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Cardioplegic arrest for bypass surgery imposes global ischemia on the myocardium 

generating oxyradicals which contribute to post-surgical cardiac dysfunction. Early 

clinical trials have demonstrated that pyruvate-fortified cardioplegia reduces myocardial 

energy and improves mechanical recovery in patients undergoing elective 

cardiopulmonary bypass for coronary artery bypass grafting. This study was designed to 

determine the effects of the natural carbohydrate, pyruvate, on oxidative stress, 

myocardial energy state, and activities of myocardial metabolic enzymes during and 

immediately following cardiopulmonary bypass. In the first set of experiments, in situ 

swine hearts were arrested for 60 min with a 4:1 mixture of blood and crystalloid 

cardioplegia solution containing 188 mM glucose alone (control) or with additional 23.8 

mM lactate or 23.8 mM pyruvate, then reperfused for 3 min with cardioplegia-free blood. 

Glutathione redox state (GSH/GSSG) and phosphocreatine phosphorylation potential 

were determined from measurements of myocardial metabolites in left ventricular heart 

tissue snap frozen at 45 min arrest and 3 min reperfusion. Coronary sinus 8-isoprostane 

indexed oxidative stress. Pyruvate-fortified cardioplegia decreased oxidative stress, 

lowering 8-isoprostane content accumulated during arrest and reperfusion. 

Phosphorylation potential was maintained in all groups during arrest but fell upon 

reperfusion in the control and lactate cardioplegia groups. Use of pyruvate cardioplegia 

during arrest prevented the decline in phosphorylation potential during reperfusion. 





Pyruvate cardioplegia doubled GSH/GSSG during arrest as compared to lactate, but 

GSH/GSSG fell during reperfusion in all 3 groups. Pyruvate proved to be an effective 

antioxidant and energy yielding fuel in the setting of cardioplegic arrest and reperfusion. 

From these data, we hypothesized that pyruvate would protect oxidant-sensitive enzymes 

from inactivation. To test this hypothesis, in situ swine hearts were arrested for 60 min 

with control cardioplegia and reperfused for 3 min with cardioplegia-free blood alone or 

with co-infusion of c. 12 mM pyruvate. Activities of oxidant-sensitive enzymes, 8-

isoprostane content, and energy and antioxidant metabolites were measured in left 

ventricular myocardium snap-frozen at 45 min arrest and 3 min reperfusion. At 3 min 

reperfusion, glutathione redox state fell by 70% while 8-isoprostane content increased 

75%. Pyruvate administration during reperfusion suppressed oxidative stress, maintained 

glutathione redox state, and enhanced phosphocreatine phosphorylation potential. 

Aconitase and glucose 6-phosphate dehydrogenase activities fell during arrest; creatine 

kinase and phosphofructokinase were inactivated upon reperfusion. Pyruvate protected 

creatine kinase and reactivated aconitase, which are at least partially mitochondrial 

enzymes, but did not modify the cytosolic enzymes glucose 6-phosphate dehydrogenase 

and phosphofructokinase. We conclude that 1) pyruvate-fortified cardioplegia and 

administration of pyruvate during early reperfusion increase the antioxidant state of the 

heart and reduce oxidative stress occurring as a result of cardioplegic arrest and 

reperfusion; 2) pyruvate bolsters the myocardial energy state during early reperfusion 

when administered during cardioplegic arrest or during reperfusion; 3) Cardioplegic 

arrest and reperfusion inactivates several key metabolic enzymes. Pyruvate 

administration during reperfusion, the period of most intense oxidative stress, increases 





the activity of two mitochondrial enzymes during early reperfusion when compared to 

control. These investigations provide likely mechanisms for the ability of pyruvate

fortified cardioplegia to reduce myocardial injury and improve post-surgical cardiac 

performance in patients undergoing CPB. More research must be done to solidify 

pyruvate's role as a cardioprotective in~ervention during CPB. 
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CHAPTER I 

INTRODUCTION 

The great 19th century surgeon, Theodore Billroth, once said that .. any surgeon 

who operates on the heart, should lose the respect of his colleagues." Much has changed 

from that time as cardiac surgery has evolved from a taboo to a well-respected and 

masterful art of cardiac protection and preservation . 

History of cardiopulmonary bypass 

One of the first men to consider extracorporeal circulation as a means of assisting 

in cardiac operation was John Heysham Gibbon, Jr. His thought process likely began in 

October of 1930, when, during his fellowship at Harvard, he watched a patient slowly die 

from a massive pulmonary embolus. His account of that afternoon follows. 

11 
••• Helplessly watching the patient struggle for life as her blood became darker and her 

veins more distended, the idea naturally occurred to me that if it were possible to remove 

continuously some of the blue blood from the patient's swollen veins, put oxygen into 

that blood and allow carbon dioxide to escape from it, and then to inject continuously the 

now-red blood back into the patient's arteries, we might have saved her life .... we would 

have bypassed the obstructing embolus and performed part of the work of the patient's 

heart and lungs outside the body (22). 11 

A wealth of knowledge had been gathered prior to Gibbon's thought of 

extracorporeal circulation. In the late 18th century, Lavoisier discovered the role ofgas 
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exchange by the lungs and, thus, the essential role of oxygen in sustaining life. In 1812, 

LeGallois first proposed the idea of artificial circulation to deliver arterial blood to 

organs. The discovery of heparin as an anticoagulant by McLean in 1916 was also an 

important step. Gibbon understood these concepts as well as the need to prevent 

hemolysis, avoid air embolus, maintain temperature, and provide a pump for reperfusion. 

After 20 years of investigation, Gibbon performed the first cardiopulmonary bypass 

(CPB) in February 1952 on a 15-month-old girl diagnosed with a large atrial septal 

defect. The baby died during exploration, revealing that the defect was actually a patent 

ductus arteriosus. The second attempt was successful; in May 1953, 26 minutes of CPB 

allowed Gibbon and colleagues to repair an atrial septal defect in an 18-year-old girl. 

The model II oxygenator that was used is shown in Figure 1 (56). The evolution of the 

CPB circuit has continued as the size and ease of use have improved (Figure 2). 

One of the major complications of early CPB was the introduction of deadly air 

emboli into the circulation (57). It was also difficult to operate on the blood filled 

beating heart. In 1955, Melrose was the first to "electively" arrest the heart. He termed 

the technique "cardioplegia (47)." The potassium based solution used by Melrose was 

designed to reduce air emboli and was not intended to protect the heart. The use of 

Melrose cardioplegia lost favor when surgeons found that there was late vascular and 

myocardial injury (35,71). Patchy necrosis was discovered in up to 30% of the hearts 

after cardiac surgery ( 49). Investigations later revealed that the high concentration of 

KCl in Melrose solution, not the arrest itself, was the cause of myocardial damage 

(65,67). In 1973, crystalloid cardioplegia solutions with much lower concentrations of 
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KCl were used to more safely achieve electromechanical arrest (21 ). Alterations in 

Melrose cardioplegia lead to the development of potassium chloride solutions such as St. 

Thomas's solution (3,24). First used clinically in 1976 (3), St. Thomas's solution is still 

used today. The delicate balance of myocardial protection versus efficient, reversible 

cardiac arrest has been studied since its initial use in 1955. Even today, ongoing studies 

are attempting to optomize temperature, route of delivery, and metabolic components to 

protect the myocardium more effectively and ultimately improve patient recovery from 

cardiac surgery. Much work has been done to minimize the damaging effects of CPB, 

but there is still room for improvement. 

According to the American Heart Association, coronary artery bypass grafting 

(CABG) is the most commonly performed surgery in the world, with over 500,000 

surgeries performed in 2000. CPB is still the gold standard for coronary 

revascularization (60). Moreover, CPB is an essential component of many other cardiac 

surgical procedures, allowing the heart to be arrested without compromising blood flow 

to the body. 

Cardiopulmonary bypass induces oxidative stress 

Despite its importance and obvious necessity, CPB is known to increase oxidative 

stress and elicit a complex systemic inflammatory response. A variety of reactive oxygen 

species (ROS) are generated through numerous mechanisms. Droge (16) provides an 

excellent review of the formation and neutralization of ROS. ROS have the potential to 

inflict cellular damage by oxidizing and inactivating enzymes and by oxidizing 
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phospholipids, increasing membrane permeability and impairing ion transport (31 ). ROS 

and reactive nitrogen intermediates are thought to be involved in the pathogenesis of 

ischemic heart disease, myocardial infarction and stunning, cardiac failure and post-

bypass myocardial dysfunction. They have also been shown to contribute to arrhythmias 

(28) and apoptotic signal pathway activation (11). A recent investigation examined 

oxidative stress and inflammation in 20 children undergoing elective heart surgery (8). 

Oxidative stress occurred immediately after CPB, while cytokine release peaked 3-12 hr 

after bypass. Oxidative stress is known to activate phosphorylation of nuclear factor lCB, 

resulting in its translocation to the nucleus where it binds to DNA and induces expression 

of inflammatory mediators (54). Multiple processes, including neutrophil activation, 

cytdkine release, and oxyradical production characterize the resultant systemic 

inflammatory response syndrome (SIRS) (32). The inflammation is severe and is thought 

to be the cause of many complications following CPB (27). The most common post-

surgical complication is respiratory dysfunction, but multiple organs may be damaged by 

systemic inflammation. 

Cardiopulmonary bypass induces an increase in the body's natural antioxidant 

defenses (34). A recent clinical investigation measured the total antioxidant capacity of 

the plasma and glutathione peroxidase and superoxide dismutase, which are responsible 

for the reduction of peroxides and superoxides, respectively. Glutathione peroxidase, 

I 
superoxide dismutase, and total antioxidant capacity increased significantly during CPB 

and returned to baseline within 24 hours (34) . . Plasma alpha-tocopherol, a measure of 

antioxidant status, gradually increases beginning at 20 min CPB and continuing to 

increase for 6 hr after CPB (70). 
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Cardiopulmonary bypass elicits oxyradical formation (14, 17 ,30), which could 

contribute to post-bypass myocardial dysfunction (13,33,71). The increase in natural 

antioxidant defenses that occurs during CPB are not sufficient to prevent the detrimental 

effects of the overwhelming formation of oxyradicals. Fischer eta/. (18) demonstrated 

the ability of N-acetylcysteine, a pharmacologic antioxidant, to reduce oxidative stress 

(assessed from 8-isoprostane in coronary sinus blood) and improve post-bypass cardiac 

performance when intravenously infused in dogs. 8-Isoprostane, a product of lipid 

peroxidation and measure of oxidative stress (36,58), has been shown to be elevated in 

blood following CPB in several studies (18,44,66,69). In addition to its vasoconstrictor 

effects (1), 8-isoprostane has been proposed as a risk marker of coronary heart disease 

(61). N-acetylcysteine, when given intravenously to patients during and after CABG 

surgery with CPB, did not prevent postoperative renal dysfunction, medical 

complications, or mortality (6). The direct effects of the antioxidant on the heart were 

not studied. 

Pyruvate 

Pyruvate ts a natural aliphatic carbohydrate and metabolic intermediate m 

mammalian cells. Pyruvate is gaining increased attention as a natural means of 

protecting the myocardium from damage associated with oxidative stress and ischemia

reperfusion. The physiologic concentration of pyruvate in arterial plasma is between 0.1 

and 0.2 mM in overnight-fasted pigs (53) and humans (45). While the heart does not rely 

heavily on pyruvate for normal metabolism due to these submillimolar plasma 
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concentrations, it is able to respond functionally and metabolically to exogenous 

pyruvate. 

Extracellular pyruvate is cotransported with a proton into the cytoplasm via the 

electroneutral, sarcolemmal monocarboxylate-proton symporter (23). Transport of 

cytosolic pyruvate into the mitochondria via the monocarboxylate transporter on the inner 

mitochondrial membrane (23) serves an essential role for pyruvate's positive inotropic 

effects (39). 

Pyruvate enhances post-ischemic cardiac performance and Ca2
+ handling. 

