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ABSTRACT

Cardiotoxicity is an adverse effect of many drugs and chemicals. However, the
assessment of toxic myocardial injury in preclinical animal studies for drug safety
evaluation has not been optimised. At present, cardiac injury is generally assessed using
serum enzymes and these changes are correlated with histopathological lesions in the
heart. Nevertheless, it has recently been suggested that the assessment of cardiac injury
using serum enzymes as biomarkers lacks sensitivity and it has therefore been proposed
that new markers should be identified and validated; a proposed new serum marker is
cardiac troponin I (cTnl). The aim of the present investigations was to develop models
of cardiotoxicity in the Hanover Wistar rat using isoproterenol (ISO), allylamine (AA)
and erucic acid (EA), to assess the usefulness of serum c¢Tnl in comparison with the
traditional markers of myocardial injury. Single dose studies with ISO and AA resulted
in myocardial degeneration/necrosis, and vasculopathy was also present in the case of
AA. These experiments demonstrated that serum c¢Tnl was a sensitive and specific
biomarker of acute cardiomyocyte injury. Administration of EA, by gavage or in the
diet, induced myocardial lipidosis and necrosis. Serum levels of cTnl were generally
elevated in association with myocardial necrosis, but not with lipidosis. It is concluded
that cTnl is a sensitive and organ-specific marker of cardiotoxicity in the rat, but further

validation studies are required with a wider range of cardiotoxic agents.



ACKNOWLEDGEMENTS

I wish to thank, firstly, my supervisors, John Turton, Bill Griffiths, Malcolm York and
Tom Williams for all of their help and support over the past 4 years. Thank you goes
especially to John, for his friendship, counsel and coffee! Thank you, Malcolm, for all
of your guidance on clinical chemistry and for giving me an insight into what goes on in
the pharmaceutical industry. Thank you to all the staff at GlaxoSmithKline for their help
and hard work; particular thanks go to Clare Stamp and Silvia Guionaud, for all of their
assistance, especially when I was driving them mad with endless, and often idiotic,

telephone calls!

I wish to thank Dr. Sandra Kennedy and The School of Pharmacy for financial input,

without whom this project would not have taken place.

Finally, I wish to thank my family and friends for all of their support, advice and

unfaltering faith in me. I’ve finally done it!



PLAGIARISM STATEMENT

This thesis describes research conducted in the School of Pharmacy, University of
London between October 2003 and October 2006 under the supervision of Dr. John
Turton. I certify that the research described is original and that any parts of the work
that have been conducted by collaboration are clearly indicated. I also certify that I have
written all the text herein and have clearly indicated by suitable citation any part of this

dissertation that has already appeared in publication.

Date Z&%

Signature



TABLE OF CONTENTS

ADSEITACE ...eeeeiiiieeeeeeeee ettt st st esaeesreesaeesane 2
ACKNOWIEAZEMENLES......cevviiiririeiiirriirieieenteere ettt seee et e st esreeeaeeeneesaeesreseenaesans 3
PlagiariSm StAteIMENLt .........coevvivrirerieeiiriee ettt ettt 4
Table 0f CONLENES.....cceeieiieieee e 5
LISt Of fIGUIES .ccuvieiiieiietiecieet ettt sttt ne e 14
LISt Of taDIES...ceiiveriiiieiierireeeerees et e 18
Abbreviations used in this thesiS .......cecererrierieriericeenicccrcccee s 22
CHAPTER 1: INTRODUCTION.......coccertirrirreneerieenieereenieeseresreeseesieennessasennenesniseseons 25
1.1 The REATT ..cuveiiiicieeeee et 25
1.1.1 Background.........c.coocevieeiiiniiiic s 25

1.1.2 Anatomy of the heart .........ccceevvvveriiiiiniienrcee e, 25
1.1.2.1  Gross anatomy of the heart ...........ccccevvvniininiinie 25

1.1.2.2  Histology of the heart ..........cccccoeevvciiniiiniiiiiice 26
1.1.2.2.1 The mYyocarditm.........cccvereerrerreerreerienireneernerieenesseesesnesinneneens 26

1.1.2.2.2 The cardiOmyOCYLES .......ceoueirureriiiriiirrieiiineinieeennresnrcneenrennnns 27

1.1.2.2.3  The MYOfIBIilS......covveriereirieereenececiriceiiecece e 27

1.1.2.2.4 The sarcoplasmic reticulum........c.cceevververcrerciriienenienriiccinnennns 28

1.1.3 Physiology of the heart .........ccooveevriieeiinieenriieeecece 28
1.1.3.1  The action potential and the cardiac impulse...........c.ccecerverurrrrrncunn. 28

1.1.3.2  Excitation-contraction COUPIING.........cccvvverrreerrreerroreereerienreeernceienens 28

1.1.3.3  Innervation of the heart..........ccocevverieniiniinincniiicccc, 29

1.1.3.4  The endocrine function of the heart............cccovvvvnivriniiiniicnnnnnnne 29

1.1.3.5 Myocardial metaboliSm .........ccceovervrieneriiiiniciiicicen 29

1.1.4 Muscle CONtrACtION.......cc.erveruerrirrerieeierenrieeenieercr s 30

1.2 Toxic responses 0f the heart ..........occevvvveveiviiiiereiriieeeeeeeeeece e 30
1.2.1 Functional changes ..........ccccvveveriiinieninniiiciccicccrcncccce 31
1.2.1.1  Arrhythmias and changes in contractility ............coceervevereerrereereennnn. 31

1.2.2 Structural Changes........c..ccocevirvveriiiinieniinieciiec e 32
1.2.2.1  Vacuolar degeneration ..........ccceerueeerieerieeneeenniieeeeeneeeseeeseeseeseennens 32

1.2.2.2  Myofibrillar degeneration..........cocceevernrerrreereeerreneeneniereeeesenrenenes 32

1.2.2.3  Fatty degeneration........cceeveereeervieeenierniienreenieeeece s 33



1.2.2.4  Pigment dePOSItiON .......cccvevreerververirerirnresienieerieesteeneessessesieessesennas 33

1.2.2.5  Cardiac atroPhy......cccveeeveeeeriieeireeeiieeeecreeeeereeeeae e et reecreeernee e 33
1.2.2.6  Cardiac hypertrophy .........cccecvvveevereriercniciineeeee e 34
1.2.2.7  APOPLOSIS c.eeeetereiereeiieieeteretestesatestesteeraeesseesssessesssesssessnessessssssesenses 34
1.2.2.8  INECTOSIS .eevvevreneieirienieieriie sttt ettt s ettt smnesaeesnesaesaesaeennes 34
1.2.2.9  FIDIOSIS. c.ueruieriiieeeieeiieieeieniteteeite ettt et ettt sae e sannes 35

1.3 Biomarkers of toXicC cardiac INJULY ........cceeeeeveerieeenrieerineeenieenieeenreesseseeesesnenenes 35
1.3.1 Aspartate aminotransferase.........ccoeevveeevrvevrvreevrrevrrereeerieeeseereeneeens 37
1.3.2 Creating KiNase........co.eeverereieierieenieneenrinreereeresee s 37
1.3.2.1  Creatine kinase-MB release in myocardial injury ..........ccccocceveveenne. 38

1.3.2.2  Alterations in levels of creatine kinase-MB in non-cardiac injury and

falSE ClEVALIONS...c.vvreiererrieierriereeree sttt st 39

1.33 Lactate dehydrogenase..........c.cccoceeveiviirviniiciiiiiiciicicrccce 40
1.3.3.1  Lactate dehydrogenase release in myocardial injury..........c.cocoueeuenn. 40
1.3.4 MYOEIODIN....ciiiveiiieiiiireeeie ettt e e s nne e 41
1.3.5 Heart fatty acid-binding protein...........ccooeeveverivciimncrieneneencneneeenes 42

1.3.5.1  Heart fatty-acid binding protein release in myocardial injury in man42

1.3.5.2 Heart fatty-acid binding protein release in myocardial injury in

experimental animal StUdies..........ccccevveeueriiricciniencniincec 44
1.3.6 TIOPOMUNS c...veevireeiieerriiere ettt eee e e e e sare e nesneesrneseesrnesseesen 44
1.3.6.1 Troponin release in myocardial iINury........cccccecvveveinreceenrenceinennne. 45
1.3.6.1.1 Troponin release in cardiac diS€ASE .........cccvvvrvrrvveriveerreerreerennnens 45
1.3.6.1.2 Troponin release in drug-induced Injury ........c.cccceeveevveveceeccncenene 46

