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ABSTRACT 

Mehrdad Yazdanpanah 
Department of Clinical Biochemishy 
University of Toronto 

The major cause of perioperative morbidity and mortality after heart operations k 

intraoperative myocardid ischemia damage. Increased free radical production has been implicated 

in ischemia-reperfüsion injury and pyruvat= has been shown to provide protection to the ischernic 

heart. 

To investigate the role of free radcal injury and pymvate's antioxidant protection, isolated 

hearts frorn adult New Zealand rabbits were perhised in Langendorff mode with Krebs-Henseleit 

buffer with or without pyruvate. Hearts that were pemised with pynivate before ischemia showed 

signifiant hinctional recovery after 30 minutes of reperfusion. When pyruvate was added to the 

buffer after ischemia, heart function was not different from the controls. 

The effluent and tissue aldehyde concentrations (byproducts of lipid peroxidation) were 

the same in al1 the groups implying no change in lipid peroxidation. The tissue and effluent 

hydroxyl radical concentrations were not different from the controls. Myocardial total non- 

ciiffusible nucleotide (ATP+ADP+AMP+IMP) Ievels were significantly higher after 30 minutes of 

reperfusion when pyruvate was administered before ischemia but not when pyruvate was added 

at reperfusion. In this study we found that ischemia-repemision in the rabbit heart does not result 

in the production of hydroxyl radicals or lipid peroxidation. Pyruvate contributes to the heart's 

functional recovery by providing metabolic support. Protection is provided when pyruvate is 

present before the induction of ischemia. 
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CHAPTER 1 

INTRODUCmN 

Lack of blood supply or ischemia underlies some important diseases such as myocardial 

infarction, thrombotic stroke, embolic vascular occlusion, angina pectoris, peripheral vascular 

insuficiency and cardiac surjury. Heart is one of the organs that is critically affected when 

exposed to ischemia and reperfusion. 

The word ischemia originates from Greek words ischo (to hold back) and haima (blood), 

therefore meaning too little blood. Myocardial ischemia occurs when the delivery of oxygen to the 

myocardiurn is inadequate to maintain cellular oxidation. 

Three main consequences ensue during ischemia; 1) reduced supply of oxygen, 2) 

decreased delivery of nutrients and removal of waste metabolites and 3) increased local secretion 

of sympathetic and parasympathetic neurotransmitters. 

Major clinical outcomes of ischemia and repefision are ventricular dysfunction and 

arrhythrnia The extent of ventricular dysfunction depends on the duration of ischemia, with 

greatly reduced contractile recovery as the ischemic interval increases. Non-lethal, short ischemia 

can lead to delayed myocardial recovery termed stunned myocardium (Opie, 1992). 

The most effective way to reduce infarct size and irreversible myocardiai injury is the 

restitution of the coronary flow and with early myocardial pefision progression of irreversible 

injury is prevented (Hearse, 1977). However cellular injury has been associated with the 

repemision of the previously ischemic heart and it has been suggested that repemision itself may 

extend the deleterious effects of ischemia (Arnold et al., 1987). 

Animal studies have shown that perfusion of isolated hearts with buffers containing 

pyruvate results in improved myocardial functionai recovery d e r  an ischemic insult (Deboer et 

al., 1993). It has been suggested that exogenous pyruvate improves myocardial recovery by 



providing metabolic support (Peuhkurinen and Hassinen 1982) or reducing reperfusion-derived 

free radical injury ( Bode and Stanko, 1996 ). 

Cellular Changes in Ischemia and Reperfusion 

At the cellular level the biochemicd changes that result from severe and sustained 

reduction in blood flow include a decline in intracellular pH, reduction in high energy phosphates, 

relocaiization of Ca2+, loss of K+ and increased cytosolic Na+ (Ferfari, 1995). 

During ischemia in the absence of oxygen, oxidative phosphorylation becomes inhibited 

which results in increased NADHINAD+ and acetyl-CoAKoASH ratios. High levels of NADH 

and acetyl-CoA result in the inhibition of fatty acid kxidation (Liedtke, 198 1) which leads to the 

accumulation of fatty acid acyCCoAs and acylcarnitines (Liedke et al, 1978). High levels of 

NADH and acetyl-CoA also result in the inhibition of glucose oxidation secondary to pymvate 

dehydrogenase (PDH) inhibition (Stanley et al. 1997). Anaerobic glycolysis becomes the cell's 

main source of ATP synthesis which leads to lactate production, glycogen breakdown and 

intracellular acidosis (Fedele et al. 1988). In severe ischemia accumulation of the glycolytic end 

products such as lactate and protons (H+) inhibit phosphofructokinase and glyceraldehyde 3- 

phosphate dehydrogenase and lead to the inhibition of anaerobic glycolysis (Gersh and 

Rahimtoola, 199 1 ). 

With reduction in ATP levels the sarcolernrnal and sarcoplasrnic reticulum Ca2+ ATPases 

can no longer regulate intracellular calcium concentrations resulting in unsequestration of Ca2+ 

leading to contractile dysfunction and ischemic contracture (Kaplan et al., 1992). High level of 

unsequestered intracellular Ca2+ in addition to increased actin-myosin binding rigor also leads to 

the activation of proteases, ATPases, and lipases as well as mitochondrial dysfunction (Jennings 

and Reimer, 1 98 1 ). 

ATP synthesis and the regdation of intracellular Ca2+ homeostasis are two functions of 

the mitochondria. Both of these processes rely on the proton electrochemical gradient across the 



mitochondrial inner membrane (Ferrari et al., 1993). In conditions of excess intracellular Ca2+, 

such as ischemia, proton eiectrochemical gradient is preferentially used to accurnmulate Ca2+, and 

calcium uptake takes precedence over ATP synthesis, and ATP synthesis is delayed due to 

mitochondnd Ca2+ uptake (Crompton and Costi, 1988). Another consequence of mitochondnal 

CaZ+ overload is the opening of the mitochondrial transition pemeability pore triggered by CS+ 

and inorganic phosphate. Mitochondrial pore opening !eads to an alteration in the pemeability of 

the inner membrane to solutes and results in mitochondrial swelling (Zoratti and Szabo, 1995). 

uncoupling of oxidative phosphorylation and fi-ee radical production. 

Repexfusion of the ischemic myocardium results in the resumption of the mitochondrial 

oxidative phosphorylation and cytosolic pH to pre-ischemic levels in viable myocytes however, 

contractile recovery is delayed and ATP synthesis is uncoupled from oxidative phosphorylation 

(Ferrari, 1995). Other detrimental consequences of reperfusion are increased influx of 

extracellular Ca2+ and oxygen-derived free radical production (Maxweli and Lip, 1997). 

There is evidence that pyruvate results in improved cardiac functiond recovery (Cavallini 

et al. 1990). Pyruvate has been shown to inhibit mitochondrial swelling and glutathione loss 

(Bindoli et al. 1995). reduce fatty-acid induced ventncular depression, and calcium overload 

(Aasum and Larsen, 1997) and reduce free radical production (Deboer et al. 1993). Exogenous 

pyruvate may provide protection to the ischernic myocardiurn by affecthg myocardial energy 

metabolism or reducing oxidative stress. 

Myocardial Energy Metabolism and Pyruvate 

The heart muscle can utilize glucose, fiee fatty acids (FFA), ketone bodies, lactate and to 

some extent amino acids as fuel substrate for its energy needs ( Opie et ai 1992, Grynberg and 

Demaison. 1996). The heart can either obtain substrates from the coronary circulation or resort to 

cellular stores during the absence of blood supply. However, under normal coronary flow 

exogenous fuels provide most of the substrate for energy production. 