Adequate ATP synthesis is required to maintain normal cardiac performance. 

Ischemia reduces oxygen and substrate supply to the heart so that aerobic metabolism and 

oxidative phosphorylation of ATP are compromised. Depletion of A TP stores reduces 

available energy supply for critical cellular functions including ion transport and 

myofilament contraction. Enhancement of post-ischemic myocardial function by 

pyruvate has been demonstrated in several studies. In a recent investigation (62), 

pyruvate administration during open-chest cardiac compression and the first 25 min of 

recovery from cardiopulmonary arrest hastened recovery of phosphorylation potential. 

Enhancement of ATP phosphorylation potential by pyruvate in this (62) and other 

investigations (5,29,38,48,73) increases cytosolic Gibbs free energy of ATP hydrolysis 

(.!\GATP), the immediate energy source for cellular work. Reductions in .!\GATP impair 

calcium handling (sarcoplasmic reticulum Ca2
+ ATPase) and cross-bridge cycling (actin

myosin A TPase) (25), critical steps in force-generating contraction. Pyruvate has been 
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shown to increase sarcoplasmic reticular Ca2+ uptake and release while increasing both 

energy state and contractile performance (7,37,39,43,46). Inhibition of the inner 

mitochondrial membrane pyruvate transporter by a-cyano-3-hydroxycinnamate (4) 

prevented these beneficial effects (39,43). Therefore mitochondrial oxidation of pyruvate 

likely generates the energy required for e~ancement of Ca2+ handling and, thus, cardiac 

contractile performance. In addition, pyruvate reduces ROS formation, which may 

further explain pyruvate's ability to improve calcium handling and prevent calcium 

overload upon reperfusion. Furthermore, pyruvate does not increase heart rate (5,51,53), 

and therefore, does not increase the internal work of the heart. 

Pyrltvate enhances myocardial antioxidant systems 

Oxidative stress has been implicated in the pathogenesis of ischemia-reperfusion 

induced myocardial dysfunction. Cells contain natural defense mechanisms to neutralize 

damaging oxyradicals. Enhancements of the cellular antioxidant systems have the 

potential to reduce oxyradical injury by reducing the associated oxidative stress. The 

glutathione system can effectively neutralize hydrogen peroxide, peroxynitrite and lipid 

peroxides. Indeed, this system is the major antioxidant mechanism in mammalian cells. 

The reducing power of this system is determined by the ratio of reduced glutathione 

(GSH) to oxidized glutathione disulfide (GSSG). Moreover, changes in GSWGSSG 

accurately reflect global changes in all of the intracellular antioxidant redox couples, 

including the a-tocopherol, ascorbate and thioredoxin systems, because all of these 

systems are in a state of near equilibrium within the cell (19,26,55,59). 
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The effect of pyruvate on GSH redox potential was measured in the guinea-pig 

myocardium challenged with hydrogen peroxide (41). Hearts were perfused with 0.1 

mM H202 for 10 min, followed by 30 min H202-free washout before 60 min treatment 

with 5 mM pyruvate or other compounds, and then snap-frozen for measurement of 

energy and antioxidant metabolites. Cardiac mechanical function progressively declined 

during and following H202 exposure before stabilizing at 30% of baseline. H20 2 also 

depleted the myocardial antioxidant reserve, indicated by a decrease in GSH/GSSG. 

Phosphorylation potential initially was lowered by H20 2 but recovered as the cardiac 

performance fell, due to the decreased energy demands of the H20 2 injured, 

hypocontractile myocardium. Pyruvate treatment restored function to the level seen in 

H202-free sham experiments. Pyruvate maintained phosphorylation potential despite this 

increased energy demand. Pyruvate also enhanced GSH/GSSG. Interestingly, lactate, 

which is oxidized by the same metabolic pathways as pyruvate but lacks pyruvate's 

antioxidant properties, did not restore function, phosphorylation potential, nor 

GSH/GSSG. N-Acetylcysteine (NAC), a pharmacologic antioxidant but not an energy 

yielding fuel, was able to restore GSH/GSSG, but had no salutary effect on contractile 

performance and failed to maintain phosphorylation potential. Therefore, the unique 

combination of maintained energy supply in the face of a greater energy demand and 

augmented GSH/GSSG could be responsible for pyruvate's restoration of contractile 

function in these oxidatively stressed hearts. 
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Pyruvate, a powerful antioxidant 

Pyruvate has proven effective at reducing organ injury or dysfunction in a variety 

of models of oxidative stress, including myocardial (2,5,12,15), intestinal (9), or hepatic 

(63) ischemia-reperfusion injury. Pyruvate protects the myocardium from direct damage 

by peroxides ( 42). Figure 3 summarizes the antioxidant mechanisms of pyruvate ( 40). 1) 

Pyruvate detoxifies hydrogen peroxide (H20 2) and peroxynitrite (ONOO") by direct 

chemical reactions. 2) Pyruvate metabolism increases intracellular citrate ( 1 0), which 

inhibits phosphofructokinase (PFK) (20), causing glucose-6-phosphate to accumulate and 

thereby provide substrate for the hexose monophosphate shunt, the source of NADPH 

reducing power to maintain GSH. 3) Conversion of citrate to isocitrate provides substrate 

for NADP+ dependent isocitrate dehydrogenase, potentially a second source of NADPH. 

Pyruvate also increases the ATP phosphorylation potential and lowers free cytosolic 

concentrations of ADP and AMP. This lessens the production of hypoxanthine and 

xanthine (38), which serve as substrates for ROS formation by xanthine oxidase (64). 

Pyruvate's ability to reduce oxidative stress may also play an important role in 

reducing the inflammatory response to CPB. As previous discussed, ROS are important 

mediators in the inflammatory response (54). Pyruvate may act as an indirect anti

inflammatory agent by reducing the formation of ROS. In fact, pyruvate inhibits the 

activation of NF-KB and TNF-a mRNA expression in mice subjected to mesenteric 

ischemia-reperfusion ( 68). 
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Cardioprotection by pyruvate cardioplegia in patients undergoing coronary artery 

bypass surgery 

This novel study (52) investigated the efficacy of pyruvate to protect the heart in 

patients undergoing cardiac surgery on cardiopulmonary bypass. Patients either received 

pyruvate (lOmM) fortified cardioplegia (n=15) or standard lactate (23.8 mM) based 

cardioplegia (n=l5) (4 vol blood:l vol crystalloid). The two groups were effectively 

matched for demographics, pre-surgical cardiac function and markers of ischemic injury. 

Post-surgical left ventricular stroke work was sharply increased in patients receiving 

pyruvate cardioplegia compared to those receiving lactate cardioplegia (Figure 4). 

Pyruvate also lowered coronary sinus Troponin I and creatine phosphokinase-MB release 

by 67 and 53%, respectively. 8-adrenergic support post-bypass was required for 10 

patients in the lactate cardioplegia group but only for 4 patients in the pyruvate 

cardioplegia group (i: P=0.067). Therefore, pyruvate both reduced myocardial injury 

and improved post-surgical cardiac function. The benefits of the temporary 

administration of pyruvate on the arrested myocardium lasted 12 h after cardioplegic 

arrest. These favorable results are the stimulus for the proposed investigation. 

Summary 

Cardiopulmonary bypass has come a long way since the humble beginnings of 

Gibbons. CPB is now standard practice for common surgeries such as CABG, valve 

replacements, and correction of congenital heart defects. While necessary, CPB has 

unfortunate and unintended consequences: SIRS, increased oxidative distress, and multi

organ dysfunction that all contribute to post-CPB morbidity and mortality. 
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A natural metabolite, pyruvate exerts a powerful anti-oxidant and energy yielding 

benefits in a variety of metabolically stressful situations in the myocardium. A 

preliminary clinical trial found that pyruvate-fortified cardioplegia reduces myocardial 

injury and improves post-surgical cardiac performance. The study which follows seeks 

to identify the mechanisms of pyruvate's salutary effects in the setting of cardioplegic 

arrest. 

Specific aims 

The first aim of this investigation was to determine the ability of lactate- and 

pyruvate-fortified cardioplegia solutions to dampen oxyradical release and bolster 

endogenous antioxidant defenses during cardioplegic arrest. The experiments were 

designed to determine the ability of lactate-based and pyruvate-fortified cardioplegias to 

alter myocardial energetics during cardioplegic arrest. In situ adult swine hearts were 

arrested with one of three cardioplegia solutions containing 188 mM glucose alone 

(control) or with either 23.8 mM lactate or 23.8 mM pyruvate added for 60 min and 

reperfused with cardioplegia-free blood for 3 min. 8-Isoprostane, an indicator of 

oxidative stress, was measured in plasma samples taken before, at 20 min intervals 

during, and at 1 and 3 minutes after cardioplegic arrest. Glutathione redox potential 

(GSWGSSG) and phosphorylation potential were measured in myocardial tissue samples 

taken at 45 min arrest and 3 min reperfusion. The study was designed to test the 

hypothesis that pyruvate, more substantially than lactate, reduces oxidative stress 

associated with cardioplegic arrest and preserves glutathione antioxidant defenses in the 

11 



circulation and myocardial tissue during cardioplegic arrest. The study also tested the 

hypothesis that pyruvate, and to a lesser extent lactate, improves phosphocreatine 

phosphorylation potential. Pyruvate cardioplegia reduced oxidative stress during arrest 

and that antecedent lactate and pyruvate cardioplegia prevented lipid peroxidation during 

the ftrst 3 min of reperfusion. Pyruvate cardioplegia bolstered the endogenous 

antioxidant state during arrest, while none of the solutions had an effect on GSH/GSSG 

during reperfusion. Finally, phosphorylation potential tended to increase in all 3 groups 

during arrest but fell in the control and lactate groups during reperfusion. In contrast, 

pyruvate cardioplegia maintained phosphorylation potential during reperfusion. 

Therefore, pyruvate-fortified cardioplegia reduces oxidative stress and preserves 

myocardial energy state in a large animal model of cardioplegic arrest. 

The second aim of this investigation was to determine the effects of cardioplegic 

arrest and reperfusion on oxidant-sensitive metabolic enzymes, and whether pyruvate, 

administered during reperfusion rather than in cardioplegia, could reduce oxidative stress, 

protect or reactivate oxidant-sensitive enzymes, and thereby bolster the energy state of 

the heart. In situ swine hearts were arrested with control cardioplegia solution for 60 min 

as in speciftc aim 1. Hearts were then reperfused with cardioplegia-free blood with or 

without 12 mM pyruvate for 3 min. Tissue metabolites and enzyme activities were 

measured in left ventricular myocardium snap frozen at 45 min arrest or after 3 min 

reperfusion. Cardioplegic arrest and reperfusion inactivated several key metabolic 

enzymes. Pyruvate administration during reperfusion reduced oxidative stress and 

increased antioxidant redox state. Pyruvate protected the mitochondrial enzymes creatine 
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kinase and aconitase from inactivation but had no salutary effect on oxidant-inactivated 

cytosolic enzymes. Pyruvate also increased myocardial energy state when compared to 

control. Thus, pyruvate administration during reperfusion following cardioplegic arrest 

prevents mitochondrial enzyme inactivation while reducing oxidative stress and 

bolstering myocardial energy state. 

Significance 

This investigation, for the first time, identified favorable effects of pyruvate on 

oxidative stress, myocardial energy state, and enzyme activity when administered during 

cardioplegic arrest or reperfusion. Pyruvate may serve as a natural therapeutic for 

patients undergoing cardiopulmonary bypass with cardioplegic arrest. More research 

must be done to determine the long term benefits of pyruvate therapy on the heart in this 

setting. 
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Figure 1. Model II. Used by Gibbon for the first successful coronary artery bypass procedure. 