1.3.6.2  Alterations in troponin levels in non-cardiac injury and false
ElEVALIONIS ...covvvirieriieieertrereree ettt ettt s e neeseas 48
1.3.7 Natriuretic PEPHAES.....cvvveerreerrrierreerireereereeereeieeereesreeresreesressraes 49
1.4 AimS Of thiS PrOJECT.....ccevuiriieieieiiieciree ettt 49
CHAPTER 2: MATERIALS AND METHODS ......ccoooiiririeenenieieee et 60
2.1 Animals and animal husbandry............ccecceveevrerreirieeniieneineenceesese s 60
2.2 Feeding ground diets and measurement of diet consumption.............ccevevvervrnenne. 60
2.3 Measurement of water CONSUMPLION.......cocvrerreeeerierrreenreerreenreenreerreesreeesnesseeesens 61
2.4 Drugs and ChemICAIS........cccutvviiieirieniieieerieereeerteeveeseeesaeesieeeareesaeerieesseessasnsens 61
24.1 ISOPTOLETENOL ... 61
242 2,3,5,6-tetramethyl-p-phenylenediamine..........c.cceevvvervvreciennrernrennenns 61

6



243 ALLYIAMINE ...ttt ettt 62

245 EruciC @CId ..cooveemieeiieieeiieiieeeitetce ettt 62
2.5 In-life blood SAMPIINE........coccervvrvririirierieniieniieeeee et e s 63
2.6 AULOPSY PIOLCOL.....vviereiiieiriieeeireeeineeeeeeecreeeree e sveeeestvseessseeesraeeseneaesnseeennesnrees 63
2.7 Analysis of blood and marrow SUSPENSIONS........ceeveerverrrerverieneereenieneeneeennene 64
2.8 ClNIiCal CREMISITY ..c..eveiiienieiieriesieiesienesre sttt sttt 64

2.8.1 Plasma clinical ChemMiStIy ......ccoocvevvveirieeniieeniieniiireeeeeereere e 64

282 Serum clinical CheMIStry ........cccocvevveriiicveniieiiiriccerccrcne 65
2.9 ANALYSIS Of UIINE.....eevvieeireriieieireeieeereesie e e e e e s e e srnae s e s sbeesabeentresnesssaessesnnes 65
2.10 Histological Examination 0f TiSSUES ........ccccvvvverrrerreerernrieniireerenrenieesresseniennns 65

CHAPTER 3: PRELIMINARY STUDIES ON THE CARDIOTOXICITY OF

ISOPROTERENOL ......c.oootiriiriiriiniieietsiteeteteneste sttt ene et eneseene 67
3.1 INtTOAUCHION. ...ttt 67
3.1.1 Background..........cceevvveriiinieeiieeiieniieniree st 67
3.1.2 Cardiotoxicity of iSOPIoterenol.........coceerueerveersueersieirreereeeeeneneenne 67
3.1.2.1  CardiotoXiCity I MAN ....cceeerrerereerreerrerrieeeeeeseersreesresseeseeesnesneenne 67
3.1.2.2  Cardiotoxicity in experimental animal studies ...........ccccoveienicinnnnnn 68
3.1.2.2.1 CardiotoxiCity in the Iat.......c.cccceereeeveriverrieiireiecrecrteeeeen 68

3.13 Serum changes in isoproterenol-induced cardiotoxicity............c........ 70
3.14 Factors affecting isoproterenol-induced cardiotoxicity .........cc..c........ 71
3.1.5 Isoproterenol toxicity to other target organs..........ccoceevvevvvcrvencennnnen. 72
3.1.6 Aims of the present StUAIES.......cccvvvvvervevrvenreerienreneneeieeeeeeeneennes 72
3.2 Materials and methods .......c..ccoeeeeeeriienienierenrieeccecie e 73
321 Experimental protocols.........cocuveveeceiviieniiniiniienieniceienicceeccenenens 73
3.2.1.1  Experiment 1; dose ranging study, 1 — 25000 pug/kg.......cccocverueue.e. 73
3.2.1.1.1 Animal handling .......c..ccceeeeeeeoimreiiiiceeenrccccereereeeneae 73
3.2.1.1.2 Sample handling .........c.ccceeeveereemniermieiiiereereeee e 73

3.2.1.2  Experiment 2; route of administration study .........cccceecrvervenereecnnen. 74
3.2.1.2.1 Animal handling .........cecvverveeevoeirireenrienieeneesreeeeeie e 74
3.2.1.2.2 Sample handling .........ccoceeereevieriineernieneeecenecreeee e 74

322 Statistical ANAlYSIS.....ccceveerieriverreerireeiieereerreeseree e s ee s sree s 74
B3 RESUIES .ottt 75
331 Experiment 1; dose ranging study, 1 — 25000 pg/kg.....cccevvvvrvennenne 75
3.3.1.1  Clinical signs and body weight changes...........cc.cceccrvervrncneecennnnne 75

7



3.3.1.2  Serum clinical ChemMIStIY .......cceevververierriiriiriecreeierre e 75

3.3.1.2.1 2 h POSt-dOSING..cuevrireerirrerrirreeeeeteereee st et re e enre s e 75
3.3.1.2.2 24 h poSt-AOSING....ccverienriiieeieniieeiieie et sr e 76

3.3.1.3  Gross pathology and histopathology..........ccceecevvevvimrvivrverinieienee. 77
332 Experiment 2; route of administration study ........cccccecvrervrereerernnnne 78
3.3.2. 1 ClNICAL SIZNS..c.uviieuirireiereriieeitetesreeiteresre et estete s sensaenneaenes 78
3.3.22  Serum clinical ChemiStry .......cccevveviverieriiiniinierieeierre e 78
3.3.22.1 Intraperitoneal dOSING ........ccocerververeerrvirrrerrerrereeseeieseseesenees 78
3.3.2.2.2  Subcutaneous dOSING..........cceveeueruerieverirnienienereerenresreerereeeeeenns 79

3.4 DISCUSSION ....euviniiiiriietieteetteeestetetetetesresee st siresteeseestesbeseesaessseseessesnesressensennasens 81

CHAPTER 4: TIME COURSE STUDY ON THE CARDIOTOXICITY OF

ISOPROTERENQL .......ooooiieiieiieiieeieeiesieete st eteeie sttt e st esaeesaeesaeeseesabesasebenaesanene 103
4.1 INIPOQUCHION ......eoveirieiitceireretest ettt sttt esae e sae e 103
4.1.1 Background.........cccccoiviiiiiiiiiiiiiiicc 103
4.1.2 Aims of the present StUAY .......covveevieeriiieriieereeee e 105
4.2 Materials and methods ........c..oceevreeerieniiniiiiiiiinienitcieccrerrese e 106
42.1 Experimental protocol.........ceoeeveeriirreeenieeiinsernenieeieniereeeere e 106
4.2.1.1  Animal handling ........ccccevvvevieeriiirrreeniiesireeee et 106
4212 Sample handling .........cccceverevereenreenierieciineeneenr e 106
422 Statistical analysiS........eeceerrereereerieerierienienieneneeeee e 107
B3 RESUILS ..ottt ettt e nens 108
43.1 Clinical signs and body weight changes.........c.cceccecvevercrercrieneennee 108
432 Serum and plasma clinical chemistry .........cecvevvverveerrvereererienrrennenn 108
4.3.2.1 Heart fatty acid-binding protein............ccoeveeeerveereerrerrcrrvenrerveneennes 108
4.3.2.2  Cardiac troponin L........ccccoeeerremieienirirrieceee e 109
4.32.2.1 ACS: I80S ...ttt ettt ettt st sae s 109
4.3.2.2.2 BecKmMan ACCESS......cecerrrerrieceerieniersrerrensrereeeeesnesneeessessnenees 110

4323  Cardiac troponin T .......cccovvveevieniereenieneenienreee et 111
4.3.2.4  Aspartate aminotransferase.........ccceeeerveeereenrerierrenenienenesenenrennas 112
4.3.2.5 Total creatine kinase and creatine kinase-MB..........c.ccccervrveruennen. 113
4.3.2.5.1 Total creating KiNase ..........ccevverruerrreereereerverennneeseninenesisenennens 113
4.3.2.5.2 Creatine kinase-MB .........cccocveevierienienieneeeeieeienee e 114

4.3.2.6  Total lactate dehydrogenase and lactate dehydrogenase isoenzymes
115



4.3.2.6.1 Total lactate dehydrogenase...........cccevevvveervereercveneeriirenseennenns 115

4.3.2.6.2 LD1 QCHVILY couveveeereeiereerieeteeieeeerressieeiresieesne e sre s e s e e rans 116
4.3.2.6.3 LD2 ACtIVILY c.eeoveriieciecieieicnrieeeteceeente et 117
4.3.2.6.4 LD3 QCHVILY c.oveveerrirrinrieriecienieeieesinesesnreesieesiresenssseeseeseaeseensenns 118
4.3.2.6.5 Plasma electrophoresis......c..cceeevvveereeneeneenienierienieeeece s, 118

433 Gross pathology and histopathology........c..ccceceeverieiiinenininiinnnne. 119
4.4 DISCUSSION .....viveriieeireienreetieieriesttetesteste e seesneesaessteteneemaetesatsseensensensessessenseneas 121