Regulation of myocardial substrate metabolism is complex and depends on a variety of 

factors such as artenal substrate and hormone levels, coronary flow and nutritional status of the 

tissue. The fuel substrate mostly used during fasting is FFA, glucose after meals and lactate and 

FFA dunng exercise (Grynberg and Demaison, 1996). Under normal fed conditions fatty acids are 

the major metabolic substrate of the nomal heart contributing to 60-70% of the ATP synthesis 

(Hendrickson et al, 1997). 

Fatty acids are transported in the plasma as triacyglycerols or FFA's. The rate of FFA 

uptake depends on the concentration gradient across the sarcolemma In the mitochondrial matrix 

fatty acids are converted into acyl-CoA esters. Acyl-CoA esters are then directed to $-oxidation, 

converted to triglycerides or into membrane phospholipids. poxidation of long chah acyl-CoA 

involves four steps and results in the production NADH and acetyl-CoA ( Schulz, 1994). 

FFA utilization is tightly coupled to that of glucose. High circulating FFA as in fasting and 

diabetes results in exclusive FFA utilization while high blood glucose concentrations in the 

presence of insulin lead to increased myocardial glucose uptake (Grynberg and Demaison, 1996). 

The glucose-fatty acid cycle is believed to be regulated by the inhibition of pyruvate 

dehydrogenase due to end products of FFA oxidation such as NADH and acetyl-CoA and the 

inhibition of phosphofructokinase (PFK) by citrate, ATP and H+ (Newsholme et al. 1962). In the 

heart, PDH inhibition plays a more significant role than PFK in the regulation of ATP synthesis 

from FFA or glucose (Chappe11 and Robinson, 1968). 

PDH catalyzes the irreversible decarboxylation of pymvate and is a key enzyme in the 

regdation of glucose oxidation. PDH is located in the inner mitochondrid membrane and consists 

of three domains: pyruvate dehydrogenase (El), dihydrolipoamide acetyl tramferase (E2), and 

dihydrolipoamide dehydrogenase (E3) (S tryer, 1988). The concerted activity of the PDH domains 

results in pyruvate's decarboxylation and its transfer to acetyl-CoA s h o w  in figure 1.1. 
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Pymvate + TTP-El - HETPP-El + CO, 

AETPP-El + (iipS2)-E2 - TPP-El + (acety1-S-lipSH)-E2 

(acetyl-S-1ipSH)-E2 + CoA - [lip-(SH)2]-E2 + acetyl-CoA 

Figure 1.1. Summary of reactions catalyzed by the pyruvate dehydrogenase cornplex 

(Stryer, 1988). 



PDH anivity is subjected to substrate and end product inhibition. Pymvate increases PDH 

activity by two different mechanism. Fmf binding of pyruvate to the El catdytic site increases 

PDH activity and second, allosteric binding of pyruvate to PDH kinase results in the inhibition of 

PDH kinase activity (Sugdan et al, 1995, Priestrnan et al, 1996). High intracellular concentrations 

of acetylCoA and NADH inhibit PDH activity by end product inhibition and by increasing PDH 

kinase activity (Hansford and Cohen, 1978). 

- d C a A  NADH 
A., , Py-=t= 4 + NAD' 

Acetyl CoA + CO, 

F i  1.2. Regulation of pyruvate dehydrogenase. Abbreviation: DCA, dichloroacetate; 

PDH, pyruvate dehydrogenase (Stanley et ai. 1997). 

PDH is located in the inner rnitochondnal, membrane therefore artenal or glycolytic 

derived pyruvate must be transported across the sarcolemma and mitochondrial membranes. The 

outer mitochondria membrane is permeable to pymvate and poses no restriction on pyruvate's 

movement. Pymvate trafficking across the inner mitochondrial membrane is mediated by three 

mutes, passive difision, anion exchange transporten and by means of a specific pyruvate 

transporter (Lanque and Schoolwerth, 1979). The anion exchange transporter contributes to less 

than 15% of total pyruvate traff~cking and the rest is mediated by a specific pymvate carrier. 

Passive diffusion becornes dominant at higher concentrations. At a pyruvate concentration of 5 

mM, transport across the inner membrane is partidly due to passive difision and at IO  mM 

movement of pymvate is govemed mainly by passive diffusion (Lanque and Schoolwerth, 1979). 



In addition to acety 1-CoA synthesis pyruvate also participates in arnino acid metabolism 

and anaplerotic reactions. These reactions result in the replenishment of Krebs cycle 

intermediates, oxidation of NADH, NH,+ and H+ removd (Stryer, 1988). Alanine 

arninotransferase catalyzes the reaction between pyruvate and glutamate to produce a- 

ketoglutarate and alanine. a-ketoglutarate then reacts with aspartate mediated by aspartate 

aminotransferase to regenerate glutamate and produce oxaloacetate. 

Pyruvate + Glutamate - a-ketoglutarate + Alanine 

a-ketoglutarate + Aspartate - Glutamate + Oxaloacetate 

Oxaloacetate is aiso produced from the carboxylation of pymvate by pymvate carboxylase. Malic 

enzyme increases anaplemsis by increasing malate from pyruvate. This reaction also results in the 

oxidation of NADPH and the removai of CO2 (Peuhkurinen et al. 1983). 

Free Radicals 

Although early reperhision of the ischemic heart is essential to reduce ischemic tissue 

darnage, oxygenated repemision aiso results in tissue damage and reduced coronary flow. One 

consequence of oxygenated reperlùsion is the production of oxygen derived free radical species 

which have the potential to cause cellular darnage (Maxwell and Lip, 1997). 

A free radical is a molecule or an atom with an unpaired electron in its outer orbital. 

Molecules are more stable when their orbitals are occupied with two antiparallel spin electrons, 

therefore a Free radical is thennodynarnicaily unstable. This characteristic of free radicals rnakes 

them relatively reactive and prone to participate in oxidoreductive reactions. 

The majority of the metabolized oxygen is reduced into H,O, however oneelectron 

reduction of smail amounts of O, lads to the production of superoxide radical anion (O,-') 

(Hailiweil and Gutteridge, 1986). Superoxide radical can initiate the formation of other reactive 



oxygen species including hydroxyl radical (HO*), hydrogen peroxide (H202), and perhydroxyl 

radical (HO;) (Yu, 1994). 

0, + e- - 02= 
O,-' + OF' + 2H+- H202 + O, 

Of'  + H,O, + H+ - 0, + H,O + HO' Haber-Weiss reaction 

Of al1 the oxygen free radical species hydroxyl radical is the most reactive species and has 

a half life of IV9 seconds at 37T (Yu, 1994). Hydroxyl radical cari be formed by the 

decomposition of HzOz catalyzed by transition metals such as iron or copper. 

FeZ+ + H,O, - FeU + HO- + HO' Fenton Reaction 

CU+ + H,O, - Cu2+ + HO- + HO' 

Myocardial sources of free radicals 

Xanthine oxidase-xanthine reductase is a major source of superoxide radical dunng 

myocardial reperfusion. This enzyme is synthesized as xanthine dehydrogenase which uses NAD+ 

as an electron acceptor during xanthine oxidation: 

Xanthine + H,O + NADI - Uric acid + NADH + H+ 

Increased cytosolic Ca2+ concentration, a consequence of ischernia, results in the conversion of 

xanthine dehydrogenase to xanthine oxidase mediated by calcium dependent proteases (Chambers. 

1985). The oxidase form uses oxygen as an electron acceptor and the process results in O,-' 

production. 



Xanthine + H,O + 20, ---t Uric acid + 2Oi' + 2H+ 

Partial reduction of 4 by the mitochondrial electron transport chah results in the 

production of superoxide radical. About 1-22 of the consumed 4 leaks out of the mitochondria 

as Of' under normal conditions (Tyler, 1975). Superoxide leakage is increased when the 

respiratory chain is in a reduced state as in ischemia. 

Polymorphonuclear leukocytes are important source of O,-' and other oxidants such as 

hypochlorous acid (HOCI) and nitnc oxide (NO-) (Welboum et al. 199 1 ). Reperfusion of ischernic 

tissue results in the migration of the polymorphonuclear leukocytes to the site of injury and the 

release of oxidants. 