Figure from referenc·e 56. 
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Figure 2. Modem-day cardiopulmonary bypass machine. 
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Figure 3. Antioxidant mechanisms of pyruvate and acetoacetate. Pyruvate and acetoacetate 

(AcAc) could relieve oxidant demands on the myocardial GSH system and maintain its redox 

potential by several mechanisms. (1) Pyruvate detoxifies peroxides and peroxynitrite in direct 

decarboxylation reactions. Pyruvate carboxylation by pyruvate carboxylase (PC) and/or malic 

enzyme (ME) increases mitochondrial citrate formation; citrate effluxes to the cytosol where it 

increases NADPH formation by (2) suppressing phosphofructokinase (PFK) activity and 

diverting glucose 6-phosphate into the hexose monophosphate pathway (HMP), or (3) by 

generating isocitrate substrate for NADP+ dependent isocitrate dehydrogenase (ICDH). The 

diagram also depicts antioxidant mechanisms of the ketone, acetoacetate (AcAc). (4) 

Acetoacetate combines with peroxynitrate to generate a nontoxic nitrosylated product. (5) 

Acetoacetate activation yields acetoacetyl CoA (AcAcCoA), which detoxifies hydrogen peroxide 

in the presence of NADH forming an unknown product. (6) Oxidation of AcAcCoA to acetyl 

CoA (AcCoA) suppresses pyruvate dehydrogenase (PDH), diverting endogenous pyruvate into 

citrate-generating carboxylation. aK.G: a-ketoglutarate. Figure from reference 40. 
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Figure 4. Impact of pyruvate-fortified cardioplegia on left ventricular contractile 

performance following cardiopulmonary bypass surgery. Left ventricular stroke work 

index (LVSWI) was measured at pre-bypass baseline and at 0-12 h post-bypass in hearts 

arrested with lactate- (closed circles) and pyruvate-fortified (open squares) cardioplegia 

solution during bypass. Values are means ± SEM; n = 15 per group. •p < 0.05 vs. 

prebypass; tp < 0.05 vs. lactate cardioplegia group. Figure from reference 52. 

29 



CHAPTER II 

Pyruvate-fortified cardioplegia suppresses oxidative stress and enhances 

phosphorylation potential of arrested myocardium 

E. Marty Knott1
, Myoung-Gwi Ryou 1, Jie Sun 1, Abraham Heymann 1, Arti B. Sharma 1, 

Yu Lei 1, Mirza Baig3
, Robert T. Mallet', Albert H. 0 livencia-Y urvate 

Departments of Integrative Physiology' and Surger/, 

University ofNorth Texas Health Science Center, Fort Worth, TX 

Department of Pharmacy3
, Plaza Medical Center ofF ort Worth, Fort Worth, TX 

American Journal of Physiology Heart and Circulatory Physiology 

September 2005; 289(3):H1123-30 

30 



ABSTRACT 

Cardioplegic arrest for bypass surgery imposes global ischemia on the myocardium 

which generates oxyradicals and depletes myocardial high energy phosphates. The 

glycolytic metabolite pyruvate, but not its reduced congener lactate, increases 

phosphorylation potential and detoxifies oxyradicals in ischemic and post-ischemic 

myocardium. This study tested the hypothesis that pyruvate mitigates oxidative stress 

and preserves energy state in cardioplegically arrested myocardium. In situ swine hearts 

were arrested for 60 min with a 4:1 mixture ofblood and crystalloid cardioplegia solution 

containing 188 mM glucose alone (control) or with additional 23.8 mM lactate or 23.8 

mM pyruvate, then reperfused for 3 min with cardioplegia-free blood. Glutathione 

(GSH), glutathione disulfide (GSSG), and energy metabolites (phosphocreatine (PCr), 

creatine (Cr), inorganic phosphate (Pi)) were measured in myocardium snap frozen at 45 

min arrest and 3 min reperfusion to determine antioxidant GSH redox state (GSH/GSSG) 

and PCr phosphorylation potential ([PCr]/([Cr][Pi])). Coronary sinus 8-isoprostane 

indexed oxidative stress. Pyruvate cardioplegia lowered 8-isoprostane release 

approximately 40% during arrest vs. control and lactate cardioplegia. Lactate and 

pyruvate cardioplegia dampened (P < 0.05 vs. control) the surge of 8-isoprostane release 

following reperfusion. Pyruvate doubled GSH/GSSG vs. lactate cardioplegia during 

arrest, but GSH/GSSG fell in all 3 groups following reperfusion. Myocardial 

[PCr]/([Cr][Pi]) was maintained in all 3 groups during arrest. Pyruvate cardioplegia 

doubled [PCr]/([Cr][Pi]) vs. control and lactate cardioplegia following reperfusion. 

Pyruvate cardioplegia mitigates oxidative stress during cardioplegic arrest and enhances 

myocardial energy state upon reperfusion. 
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INTRODUCTION 

Despite recent advances in minimally invasive surgical interventions, 

cardiopulmonary bypass (CPB) remains the mainstay method for coronary 

revascularization (39). Moreover, CPB is essential for a variety of cardiac surgical 

procedures including valve replacement and correction of congenital heart defects. CPB 

allows the heart to be arrested without compromising blood flow to the body. However, 

prolonged arrest of the heart with potassium-based cardioplegia solutions interrupts 

coronary flow which may ultimately inflict myocardial ischemic injury. CPB elicits 

reactive oxygen species (ROS) formation (1 0, 11, 20), which could contribute to post-

bypa~s myocardial dysfunction (9, 22, 46). ROS injure cardiomyocytes by chemically 

modifying and inactivating enzymes and by oxidizing phospholipids, increasing 

membrane permeability and impairing ion transport (21 ). ROS and reactive nitrogen 

intermediates are central to the pathogenesis of ischemic heart disease, myocardial 

infarction and stunning, and cardiac failure ( 4, 25). They have also been shown to induce 

arrhythmias (19) and activate apoptotic signaling pathways (8). Accordingly, intravenous 

administration of the pharmacological antioxidant N-acetylcysteine reduced myocardial 

lipid peroxidation and improved post-bypass cardiac performance in dogs (12). 

Enhancements of the cellular antioxidant systems have the potential to mitigate 

injury during CPB by reducing the associated oxidative stress. The glutathione (GSH) 

system can effectively neutralize hydrogen peroxide, lipid peroxides and peroxynitrite. 

Indeed, this system is the major antioxidant mechanism in mammalian cells (38). The 
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reducing power of the GSH system is determined by the ratio of GSH to oxidized 

glutathione disulfide (GSSG). Moreover, changes in GSHIGSSG accurately reflect 

global changes in all of the intracellular antioxidant redox couples, including the a

tocopherol, ascorbate and thioredoxin systems, because these other antioxidants are in a 

state ofnear equilibrium with GSHIGSSG (13, 17, 35, 38). 

A natural carbohydrate and glycolytic product, pyruvate acts as both an 

antioxidant and energy-yielding fuel in myocardium. An a-keto carboxylate, pyruvate 

can reduce peroxides (7) and convert peroxynitrite to N02- (44). These non-enzymatic 

reactions decompose pyruvate to C02 and acetate. Secondly, anaplerotic flux of pyruvate 

· into the TCA cycle increases citrate content (26); citrate supports metabolic pathways 

that generate NADPH, the source of reducing power for glutathione reductase (26). 

Indeed, exogenous pyruvate was found to increase GSHIGSSG in post-ischemic stunned 

(41) and hydrogen peroxide injured (25) guinea pig myocardium. We recently 

demonstrated that pyruvate-fortified cardioplegia ameliorates myocardial injury and 

improves post-surgical recovery of cardiac function in patients undergoing 

cardiopulmonary bypass, allowing significant reduction in post-surgical hospital stay 

(33). 

The purpose of this investigation was to examine possible metabolic mechanisms 

for these improvements, with special attention focused on myocardial energy and 

antioxidant redox states. In situ adult swine hearts were arrested with blood cardioplegia 

solutions in which the crystalloid components contained 188 mM glucose alone (control) 
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or with additional 23.8 mM lactate or 23.8 mM pyruvate. Oxidative stress was assessed 

by measuring 8-isoprostane concentration in coronary sinus blood. Left ventricular 

myocardial biopsies were obtained during arrest and at 3 min reperfusion for 

measurement of glutathione redox state and energy metabolites. These experiments 

demonstrated that pyruvate-fortified cardioplegia dampens oxidative stress and bolsters 

endogenous antioxidant defenses. Additionally, administration of pyruvate-fortified 

cardioplegia during arrest enhanced myocardial energetic recovery upon reperfusion. 

These results extend the previously established benefits of pyruvate on the heart to a large 

animal model of cardioplegic arrest. 

METHODS 

Animal experimentation was approved by the Institutional Animal Care and Use 

Committee of the University of North Texas Health Science Center, and was conducted 

in accordance with the Guide to the Care and Use of Laboratory Animals (NIH 85-23, 

revised 1996). Fifty-five adult domestic swine of either sex weighing 45-60 kg were 

randomly assigned to one of four experimental groups. 

Surgical procedures 

After an overnight fast, pigs were pre-medicated with ketamine (10 mg/kg, im) 

and xylazine (1 mg/kg, im). Following sedation, anesthesia was induced with propofol (2 

mg/kg, iv) and maintained by mechanical ventilation with 1-3% isoflurane supplemented 

with 0 2 and propofol (1 mg!kg/hr, iv). Cannulae were placed in femoral arteries to 

monitor arterial pressure (Hewlett-Packard model1290C pressure transducer) and sample 
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arterial blood. Plasma Lyte A (Baxter Healthcare Corp, Deerfield, IL) was administered 

via a femoral vein to help maintain adequate blood volume. After median sternotomy, a 

pericardia} cradle was fashioned for exposure and support of the heart. A catheter was 

placed through the right atrial appendage and advanced into the coronary sinus to sample 

coronary sinus blood (Figure 1 ). 

Cardioplegic arrest 

After instrumentation, each pig was administered 300 U/kg of heparin iv. 1.2 I of 

arterial blood was then withdrawn at a rate of 30 - 50 mVmin from a femoral artery using 

a roller pump (3M Health Care, Ann Arbor, MI). The blood was collected in a flask, 

stirred and maintained at 37°C. This blood volume was sufficient to perform 

cardioplegia arrest and to reperfuse the heart with cardioplegia-free blood for 3 min. The 

hearts did not fully recover mechanical function within 3 min reperfusion, so post-arrest 

cardiac performance was not monitored in this investigation. Figure 1 depicts the 

instrumentation of the heart. Drainage catheters were placed in each ventricular cavity 

via apical stab wounds and secured with purse-string sutures. A cannula (1.5 mm 1.0.) 

for delivery of blood cardioplegia was placed in the ascending aorta and secured with a 

purse-string suture. Clamps were placed on the aorta distal to the cannula and on the 

superior and inferior vena cavae to effectively isolate the heart. Initial induction of 

cardiac arrest was accomplished with antegrade infusion, via the aortic cannula, of a 

minimum of 400 ml cold (4°C) blood cardioplegia (4 vol blood:1 vol crystalloid 

solution). Arrest was maintained by infusing 100-150 ml cardioplegia into the aortic root 

at 20 min intervals. Following 60 min arrest, the heart was reperfused for 3 min at 100-
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140 mllmin with cardioplegia-free blood via the aortic cannula. Perfusion pressure 

(Hewlett-Packard model 1290C pressure transducer) and flow rates (Transonic 

Flowprobe, Transonic Systems Inc.) were monitored during delivery of cardioplegia and 

cardioplegia-free blood. Perfusion pressure was maintained between 65-75 mm Hg. 