CHAPTER 5: TIME COURSE STUDY ON THE CARDIOTOXICITY OF
ISOPROTERENOL AND THE UTILITY OF HEART FATTY ACID-BINDING

PROTEIN AS AN EARLY SERUM MARKER OF CARDIAC INJURY ................. 155
5.1 INtTOAUCHION. c...eviiiieiieciieierietcee ettt st sae s 155
5.1.1 Background..........cevcvvereuvrreniiernireesiiieeesireesesnrteseireessreessrae e seees 155
5.1.2 Aims of the present study .......ccccoceevveviriiniviniccncicce 155
5.2 Materials and Methods ...........coeevririeneeriensienieeeeceeeee et 156
521 Experimental protoCoL........coveeeerrerreenueririeeniieneeneenieeeeeneeeesrennees 156
52.1.1 Animal handling ........coceeveeirieciinieienieiccec e 156
5.2.1.2  Sample handling ..........ccocovvvivevverciinieriienenceseceeeenenn 156
522 Statistical analYSiS........cceeerevervreerirereiiieeeeereenrreeeseee e essren e ens 157
5.3 RESUILS ..ciieeieeeeee e et 158
5.3.1 Clinical signs and body weight changes.......c.ccccoceevveevrerercrnernenne. 158
53.2 Serum clinical ChemiStry .........cccceevveririerenenienireceeceeeceene 158
5.3.2.1 Heart fatty acid-binding protein........c...ceeceevveruerverrencreneenerecnennes 158
5.3.2.2  Cardiac troponin L.........ccccvevvveviereieenineenneesnreeneeenvesneesreesre s e 159
533 Gross pathology and histopathology.........cecceeevevveeneencneencneennenne. 159
5.4 DISCUSSION ..cuuviviirrerirennieeieetteiesteesieesstebesstesseassaessaeesessntessessneesseessessesssesasensenses 161

CHAPTER 6: STUDIES INVESTIGATING HEART FATTY ACID-BINDING
PROTEIN AS A URINARY MARKER OF CARDIAC MUSCLE AND SKELETAL

MUSCLE INJURY ...outiiriietiieteieeeieeeie e seesrestsietete s sasssse st esseseestesessensensesensanessennes 176
6.1 INtTOAUCHION....c..emeireiiiiiceeeictceee ettt sttt 176
6.1.1 Background..........cccocevvviiiieniieiee e 176
6.1.2 Toxicity of the p-phenylenediamines ............cocceeveerenceeenercninnnne 176
6.1.2.1  The myotoxicity of the p-phenylenediamines ...........c.ccovververreruenne. 177



6.1.3 The usefulness of heart fatty acid-binding protein as a marker of
CATAIAC IMJULY +eevvvvrenrerieeieerieieriertestereeressestessesreessesaesaesbesesessesbesssesensessessensessessnns 179
6.1.4 Aims of the present Study .....coceeevevveriiririeecreece e, 180
6.2 Materials and Methods .........cceevvvvreeireienieienenieeeetece e 181
6.2.1 Experimental protoColS........evvvereereeriririerienieeieeieseeseeseseeseeniens 181
6.2.1.1  Experiment 1, 24 h isoproterenol study .......c..cceevvvvrrvvrrvvererrerceennns 181
6.2.1.1.1 Animal handling .......c..coceevereriinerienineeiecececesee s 181
6.2.1.1.2 Sample handling ...........ccceeveervveeereieriiiieerieerie s 181
6.2.1.2  Experiment 2, 24 h 2,3,5,6-tetramethyl-p-phenylenediamine study 182
6.2.1.2.1 Animal handling .......c.ccecevererievirerrerenienencnee e 182
6.2.1.2.2 Sample handling .......c..cccoovererveneninccnerinenceeeie e 182
6.2.2 Statistical ANAlYSIS.....c.ceerververerrierrieenieereesiesre e nee 182
6.3 RESUILS ..ottt et 183
6.3.1 Experiment 1, 24 h isoproterenol study .........cccccevevercvcvenenicnnennnnn. 183
6.3.1.1  Clinical signs and body weight changes.........c.ccccooveerverrvvrverecennn, 183
6.3.1.2  Clinical chemiStry.......cccoceevirieeieniiiiiniiiicriccienrececrcne 183
6.3.1.2.1 Urine clinical chemistry........c.cccoevveriiiiirveciiniiiniininicreeienns 183
6.3.1.2.2 Serum clinical ChemiStry .......ccccevvvvereerercrienirririenieeerreennean 185
6.3.1.3  Gross pathology and histopathology........cc..cceevevievrnviirciencrnennennens 185
6.3.2 Experiment 2, 24 h 2,3,5,6-tetramethyl-p-phenylenediamine study. 186
6.3.2.1  Clinical signs and body weight changes...........cccocceeervvireenincnnns 186
6.3.2.2  Clinical CheMISIIY .....ccuevvvieeriieieecriieeieerceeeereeeeeeeseresereeeeesnesnreeneees 187
6.3.2.2.1 Urine clinical chemistry........c.cccoceieienenieiencnincrrrcerecnes 187
6.3.2.2.2  Serum clinical ChemiStry ........c.ccoeceeveecuieriieciinniiiirencriecnens 187
6.3.2.3  Gross pathology and histopathology........ccceevvvevvvreevrveriinennienennens 188
6.4 DISCUSSION ..c.uvvinririeeiieriientieierietertessresresseessesereesstesseessnassnesseesseessessssssrensessessnens 189
CHAPTER 7: STUDIES ON THE CARDIOTOXICITY OF ALLYLAMINE .......... 221
7.1 INtrOAUCHION. ....eevieriiieiiec ettt sttt 221
7.1.1 Background..........coeevverivnieienienienieeeeeee e 221
7.1.2 Myocardial changes in allylamine-induced cardiotoxicity................ 222
7.1.2.1  Short term gavage StUAIES......ccceeevverrrrerririirreerieeneeeireere e ere e 222
7.1.2.2  Long term drinking water StUdies........ccoccevrvueirieerireenveeniennennrennens 223
7.1.3 Vascular changes in allylamine-induced cardiotoxicity ................... 223
7.1.4 Suggested mechanisms of allylamine toXiCity.........ccccevevvrververrennene 224

10



7.1.5 Effects on clinical chemistry parameters.............ccoeeevreevierereeenenne. 225

7.1.6 Allylamine toxicity to other target organs............ccoceeeeevveeverueerenen. 226
7.1.7 Allylamine toxicity in other SPeCies .........coceevererrrerienerrerirrirennenan 226
7.1.8 Allylamine toXiCIty IN MaN .......cccveeveevieieereeieenieesieesie e ereerereenees 227
7.1.9 Aims of the present StUdIES........ccevvvieverreierieenreciecee e 227
7.2 Materials and methods .........coceeveeeveriririenienineeesteee e 228
7.2.1 Experimental protoCols........cceververreeriinresiienienieieieseseeeeeeessenens 228
7.2.1.1  Experiment 1; dose ranging study, 25 — 200 mg/kg.......c..cevvenrenne. 228
7.2.1.1.1 Animal handling ..........cceccvveverveeeeiiereiieee e 228
7.2.1.1.2  Sample handling ..........ccooeeeeerieninieicninicereeceencreee e 228
7.2.1.2  Experiment 2; dose ranging study, 200 — 350 mg/Kg ............c.c....... 229
7.2.1.2.1 Animal handling .........cccoveevveeriinieninnenreeneeeeecr e 229
7.2.1.2.2 Sample handling ........c.ceoceerieemviiirniiirierieecreecreesee e 229
7.2.1.3 Experiment 3; time course Study .........ccocevvrrcveniinneireeninereennens 229
7.2.1.3.1 Animal handling .......cccceocerveeriiereenenieneereeecceeeeee e 229
7.2.1.3.2  Sample handling ........cccoeveevverveenreenienerieeeeeeeeeseene e 230
7.2.2 Statistical analysis........ccoceevveveriiiniiniieniiiiieiercr e 230
T3 RESUIS.c..eeiniiiiiiiiiieee e 231
7.3.1 Experiment 1; dose ranging study, 25 — 200 mg/kg ......ccecverrerueenne. 231
7.3.1.1  Clinical signs and body weight changes........c..cccccoeveevrrveirerennenne. 231
7.3.1.2  Water CONSUMPLION ....eeveeeurerreereeeirerieeieneennreereesreereenresseessessesanenes 231
7.3.1.3  Serum clinical ChemMiStry ........ccoovverrveevrerienerieceeiereeneeneesreeeene 232
7.3.1.4  Gross pathology and histopathology..........cccccevvrveerercrnreeniercnnenn 232
7.3.2 Experiment 2; dose ranging study, 200 — 350 mg/Kg ......cccveeverunenee. 233
7.3.2.1  Clinical signs and body weight changes..........cc.cccvvvvvveverreernrerneenn 233
7.3.22  Water CONSUMPLION ....eoveiuririieriieerreeieenreniesnreesiieneenerneseennesmeennenns 234
7.3.2.3  Serum clinical ChemIStry .......c.ccoovuervueesiernieriirceeeeeeeeeeeeernes 234
7.3.2.4  Gross pathology and histopathology........c.ceecevrrerrreerivrcrerieerinennenn 236
7.3.3 Experiment 3; time course study .........cccevevervvvirrcvrenvinneerieeeeereeees 237
7.3.3.1  Clinical signs and body weight changes...........c.ccccecevvcrrerrcnrercnenes 237
7.3.3.2  Serum clinical CheMISIIY ......coccoveerrieerirerrerieniieseeresree e 237
7.3.3.3  Gross pathology and histopathology.........ccecccvvvereerivercererivrnrenenne. 238
7.4 DISCUSSION ...cvviiiiiieeieeiesieet et stee e ettestsebasseeasstassaesseesseesaeesstasssenseessesseessassesaes 240