Transition metals such as iron and copper are tightly chelated in the cell, however iron 

storage is comprornised in ischemic and partially darnaged tissue due to decomparmentalization or 

disorganization. Free iron or copper ions can catalyze the production of HO' radical. 

Cyclooxygenase and lipoxygenase metabolism of arachidonic acid results in the production 

of superoxide radical. Accumulation of arachidonic acid which may result from membrane lipid 

peroxidation dunng repefision may provide substrate for the cyclooxygenase pathway and 

increase free radical production (Basu and Karmazyn, 1987). 

Free radicals in biological systems react with cellular constituents due to their relative 

reactivity. Target molecules of free radical species include nuclear molecules and the DNA. 

suLfhydry1 sites in proteins and unsaturated lipids in ce11 membranes. The outcome of such 

reactions is DNA fragmentation and cross-linkage, protein denaturation and membrane instability. 

A comrnon consequence of free radical mediated cellular injury is membrane lipid 

peroxidation (Tyler, 1975). Polyunsaturated phospholipids contain electron rich x bonds that 

easily donate electrons to strong oxidants. Peroxidation of polyunsaturated fatty acids involve 

three steps: initiation, propagation, and temination (Girotti, 1985). The initiation step involves 

the generation of conjugated diene bonds by hydrogen abstraction. Propagation of lipid 

peroxidation depends on the reaction of the molecular oxygen with the carbon centered radical. 



The hydroperoxides decompose in the presence of metal catalysts and form alkoxyl or peroxyl 

radiais that are capable of propagating lipid peroxidation. 

Figure 13. Cis,tnms coqjugated diene hydroperoxides generated from free radical 

outoxidation of unsaturated iipids decompose in the presence of divalent metal ions to 

alkoxy radicalS. Aikoxy radiais react with hydrogen donors to form hydroxydienoic acids 

or oxodienoic acids (LoidlStahlhofen, 1994). 

Lipid peroxidation disrupts the cohesive lipid bilayer arrangement and structural 

organization of membranes. In addition to the disniptive nature of Iipid peroxidation on 

membranes, Lipid peroxidation is the source of cytotoxic products such as aldehydes (Loidl- 

S tahlhofen, 1 994). 

Figure 1.4. Schematic representation of the conversion of akoxy radiais to aldehydes. 



Aldehydes are generated h m  the decomposition of lipid hydroperoxidcs and are 

biologically active and toxic to ceflular processes. For example 4-hydroxy-2-nonenal (HNE) 

fomed from 1,6-arachidonic acid peroxidation is mutagenic (Esterbauer et al. 1991). inhibits 

adenine nucleotide translocator (Chen et al. 1995) and inhibits rnitochondnal respiration 

(Esterbauer et al. 199 1). In addition aldehydes are capable of fomiing protein cross-linkages and 

inactivate proteins. 

Aldehydes are degraded and neutraiized by the activity of enzymes such as aldehyde 

dehydrogenases or reductases (Ambroziak and Pietniszke, 1993). Glutathione conjugation also 

contributes to aldehyde d e t ~ ~ c a t i o n  (Hartley and Peterson, 1993). Pynivate dehydrogenase 

provides an alternative pathway for the detoxification of sahiratecl aldehydes (Montgomery et al. 

1993). This process involves the decarboxylation of pynivate by PDH-El subunit and its 

condensation with the saturated aldehyde. The condensation product shown in figure 1.5 is a 

hydroxyketone also called an acyloin. 

Figure 1.5. General mechanism of acyloin formation by PDH. 
Stars show the re-distribution of pynivate carbon atoms in the reaction products. 

Aldehydes are more stable in biological environments than free radicals. This relative 

stability of aldehydes allows measurement of their concentrations in biological samples and 



interpretation of the changes as an index of lipid pemxidation and free radical production (Luo et 

al. 1995, Bruenner et al. 1996). 

Antioxidant defense mechanisms 

Oxygen derived free radical production is an obligatory part of oxygen metabolism 

therefore, to reduce the toxic effects of free radicals oxygen dependent organisrns have developed 

defense systems to neutraiize excess free radicds. 

The primary f o m  of defense consists of enzymatic and nonenzymatic antioxidants that 

scavenge different species of fiee radicals including lipid peroxides. Rimary ciefenses include (1) 

antioxidant compounds such as vitamin E, A, and C, glutathione and uric acid (2) antioxidant 

scavenging enzymes such as superoxide dismutase, catalase and glutathione peroxidase (Yu, 

1 994). These antioxidants are strategically compartmentalized in su bcellular organelles w ithin the 

ce11 to provide maximum protection. 

Pyruvate is dso considered a pnmary antioxidant due to its ability to breakdown hydrogen 

peroxide (Bunton, 1949). Pymvate also effectively removes H202 in vitro and provides protection 

against oxidant injury in rnammaiian tissues (Andrae, 1985). a-ketoacids such as pyruvate react 

nonenzymatically with hydrogen peroxide and the reaction results in the loss of CO, from the a- 

ketoacid and the reduction of hydrogen peroxide to &O as described in figure 1.6. 

11  * /  
R-C-C 

\ 
+ H202 

4' > R-C 
\ 

+ C O 2  + H*0 

Figure 1.6. Non-enzyrnatic dismutation of A202 by pymvate (Salahudeen et al. 1991). 



H202 intracellularly acts as an oxidant and inhibits the activity of various enzymes such as 

phosphofructokinase and glyceraidehyde 3-phosphate dehydrogenase. H,O, also contnbutes to 

the production of hydroxyl radical, therefore removal of H202 by pyruvate can reduce the H202 

oxidant damage. Pyruvate's role as an antioxidant in the ischemic heart could be crucial because 

glutathione and giutathione peroxidase are the major mechanisms for H,02 scavenging, and heart 

has low catalase activity compared to other tissues (Chen et al. 1994, Doroshow et al. 1980). 

However glutathione levels decrease in the ischernic heart due to glutathione loss (Bindoli et al. 

1995) and therefore myocardial antioxidant protection is comprornised in ischemia Exogenous 

pyruvate therefore may provide antioxidant protection by scavenging H202. 



HYPOTHESIS AND THESIS OUTLINE 

Myocardial ischemia and teperfusion, if severe, results in tissue injuiy. The role of fiee 

radicals in tissue injury has been suggested however, the exact mechanism and its relevance to 

hurnan patients has not been hlIy elucidated. In order to gain a better understanding of 

myocardial ischemic injury and free radicals more information is required. 

I hypothesized that free radical production increaîes during mycardial ischemia and 

repetfùsion and exogenous pyruvate provides protection against ischemic injuq by reducing free 

radical production. 

The first part of this study involved the measurement of lipid peroxidation and free radical 

production in the heart during the ischemia and repefision process. Tissue and perfusate 

aldehydes (lipid peroxidation byproducts) and hydroxyl radicals were measured as an index of free 

radical production. 

The second part of the study investigated the role of pyruvate in providing protection to 

the ischemic heart and its effects on free radical production. Aldehyde and hydroxyl radical 

concentrations were measured to investigate if their levels preferentially decrease in the presence 

of exogenous pyruvate. Tissue high energy phosphates and cardiac functions were measured and 

correlated to the presence of pyruvate. 



MATERUILS AND METHODS 

Isolated, Perfused Rabbit Heart Preparation 

This study was conducted in accordance with the Guide for the Cure and Use of 

Laboratory Animals published by the US National Institutes of Health (MH publication No. 85- 

23. revised 1985). Al1 chernicals were purchased with the purest grade available from regular 

commercial sources. 