Cardioplegia solutions 

All cardioplegia solutions were prepared aseptically the morning of the 

experiment. Control cardioplegia group contained 0.9% NaCl as the main diluent. The 

lactate cardioplegia was prepared using Ringer's lactate solution. The pyruvate 

cardioplegia group was administered a pyruvate-fortified Ringer's-based cardioplegia 

solutron, prepared by diluting sodium pyruvate powder (Sigma, St. Louis, MO) in sterile 

0.9% NaCl. Pyruvate and lactate concentrations were 23.8 mM in the respective 

cardioplegia solutions. Electrolytes and other constituents were added to each solution to 

match the composition of the control cardioplegia. NaCl was added to control 

cardioplegia to equal the molar amounts of sodium lactate and sodium pyruvate added to 

the lactate and pyruvate cardioplegia solutions. All 3 crystalloid cardioplegia solutions 

contained 104 mM NaCl, 135 mM NaHC03, 91 mM KCl, 6 mM CaCh, 188 mM 

glucose, 68 UIL insulin, and 676 mg/llidocaine. Final pH was 7.6. Crystalloid solutions 

were combined with 4 vol blood before administration. Dilution of crystalloid in plasma 

lowered the pyruvate and lactate concentrations to 6-7 mM, well within the optimally 

cardioprotective pyruvate concentration range of5-10 mM defined in isolated hearts (5). 

Arteria/fuels, blood gases and plasma 8-isoprostane 
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Blood samples were collected before initiation of cardioplegic arrest, at initial 

arrest, at 20 and 40 min arrest, and at 1 and 3 min reperfusion. Arterial blood samples 

were obtained from the femoral artery before arrest and from the aortic perfusion line 

carrying blood cardioplegia during arrest or whole blood during reperfusion. Coronary 

venous blood was sampled from the coronary sinus. Blood gases, pH, and HC03" were 

measured in an Instrumentation Laboratory model 1730 blood gas analyzer. Pyruvate 

concentrations in plasma extracts were measured by colorimetric assays ( 49) in a 

Shimadzu Instruments model UV-1601 spectrophotometer. Glucose and lactate 

concentrations were measured in a Yellow Springs Instruments model 2300 L-lactate 

analyzer. Glucose and lactate concentrations reported by this analyzer have been verified 

by spectrophotometry. 8-Isoprostane was measured in coronary sinus plasma using a 

competitive immunoassay kit (Cayman Chemical, Ann Arbor, Ml) according to the 

manufacturer's instructions. Plasma 8-isoprostane concentrations were normalized for 

whole blood hemoglobin concentration and expressed as percent of pre-arrest baseline. 

Myocardial metabolites, antioxidant redox state and cytosolic energy state 

Snap frozen biopsies (c. 5 g) of the left ventricular apex were taken in situ by 

compressing tissue in Wollenberger tongs precooled in liquid N2 (15). Biopsies were 

stored at -80° C until metabolite extraction. Three experimental series were performed. 

In the first series, myocardium was sampled at 45 min arrest (8 experiments per group). 

In the second series, myocardium was biopsied at 3 min reperfusion in 7 control, 10 

lactate and 8 pyruvate cardioplegia experiments. The third series was a sham control 

protocol (n = 6) in which myocardium was sampled 1 hr 45 min after sternotomy but 
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without cardiac instrumentation or cardioplegic arrest. Experiments were terminated 

after biopsy. 

Myocardial metabolites were extracted (27, 41, 42) and assayed 

spectrophotometrically (3). Phosphocreatine phosphorylation potential, t.e. 

[PCr]/([Cr][Pi]) provided a measure of myocardial energy state (2, 45). Intracellular Pi 

was determined as previously reported (25). Glutathione (GSH) and glutathione disulfide 

(GSSG) in myocardial extracts were measured in a Shimadzu Instruments model LC-

1 OAT high performance liquid chromatography system equipped with a fluorescence 

detector (29). The ratio of GSH/GSSG was taken as a measure of the antioxidant redox 

potential of the myocardium. 

Statistical analysis 

Data are reported as means ± SEM. Arterial blood gases, pH, and HC03- as well 

as plasma metabolite and 8-isoprostane data at different time points within each group 

were compared by repeated measures analysis of variance (ANOV A). Between-group 

comparisons of these variables at selected time points and myocardial metabolite values 

were accomplished by factorial ANOV A. When ANOV A detected statistical 

significance, post hoc multiple comparisons versus sham values were made using Dunn's 

method, and other between-group comparisons were performed using Student-Newman

Kuels multiple comparison test. Student's t-tests were performed for within-group 

comparisons of data collected at 3 min reperfusion vs. 45 min arrest. P values < 0.05 

were considered statistically significant. 

38 



RESULTS 

Arterial acid-base chemistry and hematocrit 

Arterial blood gases, pH, and HC03- are reported in Figure 2. Infusion ofHC03-

in crystalloid cardioplegia controlled arterial pH (Figure 2A) and increased arterial PC02 

via the carbonic anhydrase equilibrium (Figure 2B), in parallel with increased HC03-

concentration (Figure 2C). Arterial 0 2 saturation (Figure 2D) was maintained at 

approximately 97% in all 3 cardioplegia groups. Hematocrit (Figure 2E) fell during 

arrest due to fluid administration and the addition of the crystalloid cardioplegia 

component; accordingly, 02 content (Figure 2F) also decreased during arrest and 

reperfusion. 

Arterial and tissue carbohydrates 

Hearts were arrested with one of three cardioplegia solutions, glucose alone 

(control) or glucose with additional 23.8 mM lactate or pyruvate. Inclusion of pyruvate 

in crystalloid cardioplegia produced a plasma pyruvate concentration of about 7 mM in 

blood cardioplegia (Figure 3A). Plasma pyruvate concentration did not increase in the 

control or lactate cardioplegia groups during arrest. Similarly, plasma lactate 

concentration increased to 6 mM in the lactate cardioplegia group, but was only slightly 

elevated in the control and pyruvate cardioplegia groups (Figure 3B). Arterial glucose 

concentration during arrest averaged about 40 mM in each of the three cardioplegia 

groups (Figure 3C). 
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Myocardial uptake and release of carbohydrate substrates are reported in Figure 4. 

Baseline rates are not reported since total coronary flow was not measured before arrest. 

Myocardial pyruvate uptake (Figure 4A) was between 0.4 and 0.5 mmoVmin in the 

pyruvate group during cardioplegic arrest. There was no net pyruvate uptake in the 

pyruvate cardioplegia group during cardioplegia-free reperfusion, nor in the control and 

lactate cardioplegia groups at any time. Lactate was released from the heart throughout 

the protocol in the control and pyruvate cardioplegia groups, but a brief period of net 

lactate uptake was seen during early arrest in the lactate group (Figure 4B). Glucose 

(Figure 4C) was taken up during arrest in all 3 groups. Upon reperfusion, net glucose 

release occurred as glucose-enriched cardioplegia was washed out of the organ by 

cardioplegia-free arterial blood. 

Pyruvate (Figure SA), lactate (Figure 5B), and citrate (Figure 5C) contents were 

measured in arrested and reperfused myocardium and compared to respective contents in 

non-arrested sham hearts. Pyruvate content in the sham group was 0.32 ± 0.11 ~mol/g 

dry. Pyruvate content in the control and lactate groups did not change during arrest or 

reperfusion. During arrest, pyruvate content increased fivefold in the pyruvate 

cardioplegia group (1.50 ± 0.39 ~ol/g dry), but was no longer significantly elevated 

after reperfusion (0.80 ± 0.17 ~oVg dry) due to pyruvate clearance by washout and 

metabolism. Myocardial lactate content doubled in the control cardioplegia group and 

increased fivefold in the lactate and pyruvate groups during arrest. Although lactate 

40 



content did not change following reperfusion of the lactate and pyruvate groups, it 

increased threefold in the control group to a level similar to that in the other groups. 

Pyruvate carboxylase (36, 37) and malic enzyme (40) carboxylate pyruvate to 

form the TCA cycle intermediates oxaloacetate and malate, respectively, culminating in 

the formation of citrate. Citrate content increased 2.5-fold in the control and lactate 

groups during arrest and remained elevated following reperfusion. Pyruvate cardioplegia 

produced an even greater increase in citrate content during arrest and reperfusion vs. 

control and lactate cardioplegia. 

Coronary sinus 8-isoprostane 

To assess oxidative stress during cardioplegic arrest and reperfusion, the lipid 

peroxidation product, 8-isoprostane (30, 43), was measured in coronary sinus plasma. 8-

isoprostane concentrations were normalized to hemoglobin concentration of coronary 

sinus blood to control for hemodilution, and reported as percentages of pre-arrest baseline 

(Figure 6). Pyruvate cardioplegia suppressed 8-isoprostane release in the arrested and 

reperfused heart, relative to control cardioplegia. This effect was most striking during 

reperfusion, when 8-isoprostane increased six-fold in the control cardioplegia group. 

Unexpectedly, lactate cardioplegia also dampened oxidative stress compared with 

control, but only during reperfusion. 

Glutathione antioxidant system 
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Glutathione (GSH) is the major intracellular antioxidant in the heart. The ratio of 

GSH to oxidized glutathione disulfide (GSSG), i.e. GSWGSSG, serves as an index of the 

global redox state of the myocardium's antioxidant defenses (38). Accordingly, GSH, 

GSSG (Figure 7 A) and GSWGSSG (Figure 7B) were determined in arrested and 

reperfused myocardium and compared to respective values in non-arrested sham hearts. 

During cardioplegic arrest GSH content was maintained in all three groups. While not 

statistically significant, GSSG tended to fall in the control and pyruvate groups, thus 

raising the GSH redox state. Reintroduction of cardioplegia-free arterial blood to the 

myocardium upon reperfusion induced oxidative stress: GSH content fell by 

approximately 25%, and GSSG increased in all three cardioplegia groups. Thus, GSH 

redox state was depressed following reperfusion. 

Energy metabolites and phosphorylation potential 

The impact of cardioplegic arrest and reperfusion on myocardial energy state was 

examined by measuring creatine kinase reactants and phosphorylation potential. ATP 

was maintained near the sham control value during arrest and reperfusion in all 3 groups 

{Table). Phosphocreatine (PCr) and creatine (Cr) contents did not differ appreciably 

among the cardioplegia groups. 

Phosphocreatine phosphorylation potential ([PCr]/([Cr][Pi])), an index of 

cytosolic energy state according to the creatine kinase equilibrium ( 45), permitted 

assessment of the effects of cardioplegic arrest and reperfusion on myocardial energy 

reserves. Phosphorylation potential in all three groups tended to increase by 45 min 
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arrest (Figure 8A) despite interruption of coronary flow. Upon reperfusion, 

phosphorylation potential returned to pre-arrest baseline in the control and lactate 

cardioplegia groups. Pyruvate cardioplegia maintained the higher phosphorylation 

potential even after reperfusion at a level (275 ± 38 M-1) roughly double that of the 

control (148 ± 32 M-\ lactate (116 ± 16 M-1
) and non-arrested sham (109 ± 8 M-1

) 

groups. This enhancement of phosphorylation potential was due in large part to 

decreased intracellular Pi concentration in the pyruvate cardioplegia group (Figure 8B). 

The wet/dry ratio (Table) monitors myocardial water content and tissue edema. 

The ratio did not change during arrest, but increased in all 3 groups after 3 min 

reperfusion. Thus, reperfusion of cardioplegically arrested myocardium appeared to 

produce some moderate edema, irrespective of the fuel composition of the cardioplegia. 

DISCUSSION 

A recent clinical trial (33) demonstrated marked, sustained enhancement of 

postsurgical cardiac function in patients administered pyruvate- vs. lactate-fortified 

cardioplegia during CPB. This investigation aimed to delineate the mechanisms of 

pyruvate protection of the cardioplegically arrested myocardium. Pyruvate cardioplegia 

produced a plasma pyruvate concentration of approximately 7 mM, well within the 

optimally cardioprotective range of 5-l 0 mM pyruvate defined in isolated perfused heart 

preparations (5). Myocardial energy and antioxidant redox states were measured during 

cardioplegic arrest and at 3 min reperfusion, a time of intense oxidative stress. 
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Antioxidant effects of pyruvate 

Reactive oxygen species (ROS) are formed as a result of myocardial ischemia and 

reperfusion in animal models (34) and in humans (9), and have been implicated in post

ischemic myocardial dysfunction (9, 22, 46). In this study, pyruvate cardioplegia 

minimized myocardial 8-isoprostane release, a measure of lipid peroxidation, during 

arrest and reperfusion. Pyruvate also increased the glutathione redox state of the heart 

during arrest. The concentration of 8-isoprostane in systemic arterial plasma of patients 

increases during CPB (43). 8-Isoprostane concentration also increased in coronary sinus 

blood 30 min after CPB in dogs (12). In addition, intravenous administration of the 

pharmacologic antioxidant N-acetylcysteine throughout CPB reduced 8-isoprostane, 

preserved systolic function, and hastened myocardial edema resolution (12). Although 

cardiac performance could not be studied in this investigation, the established correlation 

between reduced oxidative stress and improved function could help explain the marked 

enhancement of post-CPB cardiac function in patients arrested with pyruvate-fortified 

cardioplegia (33). 