11



CHAPTER 8: STUDIES ON THE CARDIOTOXICITY OF ERUCIC ACID........... 267

8.1 INTOAUCHION.....oveereciiiieiieiicrecette ettt sttt st st e s saes 267
8.1.1 Background...........cocveeeienierienienenieceeeere e 267
8.1.2 Myocardial Hpidosis ........ccecverrererieeeririeienecreniieeseeesereese s 267

8.1.2.1  Metabolic aspects of myocardial lipidosis......c..cccerverrrrirrerererrrnnnes 268
8.1.3 Myocardial NECTOSIS ... ...cevverererrirreeeeeieeireieenirenteenree e s saeas 269
8.1.4 Myocardial performance.........c...coceeveevecuirernenenieiccienescecene 271
8.1.5 Other target OrZans.........cevvveeriveerireeereieereeee et e e ssree e 272
8.1.6 Other SPECIES....eevvrerireririeerieeeerire et e sreesee st eseeessnesrrasenresaeseneneees 272
8.1.7 Relevance to Man........cocevienerieniiiiriniiiiricrreeeccne e 273
8.1.8 Aims of the present StUdIES.........cevvvrerveirciieriiriieeere e 273

8.2 Materials and methods.........cccceoeeriiivieniriiniiiiccncc 274

8.2.1 Experimental protoCols.........eveeveeevieniirienieniiinieniccniiseerenenns 274

8.2.1.1  Experiment 1, preliminary 96 h feeding study .......c..ccccccevvrvevirnnnn. 274
8.2.1.1.1 Animal handling .........cccovvvererireenieinieienecreieeeeeecsciaes 274
8.2.1.1.2 Sample handling .........ccooveevrveeeerreiiiieiierieceeccceeeeeen 274
8.2.1.2  Experiment 2, preliminary 96 h gavage study .......c..ccoeevvrrcrcvennenne, 275
8.2.1.2.1 Animal handling .......ccccevveververviiiniiiienieiineeceeeee 275
8.2.1.2.2 Sample handling .......cccccocevvvirviniiiiniiiiiiic 276
82.13 Experiment 3, 96 h gavage dosing evaluation study .................... 276
8.2.1.3.1 Animal handling ..........ceccevvvevreieenreencenieeiccere s 276
8.2.1.3.2 Sample handling ........cccoceveviviinininniiiiiice 277
8.2.1.4  Experiment 4, time course study.......cccccovuerrirniriiniiniiiiiciniennne, 277
8.2.1.4.1 Animal handling ..........cccocvvveveeiriieiniiiiieeiiencceceececeen 277
8.2.1.4.2 Sample handling ........cccccvervevircenenincceninericcecceeeceneeneenes 278
8.2.2 Statistical ANALYSIS......ccvveeerveriirirreeeeeeeeree e 278

8.3 RESUILS..c...etieriiiiieicictice ettt 279

8.3.1 Experiment 1, preliminary 96 h feeding study .........ccccoceevvceurvrnnens 279
8.3.1.1  Clinical signs and body weight changes...........cccceecevrververeeiincnns 279
8.3.1.2  Diet and water CONSUMPLION ....co.veevirvernrieieriiirieiincnieereenesieenens 279
8.3.1.3  Serum clinical CheMIStIY ........cccvveuerieriiiiiiiieieiceeeen 280
8.3.1.4  Gross pathology and histopathology...........ccccecevivinininiiiniininns 281

8.3.2 Experiment 2, preliminary 96 h gavage study .......cccocvvvervcrncnnnns 282
8.3.2.1  Clinical signs and body weight changes...........c..cccevvviiiiininninnns 282
8.3.2.2  Diet and water CONSUMPLION ...evvveeveereeenireerrerreerenieerenreseeneseennens 283

12



8.3.2.3  Serum clinical ChEMISIIY ...c..eevvivereirieeeeiieeecree et 283

8.3.2.4  Gross pathology and histopathology...........cceveveervvrvcrnenennencnnn, 284

8.3.3 Experiment 3, 96 h gavage dosing evaluation study ...........ccc.c........ 285
8.3.3.1  Clinical signs and body weight changes.............cocovvvervveneeercnnnne 285

8.3.3.2  Diet and water CONSUMPON ....c..eerveeruierirreerrerreerieeereeerereerenaeen 286

8.3.3.3  Serum clinical ChEMISITY ........ccocevrrierrerririerreeeeeeeeceeee e 287

8.3.3.4  Gross pathology and histopathology...........cccceveervvevvivircrerencnene. 288

83.4 Experiment 4, time course study........cocvevvverveeviernrernveenienieenenneeenne, 289
8.3.4.1  Clinical signs and body weight changes...........c.cccoeceevercercrvennenne. 289

8.3.4.2  Water CONSUMPLION ...coveevrerreeeeerierneerieenirerreereeieencenesniesneserenneenes 290

8.3.4.3  Serum clinical ChemMiStry ........cccceeerirveeieiccieiicnccrccenne 290

8.3.4.4  Gross pathology and histopathology..........ccceceeeevcricviinerinncnnne. 292

8.4 DISCUSSION ....eeevreireeririeieerrtenieesreeieesrtesieesneessnreesaneassreessneesneessasessnesnssrsessssas 294
CHAPTER 9: DISCUSSION .....ooviieieretinerienieneeneseetesiteee st enssanenis 351
REFERENCES ...ttt st sae st essnesne e st snessens 357
PUBLISHED WORK RELEVANT TO THIS THESIS .....c..ccceeociniviiriiicininiininne 377

13



LIST OF FIGURES

Figure 1.1 Diagrammatic section of the human heart (anterior View) ...c.cessesecssssssssase 50
Figure 1.2 Diagrammatic section of the rat heart (POStErior VIEW)..iceeeissercssssssesssessancss 51
Figure 1.3 Diagrammatic representation of the layers of the heart wall.......ceeesureneeesens 52

Figure 1.4 Diagrammatic representation of the cardiomyocytes and intercalated discs

Figure 1.5 Diagrammatic representation of the organisation of the sarcomere............ 54
Figure 1.6 Diagrammatic representation of actin and associated proteins present on the
thin filament of Striated MUSCIE ..cccrerrescensarsenssnssnisssisserssansssisssnsssnessesssnessesssssssssnsssessesane 55
Figure 1.7 Diagrammatic representation of the regulation of muscle contraction ....... 56
Figure 1.8 Time course of the appearance of cardiac markers in the blood after acute

myocardial INfarction iN MaN...eeeeceecsseessnseassssessessasssnssssssessossssssnsssesssassassssssassasssassasesess 57

Figure 3.1 Experiment 1, group mean relative heart Weights .eeeeeseeseesascnssncsassacnees 90

Figure 3.2 Experiment 1, myocardial degeneration/necrosis. H&E; (A) x 400 original

magnification, (B) x 160 original magnifiCation ..ccececssseessesrsssssescssessssesassssasssasssasssssssoses 91
Figure 3.3 Metabolism of 1SOProterenol in Mam....ecceeseesssessesssnsssnssanesasssasssncsasaessesanss 92
Figure 4.1 Group mean serum heart fatty acid-binding protein levels ......cecereserieesees 129

Figure 4.2 Group mean serum cardiac troponin I levels, measured on the Bayer ACS:

L80S SYSLEIM terurrecsrrssersassesssasessnsessessnsasssssssssssasssssossssssssssssssassssssssanssssnsssassssssssasssassnsesss 130
Figure 4.3 Group mean serum cardiac troponin I levels, measured on the Beckman

A CCESS SYSLEIM suaerresssancsssasecsssseesssnsssoncesssnnssssancssssnesssnssssssnsessssassesssssssssssassssnssssssssssasssans 131
Figure 4.4 Group mean serum cardiac troponin T leVelS.....ueererseessssacsnrseessessesacncsass 132
Figure 4.5 Group mean serum aspartate aminotransferase levelS....cuenerescsniansnnaene 133
Figure 4.6 Group mean plasma total creatine Kinase 1€VelS...iccsssecsrssecssesssssscssssasses 134