Hearts were removed surgically from adult New Zealand white rabbits that were given an 

injection of heparin 1000 IU and anesthetized with 140 mg of pentobarbital sodium. Hearts were 

immediately placed in a perfusion apparatus with the aorta attached to a 100-cm hydrostatic 

pemision column and pemised in retrograde fashion. Hearts were pemised with a modified 

Krebs-Henseleit buffer containing (in rnM) 118.4 NaCI, 4.7 KCI, 1.2 MgSO,, 1.2 KH,PO,. 25.0 

NaHC03, 1.27 CaC1,.2H20, 0.06 EDTA, 1 1.1 glucose and 2UL insulin. The filtered buffer was 

equilibrated with 95% 02, 5% CO2, gas and temperature was maintained ai 37OC. The oxygen 

tension was 450-550 mmHg for the buffers. This perfusate supply was changed for the pymvate 

protocol to a Krebs-Henseleit buffer containing 5rnM pyruvate, 11.1 mM glucose and 2UL 

insulin. In the experiment that hydroxyl radical production was measured, salicylate at 0.5 mM 

concentration was added to the Krebs-Henseleit buffer to trap hydroxyl radicals (Luo et. al, 

1995). Hearts k a t  and contract against an intraventricular fluid filled latex balloon attached to a 

pressure transducer. The balloon was inserted into the myocardial left ventricular cavity through 

the left atrium and inflated to an end diastolic pressure of 10 f. 1 mm Hg. Heart rate (HR), systolic 

pressure, diastolic pressure were continually recorded. Left ventricular developed pressure 

(LMP) was calculateci as the difference between left ventricular systolic and end-diastolic 

pressure. Coronary flow was measured by timed collection of the coronary perfusate. dripping 

from the heart. 



ProtocoI 

Hearts were perfused and equilibrated with Krebs-Henseleit buffer for 15 minutes prior to 

the induction of ischemia. After 15 minutes of equilibration hearts were subjected to 25 minutes of 

global ischemia by tenninating the flow of the buffer to the heart. Heart temperatures were 

maintaineci at 37OC during ischernia Following the 25 minute ischemia each heart was repemised 

for 30 minutes. Effiuent and tissue biopsies were collected at different intervals for ATP, 

aldehyde, acyloin and hydroxyl radical analysis. 

Exptriment progression as fmction of t h e .  

Rabbit hearts were divided into three groups (n = 6). Control hearts (C) were equilibrated 

and reperîused after ischemia with Kreb-Henseleit containing only glucose as substrate. Hearts in 

group A were equilibrated with Kreb-Henseleit containing only glucose and then repefised afier 

ischemia with Krebs containing pyruvate at 5 mM concentration. Hearts in group B were 

equilibrated and reperfwed after ischernia with Kreb-Henseleit containing pymvate at 5 mM 

concentration. 



Aldehyde Analysis 

Aldehydes and acyloins were analyzed by gas chromatography mass spectrometry 

techniques. This technique requires the derivatization of the aldehydes and acyloins to improve 

their detection and identification . 

Samples were anaiyzed for their content of 22 saturated and unsaturated aldehydes (C2- 

C12), and five acyloins, which are condensation products of saturated aidehydes (Cg-CIO) and 

pyruvate as described previously (Luo et al. 1995). Briefly, to 100 pL diquots of effluent or 

tissue homogenate 10 pL of 10 p.M (100 pmol) of Benzaldehyde-ring-Dg was added as interna1 

standard. The samples were vortexed and derivatized with 200 pL of 0.05M (10 prnol) of 

pentafluorobenzy 1 hydroxy lamine hy droc hloride (PFB HAHCI). Sarnples were then ex trac ted with 

2 mL of hexane. The hexane phase was collected and evaporated under nitrogen and derivatized 

with 50 pL of N,O-Bis (trimethylsilyl) tri-fluoroacetarnide (BSTFA)+ 1 % trimethylchlorosilane 

(TMCS) to form TMS ether derivatives of the hydroxyl hinctional groups. Derivatized aldehydes 

were analyzed by capillaq column gas chromatography-negative ion chernical ionization mass 

spectrometry (GC-MCIMS) with amrnonia as reagent gas. GC-NICIMS was performed using a 

quadruple Mass Spectrometer (VG-Trio 2A) interfaced to a Hewlett Packard 5890 Series II Gas 

Chromatograph with a 30 m, 0.3 Pm, DB-5 capillary column. Helium was used as the carrier gas 

with a flow rate of 1 W m i n .  

Hydroxyl Radical Analysis 

Salicylate was added to the pemision buffer to trap hydroxyl radicals by forming 

diiydroxybenzoic acids (DHBA). The dihydroxyl products were extracted from the effluent and 

tissue homogenates with equai volumes of ethyl acetate and ethyl ether. The organic phases were 

collected and evaporated under a Stream of nitrogen. DHBA's were derivatized with 50 of 

BSTFA at 60°C for 15 minutes. Derivatized DHBA's were andyzed by capillary column gas 

chromatography-mass spectrometry (GC-MS) with electron impact ionization (Luo and Lehotay, 

1997). GC-MS was perfomed using a quadrupole Mass Spectrometer (VG-Trio 2A) interfaced 



to a Hewlett Packard 5890 Series II Gas Chromatograph with a 30 m, 0.32 Pm, DB-5 capillary 

column. Helium was used as the carrier gas with a flow rate of 1 Wrnin. 

Measurement of Tissue Nucleotides 

Heart tissue adenosine nucleotides and adenosine nucleotide degradation products were 

measured by high performance liquid chromatography (HPLC) technique. 

Nucleotides were measured as described previously (Weisel et al. 1989). Left ventricle 

biopsy specimens obtained after 25 minutes of ischemia and 30 minutes of repemision were 

irnmersed in liquid nitrogen and freeze-dried at -50°C ovemight. The dned tissue was separated 

from connective tissue and other contaminants and weighed. The tissue was homogenized for ien 

minutes at 4°C with 20 V m g  tissue of 0.5 M perchloric acid and 10 a of intemal standard 2'- 

O-rnethyladenosine. The samples were centrifuged at 1,200 g for ten minutes, the supematant was 

neutraiized with 2 M potassium hydroxide to a pH of 7.6, then reacidified with 0.1 M perchloric 

acid to a pH of 6.8. The acidified solution was centrifuged at 1,200 g for ten minutes, the 

supematant was collected and immersed in liquid nitrogen and freeze-dned overnight. The freeze- 

dried supernatants were reconstituted in 100 m M  ammonium phosphate buffer at pH 5.7 with a 

volume equal to the total volume of the intemal standard and the 0.5 M perchloric acid that was 

used to homogenize the tissue specimens, and assayed by HPLC for their nucleotide contents. 

HPLC Conditions 

Sample injection was accomplished with an auto-injector (model 700 Satellite WIS). Step- 

gradient solvent delivery was perfonned with a reciprocating pump (Waters model 510). The 

chromatographie column was a Radial-Pak Resolved C 1 8 colurnn with 5 pm particle size. A 

programmable multiwavelength detector (Waters model 490) was used to monitor and integrate 

the peaks at absorbantes of 254 and 229 m. Solvent flow was initiated isocratically with a 100 

m M  ammonium phosphate buffer at pH 5.7 for 15 minutes, then the solvent was converted to 

40% methano1:water (vollvol) in a gradient fashion over five minutes. 



Statistical Analysis 

Values reported are means f standard devia tion. Experimen tal means were compared 

using an ANOVA test. When significant values were obtained, Bonfernoni multiple cornparison 

test was used to distinguish which group or time periods differed from one another significantly. 

Differences were considered signifiant for p < 0.05. 



RESULTS 

Recovery of Contractile Function During Reperfusion 

Coronary flow and mechanical function, assessed by HR and LVDP were similar among 

different groups prior to the induction of ischemiê Consistent with other reports, pyruvate and 

salicylate did not influence the non-ischernic cardiac performance. Table 3.1 display mechanical 

performance indexes of hearts reperîused after 30 minutes of globai ischemia Detailed functional 

profile of the h e m  are shown in Appendix II. 