Pyruvate cardioplegia, more so than control and lactate cardioplegia, increased 

myocardial citrate content. Anaplerotic pyruvate carboxylation generates the Krebs cycle 

intermediates malate and oxaloacetate; condensation of oxaloacetate with acetyl CoA 

yields citrate (26). Citrate remained elevated in the pyruvate cardioplegia group at 3 min 

reperfusion even though pyruvate content had decreased by this time. Citrate generates 

NADPH, the source of reducing power to maintain GSH, through two pathways. First, 

citrate is converted to isocitrate, generating substrate for NADP+ -dependent isocitrate 
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dehydrogenase (1 ). Second, as citrate accumulates, it constrains phosphofructokinase 

activity (14), causing glucose-6-phosphate to accumulate (41) and thereby providing 

substrate for the NADPH-generating hexose monophosphate shunt. 

Lactate does not possess any known antioxidant properties (2), so the mechanism 

of lactate suppression of post-arrest lipid peroxidation is unclear. Lactate could be 

rapidly converted to its antioxidant congener pyruvate by lactate dehydrogenase, but 

neither myocardial pyruvate content nor arterial plasma pyruvate concentrations were 

increased by lactate vs. control cardioplegia. Hypothetically, pyruvate accumulation may 

have been minimized if pyruvate formed from lactate oxidation were immediately 

conswned in non-enzymatic detoxification of peroxides and peroxynitrite (26). 

Myocardial energy state 

Phosphocreatine phosphorylation potential, a measure of myocardial energy state 

(5, 45), was maintained or even enhanced during arrest, but fell at 3 min reperfusion in 

the control and lactate cardioplegia groups. Administration of pyruvate cardioplegia 

during arrest maintained phosphorylation potential during early reperfusion, primarily by 

reducing intracellular concentration of inorganic phosphate at the latter time point. 

Enhancement of phosphorylation potential by pyruvate (5, 24, 32, 34, 50) increases 

cytosolic Gibbs free energy of ATP hydrolysis (i\GATP) (27). Reductions in i\GATP 

impair calcium handling (sarcoplasmic reticulum Ca2
+ ATPase) and cross-bridge cycling 

(actin-myosin ATPase) (16), critical steps in force-generating contraction. Pyruvate has 

been shown to increase sarcoplasmic reticular Ca2
+ uptake and release while increasing 
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both energy state and contractile performance in isolated perfused hearts (6, 23, 27) and 

cardiomyocytes (28, 31 ). 

Typically, cardioplegic arrest results in accumulation of NADH (47) since 

mitochondrial respiration is constrained by a decreased supply of oxygen. Glycolysis, an 

important source of ATP for sarcoplasmic reticular (SR) Ca2+ uptake ( 48), could become 

limited by NADH accumulation and concominant decrease in NAD+ (18). Pyruvate 

cardioplegia increased myocardial pyruvate and lactate contents five-fold during arrest. 

Through its conversion to lactate, pyruvate oxidizes NADH to NAD+, which could 

relieve glycolytic constraint. In contrast, lactate oxidation generates NADH which could 

further impair glycolysis during arrest. 

Limitations 

This novel in situ heart preparation permits direct examination of the effects of 

cardioplegia on the organ. However, effectively isolating the heart from the organism by 

cross-clamping the great vessels precludes study of the systemic response to the stresses 

of CPB. In addition, only 1.2 L of arterial blood could be safely withdrawn from the pig 

without provoking circulatory collapse despite replacement with equal volume of isotonic 

saline. The volume of blood available after blood cardioplegia administration was only 

sufficient for 3 min of reperfusion, so post-arrest recovery of cardiac performance could 

not be studied. Blood from donor animals was not administered to avoid the pro

inflammatory and pro-oxidant effects of allogenic blood. 
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Summary and conclusions 

Compared to control and lactate-fortified cardioplegia solutions, pyruvate 

cardioplegia significantly reduced oxidative stress in the heart during cardioplegic arrest. 

Moreover, antecedent administration of pyruvate or lactate cardioplegia during arrest 

suppressed the reperfusion burst of lipid peroxidation. A metabolic antioxidant, pyruvate 

enhanced GSH/GSSG antioxidant redox state during arrest. GSH/GSSG fell upon 

reperfusion in all 3 cardioplegia groups. Phosphorylation potential was maintained or 

even enhanced during arrest in all 3 groups, but fell after reperfusion in the control and 

lactate cardioplegia groups. Antecedent pyruvate cardioplegia bolstered myocardial 

phosphorylation potential even after reperfusion. 

This investigation demonstrated for the first time that pyruvate-fortified 

cardioplegia reduces oxidative stress and preserves myocardial energy state in a large 

animal model of cardioplegic arrest. Further study of the beneficial effects of pyruvate 

on the heart during cardiopulmonary bypass is warranted. 
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Table. Myocardial Creatine Kinase Reactants 

• ATP PCr cr WlltDIJ 

' 27±2 41::1:2 11::1::1 4.14±1.25 

4S' AKK.I81.' 

c.tnl 7 26 :t 1 55::1:2 11%4 4.7'J ::1:1.15 

I.-... 7 25±2 4,::1:4 17::1:5 4.74±1.85 

., ...... 7 25±1 51::1::1 ,::1:, 4.1.1± ... 

3' RKPBRJ'UBION 

c.tnl 7 M±l ft::l:' ,::1:, 5.» ± 1.17 •t 

11 U±l 45:1:3 Jl :1:5 SA2 :t: 1.1' •t 

.,. ... I M±l 5I :1:3 M :1: I 5.55 :t: 1.11 •t 

ATP, phosphocreatine (PCr), and creatine (Cr) contents (J..liilol•g dry"1
) were measured in 

left ventricular tissue biopsied at 45 min arrest and 3 min reperfusion. Mass ratios of 

wet/dry tissue are also listed. Means± SEM *P < 0.05 vs. sham; tP < 0.05 vs. arrest. 



Coronary 
Sinus-+ 

Figure 1. Instrumentation of the heart. Cardioplegia is administered via the aortic 

cannula. Cross-clamping the superior and inferior vena cavae and ascending aorta isolates 

the heart, facilitating study of the direct effects of different cardioplegic solutions on the 

organ. Coronary sinus blood is sampled to measure 8-isoprostane. Drainage catheters 

prevent overfilling of the ventricles. 
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Figure 2. Arterial blood gases and acid-base chemistry. pH (Panel A), PC02 (Panel B), 

HC03- (Panel C), 0 2 saturation (Panel D), hematocrit (Panel E), and 02 content (Panel F) 

were measured at pre-arrest baseline (BL ), at 20 min intervals during arrest, and at 1 and 

3 min reperfusion. •p < 0.05 vs. baseline in all three groups; tP < 0.05 vs. baseline, 

control group only. Values in this and the following figures are means ± SEM. 

61 



A 
I *t *t *t ,. ;---~---a 

I - I ---<>-- Control • I 
Lactat. 1 4 I ----I ---l:J.--- Pyruvate 

l I 
I L 2 I 

I 
I 

0 ~t=-~ 
/ 

BL o· 20' ..,. 1' 3' 
j--Alhlt---f RtptrfUIIon 

B 
6 

*t _:t._:t 
5 ,-

* - I ..-+--. 

I .. 

b - I • 3 

I I 
2 I ... 

* * * 
~ 

0 / 
/ . 

a. 0' 20' 40' 1' 3' 
foe-- Alhlt ---1 R.,.,..lon 

c * 50 

co -2 
g 30 

• • 0 
20 u 

:I 
c; 

10 
~ 

0 t. , I 

a. D' 20' 40' 1' 3' 
i--ArNit~ Rtptrftlllen 

Figure 3. Arterial plasma carbohydrate concentrations. Pyruvate (Panel A), lactate 

(Panel B), and glucose (Panel C) were measured in arterial plasma. •p < 0.05 vs. 

baseline; tP < 0.05 vs. control. 
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(Panel C) uptakes equaled arterial - coronary sinus concentration differences times 

perfusion flow rate. *P < 0.05 vs. control. 
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Figure 5. Myocardial pyruvate, lactate, and citrate contents. Pyruvate (Panel A), lactate 

(Panel B), and citrate (Panel C) contents were measured in snap-frozen left ventricular 

biopsies taken at 45 min arrest and at 3 min reperfusion in control, lactate, and pyruvate 

cardioplegia groups, and at 105 min post-sternotomy in non-arrested sham hearts. •p < 

0.05 vs. sham; tP < 0.05 vs. respective values in the same group at 45 min arrest; tP < 

0.05 vs. sham, control, and lactate. 
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Figure 6. Coronary sinus 8-isoprostane concentration. 8-isoprostane was measured in 

coronary sinus plasma~ Measured concentrations were divided by hemoglobin (Hgb) 

concentration in coronary sinus blood to control for varying degrees of hemodilution, and 

expressed as percentages of pre-arrest baseline. Actual baseline values were 3. 77 ± 0.25, 

2.70 ± 0.59, and 5.10 ± 1.75 ng 8-isoprostane/g Hgb in the control, lactate and pyruvate 

groups, respectively. •p < 0.05 vs. baseline; tP < 0.05 vs. control; tP < 0.05 vs. lactate. 

65 



A 8 
• 

0 
ShaM c.ncr.1 Lacbllo PytuVIIIa Contre1 Lactlilll f'Wru._. Sham Control Llctltt P\II'UYIItt 

kn~ R~~ 

Figure 7. Myocardial glutathione redox state. Panel A: Glutathione (GSH: solid bars) 

and glutathione disulfide (GSSG: hatched bars) contents were measured in left 

ventricular myocardium at 45 min arrest and 3 min reperfusion in the cardioplegia 

groups, and at 105 min post-sternotomy in non-arrested sham hearts. GSH and GSSG 

values are plotted on different scales. Panel B: Glutathione redox state (GSH/GSSG) at 

45 min arrest (black bars) and 3 min reperfusion (hatched bars) was computed from GSH 

and GSSG contents. •p < 0.05 vs. sham; tP < 0.05 vs. respective values in the same 

group at 45 min arrest; tP < 0.05 vs. lactate. 
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Figure 8. Myocardial phosphorylation potential and inorganic phosphate. Panel A: 

Phosphocreatine phosphorylation potential ([PCr]/([Cr][Pi])) was computed from 

phosphocreatine (PCr) and creatine (Cr) contents (Table) and intracellular inorganic 

phosphate (Pi) concentration (Panel B) measured in left ventricular myocardium sampled 

at 45 min arrest and 3 min reperfusion. •p < 0.05 vs. sham; tP < 0.05 vs. respective 

values in the same group at 45 min arrest; tP < 0.05 vs. sham, control, and lactate. 
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CHAPTER III 

Oxidative Stress Induced Changes in Enzyme Activity 
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Our first investigation (Chapter 2) revealed that pyruvate-fortified cardioplegia 

reduced oxidative stress during cardioplegic arrest and reperfusion (9). Previous studies 

have demonstrated that antioxidant therapy with N-acetylcysteine reduces oxidative stress 

and improves post-arrest myocardial function (5). One possible mechanism for this 

improvement may be the ability of antioxidant therapy to protect vital metabolic enzymes 

from inactivation by oxyradicals formed during cardiac surgery. To date, the activities of 

metabolic enzymes during cardioplegic arrest have not been investigated. In the 

following investigation, we measured the activity of metabolic enzymes known to be 

affected by oxidative stress. 