Figure 4.7 (A) Group mean plasma CK-MB levels. (B) Plasma electrophoresis gel of
CK isoenzymes at 3.0 h pOSt-dOSING.ccecrereersecrcsssesessessessesacssnsaesansassassassessnssssessesassssnsns 135
Figure 4.8 Group mean plasma total lactate dehydrogenase 1evels ...eeccricsreossicncoses 136

Figure 4.9 (A) Group mean plasma LD1 levels. (B) Group mean plasma LD2 levels

Figure 4.9 (C) Group mean plasma LD3 levels. (D) Plasma electrophoresis gel of LD
isoenzymes at 3.0 h POSt-AOSING veesrrssescsresarsssrssessansssssssnsssnsssnssarssosssssosssssassonssssosassssanss 138



Figure 4.10 Group mean relative heart WeightS.ueeeessescrrscaessancssncsanssnsssecsssssesssnssese 139
Figure 4.11 Microvesicular vacuolation at 0.5 h post-dosing. H&E; x 400 original
MAGNITICALION ceerressressssresssnsssnessanssssesssnsssncsssassessassasssssssssssessssssssessssesassssssssssnsssssssnsssases 140
Figure 4.12 Contraction banding and loss of cross striations at 0.5 h post-dosing.
PTAH; x 200 original magnifiCation eecuieeeeesessacsssrscsrsssssssessssssanssssessasssassassssssanssassasenses 140
Figure 4.13 Contraction banding and myofibre swelling at 2.0 h post-dosing. H&E, x
100 original MAgNIfiCaAtiON.ueeeeiseeseesaesseesaecssessassasssseessessasessasssasssassassssnssssassesssssaesssssasas 141
Figure 4.14 Myofibre swelling and a variable microvesicular and coarse sarcoplasm at
3.0 h post-dosing. H&E; x 400 original magnifiCation ...c.eeeeecsessncssnssaessanssassacssassacsas 141
Figure 4.15 Inflammatory cell infiltration at 8.0 h post-dosing. H&E; x 200 original
MNAZNITICALION teuerrsreressrcsssrssssncssarssssessassssssssasesssasssnessssessssnssssassssssssanssssnssssassssesanssssssaasss 142
Figure 4.16 Sarcoplasmic rarefaction and myofibre swelling of the myofibres, with
inflammatory and macrophagic cell infiltration at 8.0 h post-dosing. H&E; x 100
original MagnifiCatiON . iiiecssccsessnesisansnsssssasssnsaessnssensssssssssssssessssassasssassassassassassassasans 142
Figure 4.17 Myocardial necrosis and macrophagic cell infiltration at 48.0 h post-
dosing. H&E; x 200 original magnifiCation .....c..eecesessssescssnesssessssnessnnsssnsssonssansssassoncssns 143
Figure 4.18 Myocardial necrosis at 48.0 h post-dosing. MSB; x 200 original
MAZNIICALION terrarissnisserssssressarsssnesssssssnessaesssssssasssssssssansssassssasessasassassssassssansssssssassasssssese 143
Figure 4.19 Myocardial degeneration/fibrosis at 72.0 h post-dosing. H&E; x 200
original MAgNIfICAtION . cciisriesessnsssssnesssrssssntosssssesssassosssrsesssssssssssssssssssssssssssessassssssssssnssses 144
Figure 4.20 (A) Control rat myocardium, (B) Early fibroplasia at 72.0 h post-dosing.
MSB; x 200 original MagnifiCaAtiON ciceicsssecsssesssesssssssssrsssasssssssssassssasssssesssassssassassssssasses 145

Figure 4.21 Group mean serum cardiac troponin I and cardiac troponin T levels at

Figure 4.22 Comparison of techniques for the determination of serum cardiac troponin

| COMCENITALIONS eereeeereesssresessssscsssssesssessssssssssnsasssssssssssssssassassansnsssssssssosssssssssssesessssnsssssssss 147

Figure 4.23 Comparison of techniques for the determination of serum cardiac troponin

I and concentrations of cardiac troponin T ....iceecececsecssncsscesnssssncssssssssncsssosassassosssassanse 148
Figure 5.1 Group mean serum heart fatty acid-binding protein 1evels ...cceesicsncssecens 164
Figure 5.2 Group mean serum cardiac troponin I leVelS...ccuiecccrisssessssessssesensosancsaesen 165
Figure 5.3 Group mean relative heart WeightS..eieiscrcsssessssssassssessnessscssesessssssasssans 166

Figure 5.4 Individual animal serum cardiac troponin I values and individual animal

serum heart fatty acid-binding protein Values....isicesseescssessasssssssssnssssesssasssssssnssensosess 167

15



Figure 5.5 Individual animal serum heart fatty acid-binding protein values and
myocardial deZENEratiOn SCOTES uuusecssrsssrcssssssrsesssssssrsosssssssssssssssssnsssssssssasssssssssessassnasans 168
Figure 5.6 Individual animal serum cardiac troponin I values and myocardial

AEEENIETALION SCOTES uissressrsssrssasssassassssssssssanssssstssssssssssssssasssssosasssasssssssasssssssassassssasassssns 169

Figure 6.1 Structure of p-phenylenediamine and its N-methylated and ring-methylated

ETIVALIVES eaeenressncsssssssssssnssesssessnsssssessnsssssssasssssassossosssssossssssssssssssssssassssssssssssssssssnsssossans 199
Figure 6.2 Experiment 1, group mean relative heart and kidney weights .....ccceeeveenees 200
Figure 6.3 Experiment 1, myocardial degeneration/necrosis. H&E, x 400 original

MAGNITICALION. terreerrsrssarsesrsssssssssassssssanssasssssstssasessrssssssassssrsssnsssressassssessassssssnsssasssesnssses 201
Figure 6.4 Experiment 2, group mean relative heart and kidney weights .....cevceeveanes 202

Figure 6.5 Experiment 2, (A) control rat quadriceps femoris, (B) Single myofibre

necrosis and myofibre degeneration. H&E, x 200 original magnification ....c.cceeeeseeeees 203

Figure 7.1 Experiment 1, group mean serum alanine aminotransferase levels .......... 249

Figure 7.2 Experiment 1, (A) control rat myocardium, (B) myocardial

degeneration/necrosis. H&E, x 400 original magnifiCation .....ceceecsecseeessscsnessessassanences 250
Figure 7.3 Experiment 2, percentage mean body weight Change ....eceeeeeecessascsnsnesnnee 251
Figure 7.4 Experiment 2, group mean relative heart Weights .ueveeseecseessssnessessncsnsnnes 252

Figure 7.5 Experiment 3, group mean serum heart fatty acid-binding protein levels 253

Figure 7.6 Experiment 3, group mean relative heart Weights....eieeesseesnrieesansacesacsnnes 254
Figure 7.7 Experiment 3, (A) control rat small myocardial arteriole, (B) minimal
fibrinoid necrosis. H&E, x 400 original magnification .....cceceeseesserssecsnnenee 255
Figure 8.1 Experiment 1, group mean relative heart WeightsS..c.veeseessescssssrccssssnsnssnces 305
Figure 8.2 Experiment 1, (A) control rat myocardium, (B) myocardial lipidosis. H&E,
X 400 original MagNifiCatiON..ceicisessesscssrssessssssessesasssnsssesssssnssssssesssssssssssssossssasssssrssassasns 306
Figure 8.3 Experiment 1, (A) control rat myocardium, (B) myocardial lipidosis. ORO,
X 400 original MagnifiCatioN..ciecsecsessssecsssarsasssssnsassssnsssssssassesssssasssssesssssssssasssssesassasess 307
Figure 8.4 Experiment 1, (A) control rat myocardium, (B) myocardial inflammation.
H&E, x 400 original magnifiCation .eueesesseessasssssssensessessessassassssesssssessaessassssssssasassassanss 308
Figure 8.5 Experiment 2, group mean relative heart Weights ceuieseesscsssessessascsncsanssases 309

Figure 8.6 Experiment 2, (A) control rat myocardium, x 5000 original magnification,

(B) myocardial lipidosis, x 3500 original magnification, TEM .....cceeeessaessesencansnscnsense 310

16



Figure 8.7 Experiment 2, (A) control rat myocardium, x 30000 original magnification,

(B) myocardial lipidosis, x 25000 original magnification, TEM .....ccccceeseesenscarsasesesacs 311
Figure 8.8 Experiment 3, group mean relative heart weights . 312
Figure 8.9 Experiment 4, group mean relative heart WeightS...ueeeeecercsncesensnsssesanaes 313

Figure 8.10 Experiment 1, (A) control rat quadriceps femoris, (B) skeletal muscle
lipidosis. H&E, x 400 original magnifiCation.....c.ccesesssssacssessasssnssansansaassncsnssasssssnssasensas 314
Figure 8.11 Experiment 1, (A) control rat quadriceps femoris, (B) skeletal muscle

lipidosis. ORO, x 400 original magnifiCation....cceecsecessecseessaeessessnncssnssasesnsssacssnsssssnesaes 315