Table 3.1. Heart functional recovery d e r  30 minutes of reperfusion with different buffers. 

Groug Diastolic Pressure Deve lod  Pressure % Coronary Flow 
mm H g  nml Hg 

Pre-isch 30min re~erfusion Pre-isch 30min reuerfusion 30min reuerfusion 

Control 10.3M.2 47.5k8.2 1 l8.8B.9 43.3k8.9 67,416.8 

Group A 9.3f0.8 49.5H 1.3 121.W7.4 50.3112.3 68.3k4.4 

Group B 9.7H.8 14.8~.9*? 130.635.7 96.813.5*? 85.8&3.5*f' 

* Pc0.05 Group B Vs control 
TP4.05 Group B Vs Group A 

Data are presented as rneans f SD. Six (n=6) hearts were used in each group. Coronary flow was 
measured by tirned collection of the coronary pefisate, dripping from the heart. % coronary flow 
represent the relative ratio of repemision coronary flow to pre-ischernic flow. Control hearts were 
perfused with Krebs-Henseleit buffer More and after ischemia Group A were periüsed with 
Krebs-Henseleit before ischemia and with Krebs-Henseleit containing 5 mM pyruvate after 
ischernia Group B hearts were pemised with Krebs-Henseleit containing 5 rnM pyruvate before 
and after ischemia 



Hearts perfused with Krebs-Henseleit buffer containing 5rnM pymvate (group B) before 

ischemia had significantly lower diastolic pressure when compared to the control hearts and hearts 

treated with pynivate at reperfusion (group A) after 30 minutes of repefision (Table 3.1). 

Perfbsion of hearts with pyruvate before ischernia resulted in increased left ventricular 

developed pressure when compared to the controls (P c 0.01). The developed pressure in hearts 

treated with pyruvate following ischemia was similar to the controls. The systolic pressures were 

similar in aii groups, therefore the differences in the developed pressures were due to diastolic 

pressure changes. 

Coronary flow recovered to 85.8 + 3.5 percent of the pre-ischemic values when hearts 

were treated with pymvate before ischemia (Table 3.1). The coronary flow recovery was 

significantly lower in the controls and hearts treated with pyruvate following ischemia. There was 

no difference in the coronary flow of the controls and hearts treated with pymvate following 

reperfûsion. Improvement of functionai recovery in group B, except for diastolic pressure, 

occured after 30 minutes of repemision following global ischernia and there was no difference 

arnong groups prïor to 30 minutes of reperfbsion. Diastolic pressure was significantly lower d e r  

15 minutes of reperfusion (Appendix II). 

Aldehyde Production During Ischemia and Reperfusion 

Aldehyde concentrations measured in the coronary effluent did not change with ischemia 

and repemision in ali groups. Results for coronary effluent total aldehydes are displayed in Figure 

3.1. Treatment of hearts with pyruvate following ischemia or pior to ischemia did not result in 

the reduction of coronary effluent or heart tissue aidehyde concentrations. The individual 

aldehyde profile in the coronary effluent for ali groups are disptayed in Appendix 1. The 

concentrations of individual aldehydes also did not change with ischemia and repemision or 

pyruvate treatrnent. 



A control test was conducted to measure aldehyde levels in the presence of iron ( 1  pM 

Fe3+). Both tissue and effluent aldehyde concentrations increased after reperfusion reaching its 

peak after one minute of reperfusion (Figures 3.2 and 3.3). 



Figure 3.1. Coronary effluent total aldehyde concentrations for al1 groups. 
lschemia and reperfusion did not result in aldehyde production. Treatment of the hearts with 
pymvate at repemision (group A) or before the induction of ischemia (group B) did not affect 
aldehyde production. Controls are hearts pemised with Krebs-Henseleit before and after 25 
minutes of ischemia Results are displayed as mean f SD. 



pre-ischemic O 1 2 3 4 5 15 30 

l ime (minute) 

Figure 3.2. Coronary effluent total ddehyde concentrations during ischemia reperfusion in 
the presence of ferric chioride. 
Addition of Fe3+ to the Krebs-Henseleit resulted in an increase in coronary aldehyde 
concentrations after one minute of reperfusion. The coronary effluent aldehyde concentrations 
retumed to pre-ischernic levels after two minutes of reperfusion (n = 1).  



P 0.00 5.00 15.00 30.00 C30 

Minutes 

Figure 3.3. Heart tissue total aldehyde after 25 minutes of ischemia and 30 minutes of 
reperfusion in the presence of ferrk chloride. 
Aldehyde concentrations increased at repemision and remained higher than preischemic levels 
when Fe'+ was added to the buffer (n = 1). Column P represents tissue ddehydes before the 
induction of ischernia Column C30 represents the tissue aldehyde concentrations in the control 
hearts perfused with Krebs-Henseleit after 30 minutes of reperfusion (n = 6). 



Acyloins 

Acyloin levels were not affected by ischemia and reperfusion in the perhsion effluent or 

heart tissue . Treamient of hearts with pymvate also did not affect the acyloin production. 

Coronary effluent acyloin concentrations in hearts that were treated with pymvate before ischernia 

(group B) are displayed in figure 3.4. Lack of change in acyloin concentrations correlate with lack 

of change in aldehyde levels. 

Figure 3.4. Acyloin concentrations in group B before and after ischemia. 
The acyloin concentrations were similar through out the experiment. Ischernia and reperfusion of 
the hearts did not increase acyloin concentrations. Pymvate did not affect the acyloin 
concentrations when added to the perfüsion buffer. Results are displayed as mean f SD. 



Hydroxyl Radicals 

The dihydroxybenzoic acid concentrations did not change in the perfusion effluent or heart 

tissue with ischemia and repemision. Results for heart tissue 2.5 and 2,3-dihydroxybenzoic acids 

are displayed in figures 3.5 and 3.6. Addition of pyruvate did not affect the levels of hydroxyl 

radicds after repefision however, pyruvate resulted in a generai non-significant reduction m 

dihydroxybenzoic acid concentrations in the buffer and values did not reach statistical significance 

except for 2.5-di hy droxy benzoic acid after 5 minutes of reperfusion. Hydroxy l radical results 

correlate with aldehyde and acyloin values and confirm that ischemia and repemision in the rabbit 

heart does not lead to hydroxyl radical production and subsequent Iipid peroxidation. 

O min 2 5  min 5 min 15 min 30 min 

Reperfusion The (minute) 

Figure 3.5.2,S-Dihydroxybenzoic acid concentrations in heart h e  at diPPerent internais. 
Hydroxyl radical concentration did not increase after reperfusion. Addition of pymvate resulted in 
a non-significant reduction in hydroxyl radicals. Changes were significant only between group B 
and the controls after 5 minutes of reperfusion. Results are means f SD. 
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Figure 3.6.2,3-Dihydroxbenzoic acid concentrations in har t  Oissue at Merent intervals. 
2,3-dihydroxybenzoic acid concentrations show no change in hydroxyl radical production due to 
ischemia and reperfusion. Addition of pymvate to the Krebs-Henseleit buffer did not decrease the 
2,3-dihydroxybenzoate levels. Results are represented as mean f SD and. 



Myocardial energy metaboliSm 

The heart tissue nucleotide and nucleoside concentrations were measured after 30 minutes 

of repefision in al1 groups shown in Table 2. Total nondifisable nucleotides (ATP+ 

ADP+AMP+KMP) levels were higher in hearts that were treated with pymvate before ischemia 

(group B). The total difisable nucleoside (hypoxanthine+xanthine+inosine+adenosine) levels 

were the same in al1 groups. Creatine phosphate, NAD+ and uric acid concentrations were the 

sarne in al1 groups. Higher total nucleotide levels in group B correlated with improved functional 

recovery after 30 minutes of repemision. There was no difTerence between the controis and gmup 

A in which pyruvate was adrninistered at repemision. 