Creatine kinase (CK) plays a crucial role in myocardial energy utilization as 

different CK isoenzymes catalyze the transfer of high energy phosphate from the site of 

ATP production in the mitochondria to ATP-consuming processes elsewhere in the 

cardiomyocyte, e.g. myofilaments and ion-transporting ATPases. Under conditions of 

extreme oxidative stress, CK may be inactivated by S-thiolation of a cysteine residue in 

the catalytic core via reaction with glutathione disulfide (GSSG) (17), peroxynitrite 

(ONOO) (10), hydrogen peroxide (H20 2) (13,18), and superoxide (12), and by nitration 

of tyrosine residues by ONoo· (14). 

Aconitase is a citric acid cycle enzyme that converts citrate to isocitrate. The 

activity of aconitase depends on the redox state of its cubane [4Fe-4S]2
+ cluster (16). 
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Oxyradicals disassemble the cubane cluster and result in inactivation of the enzyme. 

Aconitase has been shown to be inactivated by nitric oxide (15), H20 2 (11), 0 2'- and 

ONoo· (7). Loss of aconitase activity is commonly used as a biomarker of oxidative 

damage (2). Inactivation is reversible when oxidative stress is resolved but may be 

irreversible when oxidative stress is prolonged (2). 

During aerobic metabolism, phosphofructokinase (PFK) is the key regulatory 

enzyme of glycolysis (3). However, during anaerobic glycolysis, the main source of ATP 

production during cardioplegic arrest, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) becomes the major rate-limiting enzyme (3). Therefore, changes in activity of 

· either PFK or GAPDH could potentially effect A TP production. GAPDH has a reactive 

cysteine residue at position 149 which has been shown to undergo oxidation with direct 

H202 exposure (8). Oxidative stress associated with ischemia reperfusion injury results 

in S-glutathiolation of GAPDH which is reversed by antioxidant treatment ( 4). Another 

glycolytic enzyme, glucose-6-phosphate dehydrogenase (G6PDH) is inactivated by 

oxidative modification of an active site lysine residue (6). Lactate dehydrogenase (LDH) 

is not inactivated in isolated guinea-pig hearts during H202 exposure (11 ). 

A natural carbohydrate and glyocolytic product, pyruvate has both direct and 

indirect antioxidant properties in myocardium (9). Exogenous pyruvate was found to 

increase the reducing power of the GSH system in post-ischemic stunned (19) and 

hydrogen peroxide injured ( 11) guinea pig myocardium. In our first investigation, 

pyruvate-fortified cardioplegia increased GSH redox state during cardioplegic arrest but 
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not during early reperfusion when the burst of oxyradical formation is likely the greatest 

(9). However, the ability of pyruvate administration during reperfusion to protect the 

antioxidant defenses and prevent ROS inactivation of key enzymes has not been tested. 
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ABSTRACT 

Background: Cardioplegic arrest and reperfusion of the myocardium imposes oxidative 

stress that could potentially inactivate metabolic enzymes and compromise energy 

production. This study determined the impact of cardioplegic arrest and reperfusion on 

activities of several oxidant-sensitive enzymes, and tested whether pyruvate, a natural 

metabolic fuel and antioxidant, mitigates oxidant stress, protects enzymes and bolsters 

myocardial energy state following reperfusion. Methods: In situ swine hearts were 

arrested for 60 min with 4:1 blood: crystalloid cardioplegia, and then reperfused for 3 min 

with cardioplegia-free blood with or without c. 12 mM pyruvate. Tissue metabolites and 

enzyme activities were measured in left ventricular myocardium snap frozen at 45 min 

arrest and 3 min reperfusion. Results: 8-Isoprostane content, a measure of lipid 

peroxidation, sharply increased upon reperfusion, coincident with a 70% decline in redox 

state of the intracellular antioxidant glutathione. Aconitase and glucose 6-phosphate 

dehydrogenase activities fell during arrest; creatine kinase and phosphofructokinase were 

inactivated .upon reperfusion. Pyruvate suppressed 8-isoprostane formation, maintained 

glutathione redox state, and enhanced phosphocreatine phosphorylation potential, a 

measure of myocardial energy state, during reperfusion. Pyruvate reactivated creatine 

kinase and aconitase, which are at least partially mitochondrial enzymes, but did not 

protect the cytosolic enzymes glucose 6-phosphate dehydrogenase and 

phosphofructokinase. Conclusions: Administration of pyruvate upon reperfusion 

following cardioplegic arrest mitigates oxidative stress, protects mitochondrial enzymes 

and increases myocardial energy state. These results support therapeutic application of 

pyruvate-enhanced reperfusion to prevent cardiac injury following cardioplegic arrest. 
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INTRODUCTION 

Cardioplegic arrest is essential for a variety of surgical procedures including 

coronary revascularization, valvular repair, and correction of congenital heart defects. 

Unfortunately, cardioplegic arrest and subsequent reperfusion generate cytotoxic oxygen 

and nitrogen metabolites, including superoxide [1,2], hydrogen peroxide [1], hydroxyl 

radical [3,4] and peroxynitrite [5]. These reactive compounds could potentially cause 

myocardial dysfunction by chemically modifying cellular protein, lipid and nucleic acid 

components. Several enzymes of intermediary and energy metabolism are among the 

principal biomolecular targets of reactive oxygen and nitrogen species. Inactivation of 

these enzymes could impair ATP synthesis and delivery to the contractile machinery. 

A natural carbohydrate and metabolic intermediate, pyruvate functions as an 

antioxidant by virtue of its a.-keto-carboxylate chemical structure and its mitochondrial 

metabolism [6]. The latter favors production ofNADPH, the source of reducing power to 

maintain intracellular antioxidant defenses. Exogenous pyruvate increased the reducing 

power of the glutathione antioxidant system in post-ischemic stunned [7] and hydrogen 

peroxide-challenged [8] guinea-pig myocardium. Pyruvate-fortified cardioplegia 

increased glutathione redox state during cardioplegic arrest but not during the first few 

min of reperfusion, when oxyradical formation is likely the most intense [9]. On the 

other hand, whether pyruvate administration during reperfusion after cardioplegic arrest 

can protect myocardial antioxidant defenses and prevent inactivation of enzymes has not 

been tested. 
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This study assessed the impacts of cardioplegic arrest and reperfusion on 

glycolytic, hexose monophosphate shunt, Krebs cycle and energy shuttling enzymes, and 

determined whether reperfusion with pyruvate mitigates oxidative stress and protects or 

restores activities of these enzymes. In situ adult swine hearts were cardioplegically 

arrested for 60 min, then reperfused with cardioplegia-free whole blood with or without 

c. 12 mM pyruvate. Left ventricular myocardial biopsies were taken during arrest and at 

3 min reperfusion for measurements of oxidative stress, antioxidant defenses and energy 

state, and enzyme activities. 8-Isoprostane, a product of lipid peroxidation, accumulated 

during reperfusion, and glutathione redox state concomitantly fell. Activities of aconitase 

and glucose 6-phosphate dehydrogenase fell during cardioplegic arrest, whereas creatine 

kinase and phosphofructokinase were inactivated upon reperfusion. Pyruvate prevented 

glutathione depletion and 8-isoprostane accumulation, and increased myocardial energy 

state. Pyruvate selectively reactivated creatine kinase and aconitase, enzymes located at 

least partially in the mitochondria, suggesting compartmentation of pyruvate metabolism 

[10,11] may have concentrated its antioxidant actions on this organelle during the first 

minutes of reperfusion. 

MATERIAL AND METHODS 

Animal experimentation was approved by the Institutional Animal Care and Use 

Committee of the University of North Texas Health Science Center, and was conducted 

in accordance with the Guide to the Care and Use of Laboratory Animals (NIH 

publication 85-23, revised 1996). Twenty-seven adult domestic swine of either sex 

weighing 45-60 kg were randomly assigned to one of 4 experimental groups. 
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Surgical procedures. The surgical preparation was described recently [9]. In 

brief, swine were sedated with ketamine + xylazine, anesthetized with iv propofol and 

mechanically ventilated with 1-3% isoflurane supplemented with 0 2• Cannulae were 

placed in femoral arteries to monitor arterial pressure and sample arterial blood. Plasma 

Lyte A (Baxter, Deerfield, IL) was administered via a femoral vein to maintain blood 

volume. The heart was exposed by median sternotomy and supported in a pericardia! 

cradle. Coronary venous blood was sampled from a catheter placed in the coronary sinus 

via the right atrial appendage. The ventricles were drained with catheters inserted 

through the cardiac apex. A cannula was placed in the ascending aorta to deliver 

' cardioplegia. 

Cardioplegic arrest and reperfusion. Each pig was administered 300 U/kg of 

heparin iv. Arterial blood (1.2 1) was then withdrawn at a rate of 30- 50 mVmin from a 

femoral artery using a roller pump (3M Health Care, Ann Arbor, MI). The blood was 

maintained at 37°C and used to prepare cardioplegia and to reperfuse the heart. Clamps 

were placed on the aorta distal to the cannula and on the superior and inferior vena cavae 

to effectively isolate the heart. Arrest was achieved with antegrade infusion, via the 

aortic cannula, of a minimum of 400 m1 cold ( 4 °C) blood cardioplegia ( 4 vol blood: 1 vol 

crystalloid solution) as previously described [9]. Crystalloid cardioplegia solution (pH 

7.6) contained 104 mM NaCI, 135 mM NaHC03, 91 mM KCI, 6 mM CaCh, 188 mM 

glucose, 68 UIL insulin, and 676 mglllidocaine. Arrest was maintained by infusing 100-

150 m1 blood cardioplegia into the aortic root at 20 and 40 min. After 60 min arrest, the 
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heart was reperfused by administering cardioplegia-free blood to the aorta at a rate of 

approximately 100 mllmin for 3 min. In six pigs, 1 M sodium pyruvate was infused into 

the aorta at a rate of 0.8 mllmin throughout reperfusion, resulting in a plasma pyruvate 

concentration of approximately 12 mM. The hearts did not fully recover mechanical 

function within 3 min, so post-arrest cardiac function was not monitored. 

Plasma pyruvate. Pyruvate in aortic and coronary sinus plasma extracts was 

assayed [12] in a Shimadzu Instruments UV-1601 spectrophotometer. Myocardial 

pyruvate uptake equaled arterio-venous pyruvate concentration difference multiplied by 

blood flow rate. 

Myocardial metabolites and enzymes. Snap frozen biopsies (c. 5 g) of the left 

ventricular apex were taken in situ by compressing tissue in Wollenberger tongs 

precooled in liquid N2 [13]. Myocardium was sampled at 45 min arrest (n = 8), or at 3 

min reperfusion in absence (n = 7) or presence (n = 6) of pyruvate infusion. In sham 

controls (n = 6) myocardium was sampled 1 h 45 min after sternotomy but without 

cardiac instrumentation or arrest. Experiments were terminated after biopsy. Aliquots of 

frozen myocardium were weighed, dessicated to constant mass, and reweighed to 

determine tissue water content (ml/g), which equaled 1- (dry mass/wet mass). 

Metabolites were extracted from frozen myocardium [12,13] and 

spectrophotometrically assayed [ 14]. Phosphocreatine phosphorylation potential 

provided a measure of myocardial energy state [12,13]. Glutathione (GSH) and 
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glutathione disulfide (GSSG) were measured in a Shimadzu Instruments LC-l OAT high 

performance liquid chromatography system equipped with a fluorescence detector [9,15]. 

The GSH/GSSG ratio provided a measure of myocardial antioxidant redox state [16]. 