17



LIST OF TABLES

Table 1.1 Agents which may cause sublethal structural changes in the heart .......c.c.... S8
Table 1.2 Characteristics of an ideal cardiac biOmMarker ..cueiesesseesssssscssncsssesasessssacasen 59
Table 3.1 Experiment 1, group mean body WeightS...ciceecescesanecanesseessesncsanssnsenneaesarans 93
Table 3.2 Experiment 1, serum clinical chemistry at 2 h post-doSing .c.cecsecesessssnesarens 94
Table 3.3 Experiment 1, serum cardiac troponin I at 2 h post-doSing «....eceseesseascssercases 95
Table 3.4 Experiment 1, serum clinical chemistry at 24 h post-dosing ......eeesessessencanes 96
Table 3.5 Experiment 1 microscopic findings in the heart at 24 h post-dosing........cs.. 98
Table 3.6 Experiment 2, serum clinical chemistry, intraperitoneal doSing......eceessesscsns 99
Table 3.7 Experiment 2, serum cardiac troponin I, intraperitoneal dosing.....cesesseencs 100
Table 3.8 Experiment 2, serum clinical chemistry, subcutaneous dosing ........ceeeeeese. 101
Table 3.9 Experiment 2, serum cardiac troponin I, subcutaneous dosing........eseseseeees 102

Table 3.10 Experiment 1, individual serum cardiac troponin I levels at 2 h post-dosing

and microscopic findings in the heart at 24 h post-dOSING ..eceeerecerserecsressresnessassoessacennes 102
Table 4.1 Experimental deSigN.iicccsiccsesssercsanssssscssssessssessasssssssssscssassssassssssssssssssases 149
Table 4.2 Definitions of the cardiac histopathological lesion grading SCOres....ceeseenes 150
Table 4.3A Microscopic findings in the heart at 0, 0.5, 1.0, 2.0 and 3.0 h post-dosing
...................................................................................................................................... 151

Table 4.3B Microscopic findings in the heart at 4.0, 6.0, 8.0 and 12.0 h post-dosing 152
Table 4.3C Microscopic findings in the heart at 24.0, 48.0 and 72.0 h post-dosing .. 153

Table 4.4 Comparison of the characteristics of serum and plasma biomarkers.......... 154

Table 5.1A Microscopic findings in the heart at 0, 10, 20, 30, 40, 50 and 60 min post-

JOSINIZueiesrrssnssssssesssntsssrosssesssnssssnssssssssnessssessassansssssessanssssssessassssassssasssssasssassssassssssssassass 170
Table 5.1B Microscopic findings in the heart at 75, 90, 105 and 120 min post-dosing
...................................................................................................................................... 171

Table 5.2A Individual serum heart fatty acid-binding protein and cardiac troponin I
levels and microscopic findings in the heart at 0 pg/kg isoproterenol at 10, 20, 30, 40,
50 and 60 MIN POSt-AOSINerrererreessrcsssssssrssstesssesssassaresssnsassssssssnssssassssassssssssanssasssssssasssas 172

18



Table 5.2B Individual serum heart fatty acid-binding protein and cardiac troponin I
levels and microscopic findings in the heart at 4000 pg/kg isoproterenol at 10, 20, 30,
40, 50 and 60 MIN POSt-AOSING.eresressrssrcssnssassssssessssssssssasssasssasssnsssasssssssassasssnsesassassssenses 173
Table 5.2C Individual serum heart fatty acid-binding protein and cardiac troponin I
levels and microscopic findings in the heart at 0 pg/kg isoproterenol at 75, 90, 105 and
120 MiIN POSt-AOSINGuersessesseseernesrsnssnsarsnssessesassisssssesessssssssssassassnssnsssssesssssssassnessonssasassasses 174
Table 5.2D Individual serum heart fatty acid-binding protein and cardiac troponin I
levels and microscopic findings in the heart at 4000 pg/kg isoproterenol at 75, 90, 105

and 120 min POSt-AOSING.ueerereesarsaessnssessessrcsessessessnsssessassssssessssssssssssssssssssssssassssssanssasens 175
Table 6.1 Experiment 1, bOAY WeightS.uiieceicesesssessncssacssaccsnsssnsssscssassssscnsocasssassnssassnses 204
Table 6.2A Experiment 1, urine clinical chemistry at 8 h post-dosing....ceeeeeccscsarsees 205
Table 6.2B Experiment 1, urine clinical chemistry at 16 h post-dosing......ceeessesescsecs 206
Table 6.2C Experiment 1, urine clinical chemistry at 24 h post-dosing...c.eecesesssssees 207
Table 6.2D Experiment 1, total Urine OULPUL....ceeererersaresenssnesansasesnessncssacssesassassanssnee 208
Table 6.3 Experiment 1, serum clinical chemistry at 24 h post-dosing ....ceeeseseesaseess 209
Table 6.4 Experiment 1, serum cardiac troponin I at 24 h post-dosing .....ccceeeeeercsrenne 210
Table 6.5 Experiment 1, microscopic findings in the heart at 24 h post-dosing......... 211
Table 6.6 Experiment 2, body WeIghtS...ucieeessressrsssrsssncssressncssnossassanssssssasssassssssesssssnse 212
Table 6.7A Experiment 2, urine clinical chemistry at 8 h post-dosing.....c.eeeeecseesacencse 213
Table 6.7B Experiment 2, urinary heart fatty acid-binding protein at 8 h post-dosing
...................................................................................................................................... 214
Table 6.7C Experiment 2, urine clinical chemistry at 16 h post-dosing......ccececessrenees 215
Table 6.7D Experiment 2, urinary heart fatty acid-binding protein at 16 h post-dosing
............................................................................................................ 216
Table 6.7E Experiment 2, urine clinical chemistry at 24 h post-doSing ....c.eessesessesanee 217
Table 6.7F Experiment 2, urinary heart fatty acid-binding protein at 24 h post-dosing
............................................................................................................ 218
Table 6.8 Experiment 2, serum clinical chemistry at 24 h post-doSing.......eeseescescsnsee 219
Table 6.9 Experiment 2, microscopic findings in the skeletal muscles at 24 h post-
QOSINurerecnrcssnsesssaressarcssaessssesnsasnsssanssssessstssanessssssssossasessassssssessasesssssossasssassssssssssssanssssse 220
Table 7.1 Experiment 1, serum clinical chemistry at 48 h post-dosing .....ceeeeesesesasees 256
Table 7.2 Experiment 1, serum cardiac troponin I at 48 h post-dosing ......eesesseseesenss 257
Table 7.3 Experiment 1, microscopic findings in the heart at 48 h post-dosing......... 258

19



Table 7.4 Experiment 2, serum clinical chemistry at 48 h post-doSing .....ceeeeseseeserese 259

Table 7.5 Experiment 2, serum cardiac troponin I at 24 h post-doSing .....ceeesesseseeseens 260
Table 7.6 Experiment 2, serum cardiac troponin I at 48 h post-doSing ....ceceesseeseesssees 260
Table 7.7 Experiment 2, microscopic findings in the heart at 48 h post-dosing......... 261
Table 7.8 Experiment 3, body WeightSuueeiciessesssesssscssescarssasssasssasesasesansnssnnesassssesacsases 262
Table 7.9 Experiment 3, serum cardiac troponin Lu...ceeesccesesssssssssscensesssssaessssssacessass 263
Table 7.10 Experiment 3, microscopic findings in the heart .....ccuceeeeeseccacseecaesarencsnene 264
Table 7.11 Experiment 1, cardiac troponin I responses and pathology SCOres ....ceeee. 265

Table 7.12 Experiment 3, individual serum cardiac troponin I and heart fatty acid-