Table 2. Nucleotide and nucleoside levels in hart  tissue. 

Control Group A Group B 
pmoldg dry tissue pmole/g dry tissue pmolelg dry tissue 

TNN 10 I 2.45 1 1  k5.18 15 f 2-36. 
TDN 3 i 3.00 2.4 * 0.91 2 k 1.02 
NAD+ 0.4 k 0.16 0.6 k 0.23 0.6 10.12 
CP 29 * 25.55 45 * 38.27 31 k 18.53 
Ua 0.6 I 0.95 1 I 1.86 1 I 0.88 

* Pcû.05 Group B Vs control 

Total non-diffusable nucleotides (TNN=ATP+ADP+AMP+IMP) levels were significantly higher 
in the left ventricle of hearts that were perfused with pyruvate before ischemia (group B) when 
compared to controls. There was no difference between controls and group A when pyruvate was 
adrninistered at the tirne of repemision. There was no ciifference in total non-diffusable nucleoside 
(TND=hypoxanthine+xanthine+adenosine+inosine) among groups. Creatine phosphate (CP), 
NAD+, and uric acid (Ua) levels were the sarne in all groups. Data are presented as mean I SD 
and considered significant for P < 0.05. 



DISCUSSION 

Severe myocardial ischemia and reperfusion results in myocardial infarct and tissue 

necrosis. A variety of metabolic and physiologicai conditions contribute to the extent of tissue 

damage and early repemision is the most effective treatment of the ischemic heart. Contractile 

function and coronary flow are good indicatoa of the myocardial condition after an injurious 

insult such as ischemia-reperfbsion. Heart rate, systolic and diastolic pressure and coronary flow 

rate represent the cumulative interplay of various factors contributing to cardiac function. 

Laboratory experiments have shown that substrate availability can affect myocardial recovery. 

Pymvate is known to improve myocardial contractile recovery after an ischemic insult. Pymvate 

may provide protection by providing metabolic support, affecting intracellular redox state or 

acting as an antioxidant and reducing free radical injury. 

Free Radicals 

The data in this study indicated no change in hydroxyl radical (HO') and aidehyde 

production after ischemia-repemision. The concentrations of individual aldehydes or hydroxyl 

radical were in the low nanomolar range which may imply no increase in the free radical 

production with reperfusion of the ischemic rabbit heart under current experimental conditions. It 

has been reported that pymvate improves myocardial functional recovery by reducing hydroxyl 

radical production (Deboer et al., 1993). We were not able to demonstrate an increase in free 

radical concentrations with reperfusion. 

Xanthine oxidase which contributes to the oxidative stress by generating superoxide 

radical, is abundant in the cardiovascular tissues of rodent species but is present in trace arnounts 

and is quite inactive in the rabbit heart (Adachi et al., 1994, Ooiwa et al.. 1992, Kopacz et al., 

1993). Higher levels of xanthine oxidase in the rat myocardium and the type of free radical 



trapping agent used may account for increased production of free radicals after repemision in the 

rat heart in other studies. In this expenment hydroxyl radical and aldehydes were measured. 

Aldehyde production implies the occurrence of a cascade of reactions that ultimately result in the 

oxidation of membrane unsaturated lipids and hydroxyl radical production depends on substrate 

H,O and catalyst Fe3+. 

Hydroxyl radicals react with salicylate to produce mainly 2,3- and 2,5-dihydroxybenzoic 

acids both of which are very specific for hydroxyl radicals and enzyrnatic metabolism of salicylate 

does not contribute to their production (Coudray et al., 1995). The spin trapping agents used by 

othen (Deboer et al., 1993) such as 5.5-dimethyl- 1 -pyrroline-N-oxide (DMPO), react non- 

specifically with a variety of fkee radicals such as O*', HO', 'CH,, 'CH,OH, 'CH(CH,)OH. 

(CH,)COW and H' (Konaka et al., 1995). Therefore values obtained using DMPO represent a 

cumulative value for aii forms of free radicals produced but salicylate measures only HO' radical. 

This may explain the increase in free radical levels in isolated rabbit heart when DMPO is utilized 

(Premaratne et al., 1993) but not when salicylate or lipid peroxidation are employed to measure 

oxidative stress. Rabbit h e m  have Little xanthine oxidase, therefore production of O,' from this 

pathway is minimal. Small quantities of O,' which could be detected by DMPO trapping may be 

low enough to be neutralized by superoxide dismutase and catalase and therefore not contribute 

to HO' formation. Other factors that contribute significantly to the production of free radicals 

such as the inflammatory cells and free imn are absent in the LangendorfT repefision mode1 and 

therefore do not contribute to the free radical content of the rabbit heart. 

Lipid peroxidation initiation step requires the presence of strong oxidants such as HO' to 

abstract hydrogens from the unsaturated x bonds, and the propagation step is catalyzed by 

transition metals such as iron or copper. The dihydroxybenzoic acid results show no increase in 

HO' irnplying the absence of strong oxidants for lipid peroxidation. Both hydroxyl radical and 

aldehyde GC-MS methods have a detection level of 2.5 nrnoVL, and within-run and between-run 

coefficients of variation of 540%. Aldehyde and DHBA's concentrations measured in this 

experiment were above the detection level of the methods employed, therefore the sensitivity of 



the methods were sufficient to detect the baseline levels, and relative changes in the aldehyde or 

hydroxyl radical concentrations. The control test showed that addition of Fe-'+ to the perfusion 

buffer results in increased lipid peroxidation and aldehyde production (figure 3.2 and 3.3). Iron 

catdyzes the production of HO' from H202 therefore, H,O, concentrations are likely to have 

inc~ased under Our expenmental conditions but were not converted to HO' due to low levels of 

free metal catalysts. 

A possible expenmental parameter that could have contributed to the reduction of free 

metal catalysts and affected Iipid peroxidation might be the inclusion of 0.06 rnM EDTA in the 

perfusion buffer. EDTA was added to the buffer to remove metal impurities from the chemicals 

used to prepare the pefision buffer. During ischemia and compromised ceIl integrity EDTA rnay 

have chelated the released metal ions and removed them from the hearts therefore intedering with 

the catalysis of HO' production, lipid peroxidation or the conversion of lipid hydroperoxides to 

alde hy des. 

Higher levels of aldehydes (lipid peroxidation) in the presence of exogenous imn after 

repemision suggest that ischernia and reperfùsion of the rabbit heart results in increased 

production of hydrogen peroxide, however, hydrogen peroxide is not converted to hydroxyl 

radical. Hydrogen peroxide may be produced at a concentration that inhibits cellular reactions but 

does not contribute to the production of hydroxyl radical and lipid peroxidation. The exogenously 

added pymvate could have caused the degradation of hydrogen peroxide, the reduction of H202 

oxidant injury or the inhibition of cellular reactions, and resulted in improved recovery. 

Myocardial Energy Production 

The results in this study demonstrated an improved myocardial functional recovery 

measured as diastolic pressure, developed pressure and coronary flow after 30 minutes of 

repemision when hearts were treated with pymvate before ischernia There was no correlation 

between functional recovery and free radical production. Total non-ciiffusible nucleotide levels 



were significantly higher after 30 minutes in h e m  treated with pyruvate before ischemia 

Administenng pyruvate after ischemia did not result in improved functional recovery or increased 

nucleotide levels, therefore pyruvate had to be present during or prior to the induction of ischemia 

to provide protection. Some biochemical changes that result From ischemia which exert adverse 

effects on the myocardium include intracellular acidosis. high NADHINAD+ and acetyl- 

CoAKoASH ratio, decrease in ATP and relocalization of intracellular calcium (Fermi, 1995). 