Myocardial enzymes were extracted [8, 1 7] and activities measured by spectrophotometry 

[14]. Extract protein concentration was determined colorimetrically with the Coomassie 

Plus Kit (Pierce, Rockford, IL), and enzyme activities expressed as U/mg protein. 

Myocardial 8-isoprostane. To assess oxidative stress, total (esterified and non

esterified) 8-isoprostane, a product of lipid peroxidation, was measured in myocardium 

using a competitive immunoassay kit (Cayman Chemical, Ann Arbor, Ml). The analyte 

was extracted from powdered tissue (250 mg) according to the kit instructions, then 

measured at 405 nm wavelength in a 96 well plate reader (BioTek KCjunior, Winooski, 

VT). 

Statistical analyses. Data are reported as means ± SEM. Factorial analysis of 

variance (ANOVA) was applied to determine differences in all measured variables. 

When ANOV A detected statistical significance, post hoc between-group comparisons 

were performed with Student-Newman-Kuels multiple comparison test. Statistical 

analyses were performed with SigmaStat version 3.1 software. P values < 0.05 were 

considered statistically significant. 
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RESULTS 

Aortic infusion of pyruvate during reperfusion resulted in a plasma pyruvate 

concentration of 11.6 ± 0.5 mM being delivered to the heart. Net myocardial uptake of 

pyruvate was 0. 7 ± 0.1 mmollmin at 3 min reperfusion. 

Myocardial 8-isoprostane and glutathione redox state. Left ventricular 

myocardial content of 8-isoprostane, a product of lipid peroxidation and indicator of 

oxidative stress, did not change during arrest but doubled within 3 min reperfusion 

(Figure 1). Pyruvate administration during reperfusion prevented the increase in 8-

isoprostane. Thus, reperfusion engendered oxidative stress in myocardium, but pyruvate 

prevented lipid peroxidation due to this oxidant burst. · 

The ratio of glutathione/glutathione disulfide content, GSH/GSSG, provides a 

global measure of the redox state of the myocardium's antioxidant defenses [16]. 

GSH/GSSG increased during arrest, but fell sharply upon reperfusion, coincident with 

oxidative stress and lipid peroxidation (Figure 1 ). Pyruvate administration during 

reperfusion prevented the decline in GSH/GSSG. 

Myocardial water content. Myocardial water content was measured to assess 

edema formation. Water content did not change during cardioplegic arrest, but 

noticeably increased during reperfusion, from 78.9 ± 0.2 to 81.1 ± 0.1 ml/100 g of 

myocardium (Figure 2). Pyruvate treatment prevented the increase in myocardial water 

content during reperfusion. 
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Myocardial pyruvate and derivatives. Cytosolic lactate dehydrogenase converts 

pyruvate to its reduced congener, lactate. In mitochondria, pyruvate carboxylation 

generates Krebs cycle intermediates, leading to increased citrate content [18]. Pyruvate 

and its derivatives were measured in left ventricular myocardium of arrested, reperfused 

and sham control hearts (Figure 3). Pyruvate content did not increase in the control 

group during arrest or reperfusion, but sharply increased as expected during pyruvate 

administration. Lactate content increased twofold during arrest and another threefold 

during pyruvate-free reperfusion. Pyruvate treatment prevented lactate accumulation 

during reperfusion. Citrate content increased during arrest and remained elevated during 

reperfusion in the control group. Pyruvate administration further increased citrate 

content. 

Myocardial enzymes. Activities of glycolytic (phosphofructokinase, 

glyceraldehyde 3-phosphate dehydrogenase, lactate dehydrogenase), hexose 

monophosphate shunt (glucose 6-phosphate dehydrogenase), Krebs cycle (aconitase) and 

energy shuttling (creatine kinase) enzymes were measured in arrested, reperfused and 

sham control myocardium. Creatine kinase activity (Figure 4A) did not change during 

arrest but fell 43% within 3 min of reperfusion. Exogenous pyruvate attenuated creatine 

kinase inactivation. Like creatine kinase, phosphofructokinase was unaltered during 

arrest but fell upon reperfusion (Figure 4B). However, pyruvate did not protect 

phosphofructokinase activity during reperfusion. Aconitase activity fell 40% during 

arrest and, unlike the other enzymes, partially recovered during reperfusion (Figure 4C). 
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Pyruvate markedly increased aconitase activity, to a level even 30% higher than in sham 

myocardium. Glucose 6-phosphate dehydrogenase was inactivated by 26% during arrest, 

but was unaffected by reperfusion ± pyruvate (Figure 4D). Activities of glyceraldehyde 

3-phosphate dehydrogenase (Figure 4E) and lactate dehydrogenase (Figure 4F) were 

unaltered by arrest, reperfusion or pyruvate. 

Myocardial energy state. Left ventricular myocardial A TP content tended to fall 

during arrest and declined even further upon reperfusion (Figure 5). Pyruvate treatment 

during reperfusion restored ATP content to the level observed in non-arrested sham 

controls. To assess the effects of cardioplegic arrest and reperfusion and the impact of 

pyruvate on myocardial energy state, phosphocreatine phosphorylation potential was 

computed from intracellular concentrations of phosphocreatine, creatine and inorganic 

phosphate. Phosphorylation potential nearly tripled during arrest but fell to near sham 

values within 3 min reperfusion (Figure 5). Pyruvate prevented the fall in 

phosphorylation potential during reperfusion. 

COMMENT 

This investigation aimed to determine if the natural antioxidant pyruvate could 

prevent inactivation of essential metabolic enzymes during the intense oxidative stress 

produced by reperfusion of cardioplegically arrested myocardium. Enzyme activities, 

oxidative stress and tissue edema, antioxidant redox state, and phosphorylation potential 

were measured in left ventricular myocardium sampled during arrest and at 3 min 

reperfusion with and without pyruvate infusion. Recently [9] pyruvate-fortified 
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cardioplegia was found to increase GSHIGSSG during arrest, but this antioxidant action 

quickly subsided during pyruvate-free reperfusion and failed to prevent GSH depletion 

and myocardial edema. Accordingly, this study investigated whether pyruvate 

administration exclusively during reperfusion following arrest with pyruvate-free 

cardioplegia could prevent lipid peroxidation, tissue edema and GSH depletion, and 

protect enzymes known to be targets of oxidants. 

Pyruvate metabolism. Pyruvate infusion into the aorta delivered a plasma 

pyruvate concentration of 11.6 mM to the heart. This treatment increased pyruvate and 

citrate contents in the myocardium at 3 min reperfusion, indicating rapid uptake and 

· mitochondrial metabolism of pyruvate. On the other hand, pyruvate actually prevented 

lactate accumulation, even though pyruvate is the direct precursor of lactate via lactate 

dehydrogenase. Radioisotope and stable isotope studies in isolated hearts demonstrated 

substantial subcellular compartmentation of pyruvate metabolism. Thus, exogenous 

pyruvate was mainly metabolized in the mitochondria, and only gradually converted to 

lactate [11,19]; indeed, intracellular lactate was not in isotopic equilibrium with 

exogenous pyruvate [10,19]. Moreover, pyruvate carboxylation in the mitochondria 

generates the Krebs cycle intermediates malate and oxaloacetate, leading to increased 

citrate content [18]. An allosteric inhibitor of phosphofructokinase [20], citrate 

suppresses glycolysis, the principal metabolic source of lactate, and thereby may prevent 

lactate accumulation. Moreover, pyruvate carboxylation increases the capacity of the 

Krebs cycle to oxidize acetyl CoA, which would favor pyruvate oxidation over lactate 

formation. 
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Antioxidant effects of pyruvate. Reactive oxygen and nitrogen species formed 

during reperfusion may contribute to myocardial injury following cardioplegic arrest [ 1-

5]. The metabolic antioxidant pyruvate [9] and a pharmacological antioxidant, N

acetylcysteine [21 ], suppressed myocardial 8-isoprostane release during cardioplegic 

arrest. In this study, oxidative stress was minimal during arrest, but substantial stress 

accompanied reperfusion with whole blood. Reperfusion with pyruvate-enhanced blood 

prevented myocardial lipid peroxidation and rapid decline of GSH/GSSG. Thus, 

pyruvate mitigated reperfusion-induced oxidative stress. Pyruvate functions as an 

antioxidant by directly detoxifying peroxynitrite [22] and hydrogen peroxide [23] or, 

· through its metabolism to citrate, increasing the supply of NADPH to maintain 

GSH/GSSG [6,7]. 

Enzyme activities. Mitochondrial and cytosolic creatine kinase isoenzymes 

exchange phosphate groups between A TP and phosphocreatine to efficiently transfer high 

energy phosphate from mitochondria to extramitochondrial ATP-consuming processes. 

During periods of oxidative stress, creatine kinase may be inactivated by S-thiolation or 

S-nitrosation of its catalytic cysteine residue via reaction with glutathione disulfide [24], 

peroxynitrite [25], hydrogen peroxide [26,27], or superoxide [28], or by nitration of 

tyrosine residues by peroxynitrite [29]. This investigation for the first time determined 

the impact of reperfusion on this important enzyme following cardioplegic arrest. 

Creatine kinase was unaltered during arrest but inactivated upon reperfusion. Pyruvate 

may protect creatine kinase by maintaining a high glutathione redox state during 
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reperfusion. Indeed, creatine kinase, inactivated by S-thiolation of its catalytic cysteine, 

can be directly dethiolated and reactivated by GSH [24,30]. 

Aconitase, a Krebs cycle enzyme that converts citrate to isocitrate, is another 

target of oxidants, including nitric oxide [31 ], hydrogen peroxide [8], superoxide [32] and 

peroxynitrite [32]. Indeed, loss of aconitase activity is commonly used as a biomarker of 

oxidative damage [33]. Aconitase activity depends on the redox state of its cubane [4Fe-

4Sf+ cluster [34]. Oxidants disassemble the cubane cluster and inactivate the enzyme. 

Inactivation is reversible if oxidative stress is quickly resolved but may become 

irreversible when oxidative stress is prolonged [35]. This investigation demonstrated 

, inactivation of aconitase during cardioplegic arrest, partial recovery after reperfusion, and 

robust reactivation of the enzyme by pyruvate. Current evidence suggests that citrate is 

required for reinsertion of iron into the cubane cluster reversing the posttranslational 

modifications responsible for aconitase inactivation [35]. Thus, pyruvate enhancement of 

myocardial citrate content may have produced a salutary effect on aconitase. 

Glucose 6-phosphate dehydrogenase, a cytosolic enzyme that catalyzes the initial, 

rate-controlling reaction of the hexose monophosphate shunt, is inactivated by oxidative 

modification of a lysine residue in its catalytic core [36]. Activity of this enzyme fell 

26% during arrest but no further upon reperfusion, and was unresponsive to pyruvate. 

The allosterically regulated glycolytic enzyme phosphofructokinase was inactivated only 

upon reperfusion, yet it, too was unprotected by pyruvate. Neither glyceraldehyde 3-
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phosphate dehydrogenase, a known oxidant target [37,38], nor lactate dehydrogenase 

were affected by arrest, reperfusion, or pyruvate treatment. 

The two enzymes reactivated by pyruvate are at least partially mitochondrial 

(aconitase, creatine kinase mitochondrial isoenzyme), while cytosolic enzymes 

phosphofructokinase and glucose 6-phosphate dehydrogenase did not respond to pyruvate 

treatment. It is plausible that pyruvate exerts its antioxidant effects initially in the 

mitochondria due to its metabolic compartmentation. Citrate accumulation indicates that 

pyruvate was taken up and metabolized by the mitochondria, yet its conversion to lactate, 

a cytosolic process, did not occur within 3 min reperfusion. 

Myocardial energy state. Oxidant- and pyruvate-induced changes in enzyme 

activities may affect myocardial energy production. Phosphocreatine phosphorylation 

potential, a measure of myocardial energy state [39], increased during arrest, but fell at 3 

min reperfusion [9]. Pyruvate administration during early reperfusion maintained 

phosphorylation potential and ATP content. Enhancement of phosphorylation potential 

by pyruvate [40] increases Gibbs free energy of ATP hydrolysis which defmes the 

amount of energy available for ATP-dependent cardiac performance. In addition to 

providing readily oxidized fuel for the myocardium [40], pyruvate may have enhanced 

phosphorylation potential by preventing creatine kinase inactivation during reperfusion. 