binding protein levels and microscopic findings in the heart .....ceeeureeseesssssesscsesssasasens 266
Table 8.1 Experiment 2, experimental deSiZN.cceciesessscscsssssnsssasssnsossessscsasssassassoncsnses 316
Table 8.2 Experiment 3, experimental desigN..ceeccssecscssesssncsssssssessesssessascssasasasssasesares 317
Table 8.3 Experiment 4, experimental deSiglecececcssccsssssessrsssssssssessasssssnsssessssssanssasss 318
Table 8.4A Experiment 1, body WeightS...ccisesesscsassssessanssanssonssssssanssansenssnssssossssnssanse 319
Table 8.4B Experiment 1, analysis of body weight data......cceeecseesscessessaccsnissnesnisansnnes 320
Table 8.5A Experiment 1, absolute diet CONSUMPLION wecurrssrressessrsssssssrssassonssssssnssnsaness 321
Table 8.5B Experiment 1, absolute water CONSUMPLION c.cueeeeeserssecsrsssssnssasssrssesasssssases 322
Table 8.6 Experiment 1, serum clinical Chemistry..iccccecseecsressecssecssressrsssessncnsssesassanses 323
Table 8.7 Experiment 1, serum cardiac troponin L....ccceccecersssncssessansesissencnnssansnssssnens 324
Table 8.8 Experiment 1, microscopic findings in the heart ....ccceeeessascssnscssrosnssonssancss 325
Table 8.9 Experiment 2, body WeightS.euceeerssescsecssressecsansssncssncssassssessessssessossessasssssnecs 326
Table 8.10A Experiment 2, absolute diet CONSUMPLION weeeresesseessreressessassarssnsancsssasencas 327
Table 8.10B Experiment 2, absolute water CONSUMPLION .eeeeseecsescasessessacsnsssecsassasences 328
Table 8.11 Experiment 2, serum clinical ChemMIStIY.c.cesreseecsrsseesercaresncssnsanssessnsnssncsncas 329
Table 8.12 Experiment 2, serum cardiac troponin Lu...ieccissescsscsssncssasessssecsssssaesnssnssss 330
Table 8.13 Experiment 2, microscopic findings in the heart ......cccceceesenccsesaecsnssarences 331
Table 8.14A Experiment 3, body WeIZhtS..ucsceceersrscacssnssassaessnesaesansanssassassasssssnsonsanses 332
Table 8.14B Experiment 3, analysis of body weight data.......ceccveerrcerssencessancnsencnnes 333
Table 8.15A Experiment 3, absolute diet CONSUMPLION cevversrssrscsssanssescnssansssssssassssssans 334
Table 8.15B Experiment 3, relative diet CONSUMPLION...eeceecssecsseensssaccsscsacssacsnees 335
Table 8.15C Experiment 3, absolute water CONSUMPLION ..eeeeeerecsseseesassanesassonssncenees 336
Table 8.16 Experiment 3, serum clinical ChemMiStIY.u.cisecesrsnccsssnssesessaessessesassacssans 337
Table 8.17 Experiment 3, microscopic findings in the heart .....ccceecerireeccnisaccccnsences 338
Table 8.18 Experiment 4, body WeightS..ciceieeseesnsssnrssaecsanssaessanesanesansansssnsssacsassnssasen 339



Table 8.19 Experiment 4, absolute water CONSUMPLION ..ceerreeescrecssacssesssessassoncsassassness 340

Table 8.20A Experiment 4, serum clinical chemistry at 0 huu.eoveeeeveccnsscccsessessscsnssnces 341
Table 8.20B Experiment 4, serum clinical chemistry at 24 h......cccceeeceessessacssesssssscsnnes 342
Table 8.20C Experiment 4, serum clinical chemistry at 48 h.....ccceceesecsecsessesnsscness 343
Table 8.20D Experiment 4, serum clinical chemistry at 72 h..cccccessccssnccsssessarsnssoncsns 344
Table 8.20E Experiment 4, serum clinical chemistry at 96 h...ciceeecrnccncssnsessnsseennens 345
Table 8.21 Experiment 4, group mean relative organ weights w...ecseccssesssscssensasesanes 346

Table 8.22 Experiment 4, microscopic findings in the heart at 0, 24, 48, 72 and 96 h

Table 8.23 Experiment 4, microscopic findings in the quadriceps femoris at 96 h.... 348
Table 8.24 Experiment 1, individual serum cardiac troponin I levels and microscopic
findings in the NEAIt .icvuiccercssncssnessrisssnessensssnsssnesnnssenssssnsssssessansssasssssasssssesassssasssasnsssns 349
Table 8.25 Experiment 4, individual serum cardiac troponin I levels and microscopic

findIngs iN the NEAIT wecvuievrcisecssrsssnsssisncsenssnnsnssnissssssanssaessasssssssarssssssassnsssanssassassssssnosaase 350

21



ACS
ALP
ALT
ANP
AST
ATP
AV
BNP
CABG
CHF
CHOL
CICR
CK
CK-MB
COMT
CPA
CREAT
cTn
cTnC
cTnl
cTnT
CVS
DNA
DOX
EA

EC
ECG
EDTA
ELISA
FD
FNCC

ABBREVIATIONS USED IN THIS THESIS

Allylamine

Acute coronary syndromes
Alkaline phosphatase

Alanine aminotransferase
Atrial natriuretic peptide
Aspartate aminotransferase
Adenosine triphosphate
Atrioventricular

Brain natriuretic peptide
Coronary artery bypass grafting
Congestive heart failure
Cholesterol

Calcium-induced calcium release
Creatine kinase

Creatine kinase-MB
Catechol-O-methyltransferase
Cyclophosphamide

Creatinine

Cardiac troponin

Cardiac troponin C

Cardiac troponin I

Cardiac troponin T
Cardiovascular system
Deoxyribonucleic acid
Doxorubicin

Erucic acid
Excitation-contraction
Electrocardiogram
Ethylenediaminetetraacetic acid
Enzyme-linked immunosorbent assay
Found dead

Femoral nucleated cell count

22



GFR
GI
GLD
H&E
HBD
HEAR
H-FABP
ICD
IMDM
P

ISO
v
kDa
KIE
LD
LEAR
MHC
MI
MSB
MW
NAD

NEFA
NS
.OH
ORO
PBS
PCR
PD
PTAH
RCF
SA
SC
SD

Glomerular filtration rate
Gastrointestinal

Glutamate dehydrogenase
Haematoxylin and eosin
a-hydroxybutyric dehydrogenase
High erucic acid rapeseed oil
Heart fatty acid-binding protein
Intercurrent death

Iscove’s Modified Dulbecco’s Medium
Intraperitoneal

Isoproterenol

Intravenous

Kilodaltons

Killed in extremis

Lactate dehydrogenase

Low erucic acid rapeseed oil
Myosin heavy chain
Myocardial infarction

Martius’ Scarlet Blue
Molecular weight

No abnormalities detected
Neutral buffered formalin
Non-esterified fatty acids

Not statistically significant
Hydroxyl radical

OilRed O

Phosphate buffered saline
Polymerase chain reaction
p-phenylenediamine
Phosphotungstic acid haematoxylin
Relative centrifugal force
Sinoatrial

Subcutaneous

Standard deviation

Thiol

23



SMC
SR
sTnl
TEM
TMPD
Tn
TnC
Tnl
TnT
TP
TRIG

Smooth muscle cell

Sarcoplasmic reticulum

Skeletal troponin I

Transmission electron microscopy
2,3,5,6-Tetramethyl-p-phenylenediamine
Troponin

Troponin C

Troponin I

Troponin T

Total protein

Triglycerides

24



CHAPTER 1: INTRODUCTION

1.1 THE HEART

1.1.1 Background

The heart, along with the vasculature, comprises a major organ system of the body, the
cardiovascular system (CVS). The CVS plays the important role of supplying the cells
and tissues of the body with respiratory gases, nutrients, chemical messengers and
metabolites, as well as the removal of waste products of cellular metabolism and foreign
materials, such as invading micro-organisms. In addition, the CVS is responsible for the
maintenance of the internal homeostasis of the body, as well as the regulation of body

temperature and cellular pH (Veinot et al., 2001).

With the role the heart plays in the transport of blood, the organ is exposed to any
metabolites that have been absorbed into the bloodstream. Hence, the heart may be
susceptible to toxic injury. The severity of the toxic injury will be dependent upon the
concentration of a cardiotoxic agent within the myocardium, and also the duration of
exposure to the compound itself. Damage to the heart may be due to direct or indirect
actions of a toxic agent on the tissue: direct effects on the CVS result in structural
and/or functional changes, whereas indirect effects are secondary to changes occurring

in other organ systems, such as the endocrine system (Ramos et al., 2001).

1.1.2 Anatomy of the heart

1.1.2.1 Gross anatomy of the heart

The heart is situated in the mediastinum, surrounded by a fibrous sac, the pericardium.
The heart is divided by the interatrial and interventricular septums into the right and left
halves; each consisting of an atrium and a ventricle. The anatomy of the human heart is
shown is Figure 1.1. The right side of the heart represents the low-pressure system and
deals with deoxygenated blood, while the left side carries oxygenated blood and is
responsible for providing pressure to ensure sufficient organ perfusion (d’Uscio et al.,

2000).
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Oxygenated blood is brought to the heart from the lungs via drainage through the
pulmonary veins into the left atrium. Blood then enters the left ventricle via the left
atrioventricular (AV) (bicuspid) valve. Contraction of the left ventricle forces the blood
around the body to the tissues via the aorta, arteries, arterioles and the capillaries. The
venous system takes deoxygenated blood away from the tissues via the capillaries,
venules and veins, where it eventually collects into the vena cavae (superior and
inferior), which drain into the right atrium. The deoxygenated blood then passes into the
right ventricle via the right AV (tricuspid) valve, which contracts, sending the blood to
the lungs through the pulmonary arteries (Figure 1.1). In the rat heart (Figure 1.2), there
are 2 precavae present in the vena cava: the right empties into the right atrium and the
left joins with the azygous vein before draining into the right atrium (Sharp and
LaRegina, 1998). The blood supply to the heart itself is achieved by the coronary
arteries, which branch into the intramyocardial arteries that supply a rich capillary bed

throughout the organ (Van Vleet et al., 1991).