Higher concentrations of pyruvate may dieviate such reactions during ischemia and reduce their 

deletenous effects. Pyruvate's potential to contribute to anaplerotic reactions and replenishing 

Krebs intermediates may account for some of pyruvate's protection. In the ischemic myocardium 

the concentrations of pyruvate, aspartate and oxaloacetate decrease as ischemia proceeds. Such 

changes occur due to increased activity of lactate dehydrogenase (LDH) and amino acid 

metabolism in the ischemic heart. The amino acid metabolism involves the conversion of 

glutamate and pyruvate to alanine and a-ketoglutarate by alanine aminotrasferase (ALAT) 

followed by the conversion of a-ketoglutarate and aspartate to glutamate and oxaloacetate by 

aspartate aminotrasferase (ASAT). The latter is converted to malate by malate dehydrogenase 

which ais0 results in the formation of NAD+ and the consumption of a H+. 

Pynivate + Glutamate - a-ketoglutarate + Alanine 

a-ketoglutarate + Aspartate - Glutamate + Oxaloacetate 

Oxaloacetate + NADH + H+ - Malate + NAD+ 

The alternative conversion of a-ketoglutarate to glutamate by glutamate dehydrogenase 

(GDH) may also affect the cellular redox state. GDH catalyzed production of glutamate results in 

the consumption of NH,+, H+ and the oxidation of NADH. 

Pyruvate + NB,+ + NADH + H+ - Alanine + NAD+ + H20 
(or NADPH) (or NADP) 



The above rnentioned reactions depend on the presence of pymvate, however in the 

ischemic myocardiurn pymvate concentrations decrease due to the inhibition of glycolysis and 

increased LDH activity . 

Pyruvate + NADH + H+ - Lactate + NAD+ 

In the ischemic heart lactate is a dead end product and the only purpose for its production 

is to reduce the inhibitory effects of NADH and H+ on glycolysis and to allow for continued 

anaerobic ATP production. Higher pymvate concentrations may provide sufficient substrate to 

drive this reaction and maintain pymvate concentrations at a level that is required for amino acid 

metabolism and result in delayed intracellular acidosis and NADH oxidation. 

Pymvate may contribute to improved myocyte viability by increasing anaerobic 

mitochondrial ATP production during ischemia It has been shown previously that addition of 

fumarate to cyanide inhibited bovine heart mitochondria results in the oxidation of NADH with 

the transfer of electrons through NADH dehydrogenase to succinate (Wilson and Cascarno, 

1970) resulting ATP synthesis. Pyruvate rnay enhance this reaction since pymvate is converted to 

malate by malic enzyme. Malate is subsequently converted to fumarate which provides substrate 

for mitochondrial anaerobic ATP synthesis. 

Pyruvate + CO, + NADPH - Mdate + N A D P  

Malate - Fumanite + H,O 

Inhibition of FFA metabolism is another route by which pymvate may reduce the ischemic 

injury. FFA metabolic intermediates, particularly long chah fatty acyl-CoA and long chain 

acylcamitine esters, are known to increase and are implicated in ischemic injury (Katz and 

Mesineo, 198 1). The arnphiphilic nature of these cornpounds facilitates their incorporation into 

cellular membranes and they affect membrane fluidity and enzyme hnction (Raz, 1973). High 



concentrations of FFA intemediates have been shown to inhibit Na+K+-ATPase, sarcoplasmic 

reticulum Ca2+-ATPase, Ca2+ transport (Adams et al. 1979), and adenine nucleotide translocase 

(Shug et al. 1975). PDH-catalyzed production of acetyl-CoA from pyruvate inhibits FFA 

oxidation and thus reduces the levels of FFA acyl-CoAs and acylcamitines and may reduce FFA 

mediated injury. Myocardial triglycerides provide approximately 50% of the heart's energy when 

hearts are perfused in the absence of exogenous FFA (Lopaschuck et al. 1994)- therefore 

exogenously added pymvate rnay have inhibited FFA oxidation and reduced the adverse effects of 

FFA intemediates during ischemia and lead to improve myocardiai viability. 

Pyruvate's transport into the mitochondria can aiso affect intracellular pH. Pyruvate carrier 

on the inner mitochondrial membrane couples the transport of pymvate across the inner 

membrane to H+ (Lanque and Schoolwerth, 1979). Therefore for every pymvate carried across 

the mitochondrial membrane one proton is removed from the cytosol which results in an increase 

in the cytosolic pH. 

Pynivate's ability to affect the above mentioned reactions may account for its protection 

during ischemia and improved reperfusion functional recovery. Both NADH and H+ exert 

inhibitory efiects on cellular reactions (Khan and O'Brien, 1995). increase free radical production 

and oxidant injury (Siesjo et al. 1996), therefore attenuation of intracellular NADH and H+ 

concentrations by pyruvate may reduce their injurious effects during ischemia Improved ATP 

synthesis during ischemia may dlow the myocyte to regulate and maintain cellular homeostasis for 

a longer duration and delay detrimentai consequences such as decompartmentalization of 

intracellular Ca2+ (Ferrari, 1995). Increased intracellular [Ca2+] can lead to the activation of 

lipases, conversion of xanthine dehydrogenase to the oxidase fom and result in membrane 

darnage and superoxide production (Chambers, 1985). Mitoc hondrial uptake of intracellular Ca2+ 

rnay result in rnitochondrial swelling and uncoupling of oxidative phosphorylation and ATP 

synthesis during the reperfusion p e n d  



Improved functional recovery in group B may have resulted from myowdial exposure to 

pyruvate dunng the pre-ischemic equilibration period and prior io the induction of ischemia 

Pyruvate at 5 mM concentration is approxirnately 50 times the physiological concentrations. Such 

high concentrations might have inhibiteci glycolysis while glucose uptake was increased due to 

high insulin levels (2UL) and resulted in increased glycogen synthesis and storage. Higher 

myocardial glycogen content may have increased glycolytic energy production dunng the 

reperfusion period and provided protection. 

Altematively pre-ischemic pyruvate rnay have preconditioned the group B hearts and led 

to improved pst-ischemic recovery. It is known that brief removal of glucose from perfbsion 

medium or interruption of glucose uptake by myocytes results in the preconditioning of the heart 

(Yao et al., 1995). The preconditioned heart has greater capacity to cope with ischernic stress. 

Pyxuvate in high concentrations may inhibit the uptake of glucose and elicit preconditioning (Goto 

et al., 1995). Therefore it may be possible that 5 rnM pyruvate before ischemia in Our study 

interfered with glucose uptake or glycolysis and initiated cardiac preconditioning and improved 

pst-ischemic functional recovery. 

Limitations Of This Study 

ATP levels were measured in this experiment after exposing the hearts to 25 minutes of 

ischemia and 30 minutes of repedùsion. ATP concentrations (0.6- 1.6 pmoles/g dry tissue) were 

much iower than values reported in the literature( W4 pmoledg dry tissue) despite the hearts 

beating relatively well at the time that tissue was collected for ATP analysis. Th2 oxygen tension 

in the perfùsion buffer was measured for al1 the hearts and the oxygen content was between 450- 

550 mm Hg suggesting of sufficient b a e r  oxygen content. Hearts that did not develop a 

minimum developed pressure of 75% of reported values during the pre-ischernic stabilization 

period were excluded From the experiment, therefore, the pre-ischemic contractile performance of 

all the hearts used in the experiment was within the normal range. A possible explmation for low 



myocardial ATP level is the hydrolysis of ATP during the andysis procedure used to determine 

tissue ATP. The breakdown of ATP during its analysis rnay explain the ability of hearts to beat 

despite very Iow ATP concentrations. The weight of tissue collected for ATP analysis was 

approximately 1 gram and it is likely that this size of tissue did not freeze properly after removal 

from the hearts and also during the lyophilization period and resulted in the breakdown of ATP 

molecules. This condition does not affect the tissue total nucleotide levels. The totai non-diffusible 

nucleotide levels in this experiment were within the reported range. 