However, it must be noted that despite inactivation of creatine kinase, phosphorylation 

potential during pyruvate-free reperfusion was similar to that of non-arrested sham hearts. 
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Limitations. This in situ heart preparation permits direct examination of the effects of 

cardioplegia and reperfusion on the organ. However, only 1.2 1 of arterial blood could be 

safely withdrawn from the pig without provoking circulatory collapse despite 

replacement with Plasma Lyte. The volume of whole blood available after blood 

cardioplegia administration was only sufficient for 3 min of reperfusion, which did not 

permit complete recovery of mechanical function. Blood from donor animals was not 

administered to avoid the pro-inflammatory and pro-oxidant effects of allogenic blood. 

Therefore, it was not possible to determine if pyruvate protection of creatine kinase and 

aconitase and enhancement of energy state would have improved cardiac mechanical 

recovery, or prevented arrhythmias or infarction. The optimal pyruvate concentration 

and duration of treatment remain to be determined. 

Summary and conclusions. To our knowledge, this is the first investigation of 

alterations in myocardial enzyme activities during and immediately following 

cardioplegic arrest. Creatine kinase activity was maintained during arrest but fell by 3 

min reperfusion, while aconitase activity fell during arrest and partially recovered upon 

reperfusion, despite intense oxidative stress. Pyruvate administration during reperfusion 

reduced oxidative stress and increased antioxidant state. Pyruvate protected the 

mitochondrial enzymes creatine kinase and aconitase from inactivation but had no 

salutary effect on cytosolic enzymes. Pyruvate also increased myocardial energy state. 

Pyruvate may be a beneficial antioxidant and energy-generating intervention in the 

setting of cardioplegic arrest. 
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Figure 1. Antioxidant state and oxidative stress. Glutathione redox state (GSH/GSSG) 

and 8-isoprostane content were measured in left ventricular myocardium sampled at 45 

min arrest (n = 8), at 3 min reperfusion with (n = 6) and without (n = 7) pyruvate 

infusion, and at 105 min post-sternotomy in non-arrested sham hearts (n = 6). Values in 

this and the other figures are means ± SEM. •p < 0.05 vs. sham; tP < 0.05 vs. 

reperfusion. 
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Figure 2. Myocardial water content. Tissue water content was determined from masses 

of fresh and dessicated tissue. *p < 0.05 vs. all other groups. 
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Figure 3. Myocardial pyruvate and its metabolic derivatives. Pyruvate (solid bars), 

lactate (hatched bars) and citrate (open bars) were measured in left ventricular 

myocardium. •p < 0.05 vs. sham; tP < 0.05 vs. reperfusion. 
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Figure 4. Myocardial enzymes. Activities (U/mg protein) of creatine kinase (CK; Panel 

A), phosphofructokinase (PFK; Panel B), aconitase (Panel C), glucose-6-phosphate 

dehydrogenase (G6PDH; Panel D), glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH; Panel E), and lactate dehydrogenase (LDH; Panel F) were measured in left 

ventricular myocardial extracts. •p < 0.05 vs. sham; tP < 0.05 vs. reperfusion. 
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Figure 5. Myocardial phosphorylation potential and ATP content. Phosphocreatine 

phosphorylation potential ([PCr]/([Cr][Pi])) was computed from intracellular 

concentrations of phosphocreatine (PCr), creatine (Cr) and inorganic phosphate (Pi) 

measured in left ventricular myocardium. A TP content was measured in the same 

samples. •p < 0.05 vs. sham; tP < 0.05 vs. reperfusion. 
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CHAPTERV 

CONCLUSIONS 

The first purpose of this investigation was to determine the effects of the natural 

metabolite and antioxidant, pyruvate, on oxidative stress and myocardial energy state in 

the setting of cardioplegic arrest and reperfusion of the in situ swine heart. We found that 

the addition of pyruvate to the crystalloid cardioplegia solution reduced oxidative stress 

and bolstered myocardial energy state following cardioplegic arrest and reperfusion. 

Second, we sought to determine the effects of cardioplegic arrest and reperfusion on 

oxidant-sensitive metabolic enzymes, and whether pyruvate administered during 

reperfusion had the potential to reduce oxidative stress, protect enzymes, and thereby 

bolster myocardial energy state. Ischernia-reperfusion associated with cardioplegic arrest 

inactivated aconitase during arrest and creatine kinase during reperfusion. Pyruvate 

reduced oxidative stress, increased antioxidant redox state, and protected aconitase and 

creatine kinase from inactivation. It had no effect on the activity of the cytosolic 

enzymes studied. From these results, we conclude that: 

1. Pyruvate-fortified cardioplegia and administration of pyruvate during early 

reperfusion increase the antioxidant state of the heart and reduce oxidative stress 

occurring as a result of cardioplegic arrest and reperfusion. 
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2. Pyruvate bolsters the myocardial energy state during early reperfusion when 

administered during cardioplegic arrest or during reperfusion. 

3. Cardioplegic arrest and reperfusion inactivates several key metabolic enzymes. 

Pyruvate administration during reperfusion, the period of most intense oxidative 

stress, increases the activity of two mitochondrial enzymes during early reperfusion 

when compared to control. 

4. These results suggest that pyruvate-fortified cardioplegia may improve post-CPB 

mechanical recovery and reduce post-CPB myocardial injury by suppressing 

oxidative stress, increasing antioxidant state during arrest, protecting enzyme activity, 

and bolstering myocardial energy state. 
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CHAPTER VI 

PROPOSAL OF FUTURE STUDIES 

This investigation, for the first time, provides information concerning the effects 

of the natural metabolite and antioxidant, pyruvate, on the in situ heart subjected to 

cardioplegic arrest and reperfusion. The studies provide evidence that pyruvate-fortified 

cardioplegia and pyruvate supplementation during reperfusion may have clinical benefits 

in patients undergoing cardioplegic arrest for procedures such as on-pump coronary 

artery bypass grafting and valve replacement. Despite this compelling evidence, more 

studies remain to be completed in order to further elucidate the mechanisms of cardiac 

protection by pyruvate. The following experiments are proposed to continue this area of 

investigation: 

1. Determine the effects of pyruvate-fortified cardioplegia on cardiac performance 

during the fust few hours of recovery in a full cardiopulmonary bypass animal model. 

2. Determine the effect of pyruvate on the occurrence of post-surgical cardiac 

arrhythmias such as atrial fibrillation, which are associated with systemic 

inflammation. 
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3. Define the optimal cardioprotective concentration of pyruvate in crystalloid 

cardioplegia. 

4. Determine the effects of pyruvate-fortified cardioplegia on oxidative stress and 

contractile function in a large randomized clinical trial. 

Cardiopulmonary bypass induces a systemic inflammatory response 

Inflammation is ordinarily a protective response that occurs in response to a 

potentially harmful event such as infection or surgery. This response is characterized by 

a complex interaction of humoral and cellular factors that culminates in intracellular 

patlrway activation leading to the release of cytokines, activation of complement and 

thrombin, and expression of adhesion molecules, among other factors (15). In the setting 

of CPB, this inflammatory response is due to a combination of multiple factors, including 

physical contact of blood with the bypass circuit ( 11 ), ischemia-reperfusion injury (28), 

endotoxemia (2), and surgical trauma (23). Despite its many benefits, CPB initiates pro

inflammatory echanisms that culminate in the systemic inflammatory response syndrome 

(SIRS) (23), characterized by cardiac (5), renal (3), neurologic (26), respiratory 

(21,30,37), and hepatic (23) dysfunction, as well as bleeding disorders (17). 

Neutrophils are activated by interleukin (IL)-8 (39) and suppressed by IL-10 (22). 

Activated neutrophils express adhesion molecules which cause the cells to adhere to the 

vascular endothelium (6). These adherent inflammatory cells have the ability to migrate 

across the endothelium and invade the tissue where they cause damage by producing 
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reactive oxygen species (19) and by secreting pro teases, such as elastase (31 ). Elastase 

degrades elastin, a structural component of the extracellular matrix in the lungs, and 

contributes to post-bypass lung injury (21 ). 

Multiple strategies have been implemented to combat the inflammatory response 

initiated by CPB. Glucocorticoid therapy has been shown to reduce pro-inflammatory 

cytokines (14,33) and to increase the anti-inflammatory cytokine, IL-10 (14). Aprotinin, 

a serine protease, is now commonly used due to its many beneficial effects. Heparin use 

is universal and has been shown to have anti-inflammatory actions (4) in addition to its 

intended antithrombotic actions. Reactive oxygen species (ROS) have been shown to 

activate nuclear factor KB (NF-KB) (34) which regulates the transcription of several 

inflammatory cytokines. Antioxidants prevent activation of NF-KB (8) and reduce the 

inflammatory response ( 41 ). Victor et a/. (38) have demonstrated that the pharmacologic 

antioxidant, N -acetyl cysteine reduces cytokine release and NF -KB activation in peritoneal 

macrophages and lymphocytes from mice. Other treatments such as sodium 

nitroprusside, inhibition of complement, and monoclonal antibodies have also been 

investigated (23). Use of heparin coated circuits, application of blood filters, variations 

in temperature, biventricular bypass and off-pump cardiac surgery have all been used in 

an attempt to reduce the potentially lethal inflammation caused by CPB. These numerous 

advances lessen but do not completely prevent CPB-induced inflammation. 

Anti-inflammatory effects of pyruvate. 
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Cardiopulmonary bypass induces a systemic inflammatory response syndrome as 

discussed above. An ethyl derivative of pyruvate exerts salutary effects on oxidative 

stress resembling those of sodium pyruvate (32). In addition, ethyl pyruvate was shown 

to inhibit activation of NF-KB and p38 mitogen activated protein kinase in mice with 

established lethal sepsis (36). Uchiyama et a/. (35) have demonstrated that ethyl 

pyruvate inhibits NF-KB activation and tumor necrosis factor mRNA expression, two 

components of the inflammatory response, in mice subjected to mesenteric ischemia and 

reperfusion. The anti-inflammatory actions were associated with decreased intestinal 

mucosal damage. Yang et a/. ( 41) have demonstrated that Ringer ethyl pyruvate solution 

reduces mRNA expression of the pro-inflammatory cytokine, IL-6, compared to Ringer 

lactate solution in a murine model of hemorrhagic shock. 

Ethanol, a byproduct of ethyl pyruvate breakdown, has been shown to have 

equivocal effects on NF-KB activation, both inhibiting (10,13) and promoting (25) its 

activation. In the studies by Uchiyama (35) and Yang (41), ethanol may have contributed 

to the anti-inflammatory actions of ethyl pyruvate. No studies, to our knowledge, have 

investigated the potential of sodium pyruvate to reduce inflammatory cytokine 

expression. It is likely that sodium pyruvate, the proposed cardioplegia fuel, will also 

exert these anti-inflammatory effects. Pyruvate effectively scavenges reactive oxygen 

species (7,9,20), which have been shown to activate NF-KB (34). Activation of the NF

KB pathway regulates the expression of several genes involved in the inflammatory 

response, such as inducible nitric oxide synthase (24), cyclooxygenase-2 (12}, tumor 

necrosis factor (18), and IL-6 {1,15,27,29). 

llO 



Based on these principles, we hypothesize that pyruvate-fortified cardioplegia 

may reduce the SIRS associated with CPB. The following specific aims are proposed to 

address this hypothesis: 

I. Determine the ability of pyruvate to suppress the release of inflammatory 

mediators from isolated human white blood cells. 

2. Determine the ability of lactate- and pyruvate-enriched cardioplegia solutions to 

mitigate the inflammatory response occurring as a result of cardiopulmonary 

bypass. 
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