plays a major role in protecting the myocar-
dium from /R injury (16). We have observed an increase in
TBARS production, used as a marker of lipid peroxidation, and
therefore oxidative stress, in CO-exposed rats following I/R.
Therefore, we can postulate that the lower enzymatic antioxi-
dant defense that was observed consecutively to CO exposure
could contribute to the increased sensitivity of the myocardium
to I/R damages. To prevent oxidative stress-induced alter-
ations, an acute antioxidant strategy, using a nonspecific anti-
oxidant (NAC), was performed during cellular A/R. This acute
antioxidant strategy was found able to prevent the deleterious
effects of CO exposure on SL shortening during A/R. This
result highlights the implication of an increased cardiac oxida-
tive stress in our model of CO-exposed rats. However, the
deleterious effects of CO exposure on Ca®" transient were not
prevented by this acute antioxidant strategy. This observation
is not surprising, since prolonged exposure to CO pollution
results in phenotypical remodeling of Ca®"-handling proteins,
such as decreased SERCA2a expression (2). This profound
remodeling of the Ca®"-handling phenotype, which was re-
ported in CO rat myocardium, could not be reversed by such an
acute antioxidant strategy. Therefore, chronic antioxidant ther-
apy, notably by preventing myocardial phenotypical changes,
could be a promising strategy for protecting the heart against
the deleterious effects of chronic CO exposure on myocardial
sensitivity to I/R.

In conclusion, this study shows that chronic exposure to CO
consistent with air pollution from the urban type significantly
increases the effects of a myocardial infarction in rats and
could be considered as a major health risk. Indeed, the World
Health Organization estimates that air pollution is responsible
for 800,000 premature deaths worldwide each year, and, par-
ticularly, exposure to air pollution increases the risk of mor-
tality from cardiovascular disease by 76% (23). Among the
numerous pollutants, CO has been described as one of the main
pollutants responsible for the development of cardiovascular
diseases (9, 35). Prolonged CO exposure worsens [/R-linked
cardiac injuries and therefore provides an experimental ratio-
nale to explain the increased risk of cardiac mortality observed
in exposed populations. In summary, prolonged CO exposure-
induced cardiac phenotypical changes, such as an imbalance in
the cardiomyocyte oxidant status and an impairment of Ca®*
handling, are likely to predispose the heart to I/R injuries.
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3. Résultats additionnels

Au cours du protocole d’IR myocardique, nous avons également mesuré la production
de NO au moment de la reperfusion dans nos deux populations. De plus, une évaluation de
I’expression de la eNOS cardiaque a aussi été réalisée. Ces résultats, n’ayant pas donné lieu a

publication, font I’objet de cette présentation séparée.

Le NO

La quantité de NO synthétisée est aujourd’hui largement décrite comme jouant un rdle
non négligeable dans la sévérité des lésions d’IR myocardique (Jones et Bolli, 2006 ;
Ferdinandy et al., 2007). Une surproduction de NO li¢e a 1’apport massif d’O, au niveau des
NOS a préalablement été rapportée au moment de la reperfusion, (Wang et Zweier, 1996). En
condition pro-oxydante, cette production accrue de NO pourrait jouer un role délétere
notamment via sa réaction avec 1’0O," a I’origine de la formation de ONOO™ (Beckman et
Koppenol, 1996 ; Wang et Zweier, 1996). Il semblait donc intéressant d’évaluer les effets du
CO sur la production myocardique de NO au cours de la reperfusion post-ischémique.

La production de NO estimée a partir du dosage des nitrites/nitrates au cours des
premiéres minutes de reperfusion est dans notre travail significativement augmentée chez les
rats CO comparés aux rats Ctrl (10,02 + 0,89 vs. 4,86 + 0,65 pM.mlI™.min™; p<0.05) (Figure
29). Le role potentiel de cette surproduction de NO dans la plus grande vulnérabilité du

myocarde au syndrome d’IR sera I’objet de 1’étude n°2 de ce travail de these.
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Figure 29 : Production myocardique de NO apres une séquence
d’ischémie (30 min) et de reperfusion (5 min), évaluee par
quantification des nitrites et nitrates dans les effluents
coronaires. * p<0,05 rats CO vs. rats Ctrl.

La eNOS cardiaque

L’expression des différents isoformes de NOS est modulable en condition
physiopathologique. Il a notamment été montré qu’une grande variété de stimuli peut
entrainer une augmentation (Insuline, VEGF, forces de cisaillement...) ou une diminution
(Erythropoiétine, TNF-a, iNOS...) de I’expression tissulaire de eNOS (Govers et Rabelink,
2001 ; Balligand et al., 2009). Bien qu’une surproduction de NO liée a une activité/expression
augmentée de la eNOS soit le plus souvent rapportée comme bénéfique, dans notre modele,
cette production accrue de NO au cours du syndrome d’IR est associée, chez la population de
rats CO, a une plus grande vulnérabilité du myocarde. Cependant, il nous a semblé
intéressant, au vu des résultats présentés, d’évaluer 1’expression de la eNOS cardiaque chez

nos rats exposés de facon prolongée au CO.
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L’expression de la eNOS cardiaque est dans notre travail inchangée chez les rats
exposés au CO comparés aux rats Ctrl (Figure 30). Il apparait donc probable que cette
surproduction de NO chez la population de rats CO soit liée a une modification d’expression
d’un autre isoforme de NOS. Ainsi la potentielle implication d’une expression induite de
iNOS dans le tissu myocardique de nos rats exposés au CO sera étudiée dans 1’étude n°2 de ce

travail de thése.
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Figure 30 : Expression myocardique de eNOS évaluée par western blot.

-115-