Other limitations of this study include the poor correlation of Langendorff perfusion and in 

vivo conditions. In the Langendorff method blood is replaced by a buffer that, except for 

osmolality and pH, is very different from whole blood. Blood cells and semm factors may provide 

more protection or contribute to the ischemia reperfusion injury. Neutrophils for example are 

known to infiltrate the previously ischemic tissue during repefision and increase the tissue injury, 

(Welbom et al. 1991) and red blood cells provide antioxidant protection when present in the 

perfusion medium (Anderson et ai. 1997). 

This experiment did not investigate the changes in other metabolic intermediates such as 

lactate, citrate or amino acids. Since pyruvate can affect the concentrations of such compounds, 

monitoring changes in these intemediates may provide information about the pathways that 

contribute to increased ATP synthesis in the presence of exogenous pyruvate. 



CONCLUSION 

This study shows that the ischemia and reperhsion of the rabbit heart does not result m 

increased hydroxyl radical production and Lipid peroxidation. Administenng pyruvate before the 

induction of global ischemia results in improved myocardial functional recovery in the isolated 

hearts. Free radical concentrations were not changed in the presence of pyruvate, whereas total 

nucleotide Ievels were increased when pyruvate was present before ischemia Therefore improved 

nucleotide maintenance rnay account for improved functional recovery produced by pymvate. 

Further investigation is required to determine the specific metabolic pathways involved in the 

beneficial effects of pymvate in myocardial ischemia-repemision. 



FUTURE EXPERIMENTS 

Further investigation is required to determine the specific biochemical pathways that are 

involved in pyruvate's protection during ischemia It is possible that pyruvate administration 

before ischemia interfered with glucose uptake and rnetabolism and caused the preconditioning of 

the hearts or increased glycogen synthesis. This hypothesis can be investigated by pefising the 

hearts with Krebs buffer containing pyruvate before the induction of ischemia and replacing the 

buffer with no pyruvate ai repemision. If there is improved recovery based on infarct size and 

functionai performance, the same experiment should be conducted in the presence of PKC 

inhibitors. If myocardial preconditioning is involved in the presence of PKC inhibitors heart 

recoverïes should be the same as the controls. Glycogen content and lactate production during the 

repemision should be measured to investigate the possibility of increased glycogen synthesis due 

to pyruvate treatment. To investigate the ability of pyruvate to alleviate invacellular acidosis, pH 

dependent dyes should be included in the buffer and cellular pH might be monitored in the 

presence or absence of pyruvate. Measuring the oxidized and reduced glutathione levels in the 

heart tissue after ischemia and ceperfusion rnay provide more information about pymvate's 

capacity to provide antioxidant protection. 
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Figure A.l Individual aldehyde concentrations in the effluent obtained before ischemia. 
There was no difference between the pre-ischemic individual aldehyde concentrations in the 
coronary effluent. The preischernic buffer in controls and group A was Krebs-Henseleit. Group B 
pre-ischemic buffer consisted of Krebs-Henseleit and 5 rnM pynivate. Addition of pymvate to the 
Krebs-Henseleit did not affect the pre-ischernic effluent aldehydes. 
Numbered bars correspond to: 1: Pentanal, 2: Furfural, 3: Hexanal, 4: trans-2-Hexenal, 5: 
Heptanai, 6: trans-2-Heptenal, 7: tram, trans-2, CHeptadienal, 8: Octanai, 9: trans-2-Octenal, 10: 
Nonanal, 1 1 : trans-2-Nonenal, 12: trans-2,cis-6-Nonadienal, 13: trans,trans-2,4-Nonadienal, 14: 
CHydroxy-Nonenal, 1 5: Decanai, 16: trans-4,cis4Decenal, 17: Dodecanal, 1 8: 
Malondiaideh yde. 



Fipre A.2 individual aldehyde concentrations in the effluent one minute after reperfusion. 
There was no difference between the aidehyde concentrations of different groups after one minute 
of reperfusion. Reperfusion of hearts with the buffer containing 5 mM pyruvate (groups A and B) 
did not reduce aidehyde production. Results are dispIayed as mean I SD. 
Numbered bars correspond to: 1: Pentanai, 2: Furfural, 3: Hexanai, 4: trans-2-Hexenal, 5: 
Heptanal, 6: tram-2-Heptend, 7: trans, trans-2 CHeptadienai, 8: Octanal, 9: trans-2-Octenal, 10: 
Nonanai, I 1 : trans-2-Nonenal, 12: trans-2,cis-6-Nonadiend, 1 3: trans,trans-2,4-Nonadienai, 14: 
CHydroxy-Nonend, 15: Decanal, 16: ûans4,cis4Decenal, 17: Dodecanal, 18: 
Maiondialde hyde. 



Figure A 3  Individuai aidehyde concentrations in the effluent after 15 minutes of 
reperhision. 
There was no difference between the aidehyde concentrations of different groups after 15 minutes 
of reperfusion. Reperfbsion of hearts with the buffer containing 5 rnM pyruvate (groups A and B) 
did not reduce aldehyde production. Results are displayed as mean f SD. 
Numbered bars correspond to: 1: Pentanal, 2: Fumiral, 3: Hexanal, 4: trans-2-Hexenai, 5: 
Heptanal, 6: trans-2-Heptenal, 7: trans, trans-2,rl-Heptadienal. 8: Octanal, 9: trans-2-Octenai, 10: 
Nonanal, 1 1 : trans-2-Nûnenal, 12: trans-2,cis-6-Nonadiend, 13: trans~rans-2,4-Nonadienal, 14: 
CHydroxy-Nonenal, 15: Decanai, 16: trans-4,cis-4-Decenal, 17: Dodecanal, 1 8: 
Malondialdehy de. 



Figure A.4 Individuai aldehyde concentrations in the effluent after 30 minutes of 
reperfusion. 
There was no difference between the aldehyde concentrations of different groups after 3 0  minutes 
of repefision. Reperfusion of hearts with the buffer containing 5 mM pyruvate (groups A and B) 
did not reàuce aidehyde production. Results are displayed as mean k SD. 
Numbered bars correspond to: 1: Pentanai, 2: Furfural, 3: Hexanal, 4: trans-ZHexenal, 5: 
Heptanal, 6: hans-2-Heptenal, 7: trans, trans-2, 4-Heptadienal, 8: Octanal, 9: trans-2-Octenal, 10: 
Nonand, 1 1 : trans-2-Nonend, 12: trans-2,cis-6-Nonadiena.l, 13: trans,trans-2,4-Nonadiend, 14: 
CHydroxy-Nonenal, 15: Decanal, 16: trans-4,cis+DecenaI, 17: Dodecanal, 18: 
Malondialdehy de. 



APPENDM II 
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Figure A 5  Heart rate as a function of the.  
Heart rate declined in ali groups after ischernia and there was no difference between groups. (n = 
6)  and results are expressed as mean t SD. 
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Figure A h  Coronary flow as a function of t h e -  
Coronary flow was higher in group B and different from other groups after 30 minutes of 
reperhision. (n = 6 )  and results are expressed as mean i SD and considered significant for P < 
0.05. 
* Group B Vs. Control 
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Figure A.7 Systolic pressure as a funetion of time. 
Systolic pressure decreased after ischernia with gradua1 recovery after 15 minutes off reperfusion. 
There was no difference arnong groups. (n = 6) and results are expressed as mean if: SD. 
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Figure A.8 Diastoiic pressure as a function of t h e .  
Group B hearts had the Iowest and significantly different post ischemic diastolic pressure. There 
was no difference between group A and the control group. (n = 6) and results are expressed as 
mean + SD and considered significant for P < 0.05. 
* Group B Vs. Control 
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Figure A.9 Developed pressure as a hinction of t h e .  
Post-ischemic developed pressure was highest in group B. The developed pressure in group A and 
the control group were similar. (n = 6) and results are expressed as mean i SD and considered 
significant for P c 0.05. 
* Group B Vs. Control 
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