1.1.2.2 Histology of the heart

The heart wall consists of 3 layers, the endocardium, the myocardium and the
epicardium (Figure 1.3). The endocardium is the membrane which covers all the inner
surfaces of the heart (and lines the blood vessels) and is composed of a single layer of
squamous endothelial cells. The myocardium is the muscle layer of the heart, containing
cardiomyocytes, blood vessels and nerves, the epicardium is a thin, serous membrane
covering the outer surface of the heart. The epicardium consists of a single layer of
mesothelial cells resting on a basal lamina, and a thin layer of loose connective tissue
(areolar tissue). The pericardial space contains pericardial fluid, which acts as a

lubricant as the heart moves within the pericardium (Rhodin, 1977).

1.1.2.2.1 The myocardium

The myocardium is formed of cardiac muscle cells (cardiomyocytes) and a connective
tissue interstitium, with the cardiomyocytes comprising approximately 1 third of the
cells within the muscle layer in man (Veinot et al., 2001). The well-vascularised
interstitium is formed mainly of fibroblasts, with a small number of other cells, such as
adipocytes and leukocytes (Van Vleet et al., 1991). In sections examined for histology,
the thickness of the myocardium is dependent on the pressures present in each chamber:

the atria are thin and the ventricles are thick. In addition, the left ventricular
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myocardium is thicker than that of the right ventricle, due to the higher pressures in the

systemic (rather than the pulmonary) circulation.
1.1.2.2.2 The cardiomyocytes

The cardiomyocytes are the energy-generating cells within the myocardium and are
specialised, elongated, striated muscle cells (myofibres), which contain 1 or 2
centralised nuclei, a continuous limiting plasma membrane (the sarcolemma) and
numerous contractile myofibrils surrounded by sarcoplasm (Netter, 1969). The
contractile elements, constituting approximately 50 % of the cell, form into myofibrils
that are separated by the interfibrillar matrix, which contains the mitochondria, the
sarcoplasmic reticulum (SR) and T tubules, the Golgi apparatus, glycogen and
lysosomes (Van Vleet et al., 1991). The cardiomyocytes are linked together by the
intercalated discs, at which the membranes of adjacent cardiomyocytes are connected by
desmosomes and linked by gap junctions (Figure 1.4). The intercalated discs allow the

propagation of the cardiac action potential (Forbes and Sperelakis, 1985).

The atrial and ventricular myocytes are generally similar in structure and function;
however atrial myofibres are smaller than ventricular cardiomyocytes and the

sarcoplasmic reticulum and T tubule system is less well-developed (Veinot et al., 2001).
1.1.2.2.3 The myofibrils

There are 2 types of myofilaments present in the cardiomyocytes, the thick and thin
elements, composed of myosin and actin (and associated proteins), respectively. The
orderly alignment of the myosin and actin form the contractile units, the sarcomeres
(Figure 1.5), which give cardiac muscle (and skeletal muscle) a striated appearance. The
thin filaments are attached at their plus ends to the Z disc at each end of the sarcomere;
while the capped minus ends extend towards the middle of the sarcomere, where they
overlap with the thick filaments. The accessory proteins ensure the uniformity of the
organisation, length and spacing in the sarcomere. Tropomodulin caps and stabilises the
minus ends of the thin filaments, nebulin stretches between the Z disc (composed of
capZ and o-actinin) and the minus end of the thin filament to dictate the length of the
sarcomere, and titin acts as a molecular spring to maintain the thick filaments in the

centre of the sarcomere (Alberts ef al., 2002; Panaviene et al., 2007).
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1.1.2.24 The sarcoplasmic reticulum

The SR is a specialised form of smooth endoplasmic reticulum necessary in the
transmission of the cardiac impulse and also in the uptake, storage and release of
calcium ions for muscle contraction (Van Vleet et al., 1991). At the Z discs, T tubules
extend inward from the sarcolemma, making contact with the SR. The SR is also in
close contact with the contractile apparatus of the cell (Scheuermann, 1993). Following
the generation of a cardiac action potential, the T tubules spread the impulse through the
myofibre, resulting in the release of calcium ions from the SR via the opening of
calcium release channels (Veinot et al., 2001). Calcium is then available for myocyte

contraction, as described below.
1.1.3 Physiology of the heart
1.1.3.1 The action potential and the cardiac impulse

Unlike skeletal muscle, cardiac tissue is able to contract without external neural or
hormonal stimuli. The pacemaker activity of the heart is generated in the sinoatrial (SA)
node by a specialised cell population adapted to the generation of a rhythmic electrical
impulse (Kléber and Rudy, 2004). Cells within the SA node spontaneously depolarise
and repolarise to generate an action potential, which electrically excites the sarcolemma.
The wave of depolarisation travelling from the SA node spreads rapidly across the atria
and to the atrioventricular (AV) node. It is conducted via the gap junctions at the
intercalated discs (Forbes and Sperelakis, 1985). Conduction is slowed through the AV
node, so as to allow contraction of the atria prior to ventricular contraction (Martini,
2006). The action potential then passes along the interventricular septum with the AV
bundle (bundle of His) to the Purkinje fibres, which stimulate the ventricles to contract.

In this way, the heart beats in a highly controlled fashion.
1.1.3.2 Excitation-contraction coupling

When the wave of depolarisation reaches the sarcolemma of a cardiomyocyte, the drop
in membrane potential opens L-type calcium channels to allow a small influx of calcium
into the cardiomyocyte, which then binds to the ryanodine receptors on the SR to
release large amounts of Ca** (Fabiato, 1983). This process, termed calcium-induced

calcium release (CICR), underlies the process of excitation-contraction (EC) coupling in
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the heart (Lukyanenko et al., 1996). Conversely in skeletal muscle contraction, EC
coupling is not controlled by CICR; rather it is effected by voltage-gated calcium
release (Gordon et al., 2000).

1.1.3.3 Innervation of the heart

Nervous control of the heart is regulated by the sympathetic and parasympathetic
branches of the autonomic nervous system. The release of noradrenaline from the
sympathetic fibres results in increased automaticity, positive inotropy and positive
chronotropy; whereas the vagal parasympathetic system, through release of
acetylcholine, causes decreased automaticity, negative inotropy and inhibition of the

AV conduction (Rang et al., 1999).

1.1.3.4 The endocrine function of the heart

Secretory granules were first identified in the atrial cardiomyocytes by Jamieson and
Palade (1964), and have been shown by others to contain atrial natriuretic peptide
(ANP) (Vuolteenaho et al., 1985; Pucci et al., 1992). Furthermore, it has been
demonstrated that ventricular cardiomyocytes also may secrete natriuretic peptide;
namely brain natriuretic peptide (BNP) (De Lemos et al., 2003). The natriuretic
peptides play a role in the regulation of fluid volume, blood pressure and electrolyte
balance (Apple and Jaffe, 2006). Hence, the heart also has an endocrine function in
addition to its role in circulation. ANP and BNP are released in response to atrial and
ventricular stretch, respectively, caused by volume overload (Clerico ef al., 2006). The
peptides cause vasorelaxation, inhibition of aldosterone secretion in the adrenal cortex,
and inhibition of renin secretion in the kidney, as well as natriuresis and a reduction in
intravascular volume, and these effects are augmented by antidiuretic hormone

antagonism (Cho et al., 1999).

1.1.3.5 Myocardial metabolism

Cardiomyocytes have a high metabolic rate and rely on the production of high energy
phosphates (adenosine triphosphate, ATP, and creatine phosphate) by the mitochondria
from energy sources such as lactate, glucose, fatty acids and triglycerides. Under normal

aerobic conditions and at normal workloads, the heart generates energy primarily by the

29



terminal (B-) oxidation of free fatty acids, whereas glucose metabolism is a much less

important source of energy (Taegtmeyer, 1994).

1.1.4 Muscle contraction

Myocyte contraction is mediated by changes in intracellular calcium concentration, with
myosin ATPase acting as an energy source, in the presence of magnesium ions (Isaacs,
1998). CICR results in a rise in intracellular calcium, which binds to troponin C (TnC),
part of a 3 protein complex bound to tropomyosin, situated on the thin filament (Figure
1.6). The troponin complex is comprised of 3 subunits: TnC, the calcium binding
subunit, Tnl, the inhibitory subunit, and TnT, the subunit bound to tropomyosin
(Metzger and Westfall, 2004). The binding of calcium to TnC results in a rearrangement
of the troponin complex, so that tropomyosin is removed from its blocking position and
the actin binding sites are revealed for myosin attachment (Moss et al., 2004) (Figure
1.7). This allows the actin and myosin filaments to interact, resulting in shortening of
the sarcomere and muscle contraction; this process is referred to as the sliding filament

theory (Cooke, 2004).

Relaxation of the cardiomyocytes requires a reduction in the intracellular calcium
concentration, and in mammalian ventricular myocytes, there are 4 systems responsible
for this process: the SR calcium ATPase (which actively pumps calcium back into the
SR), the sarcolemmal sodium-calcium exchange (which pumps calcium out of the cell),
the sarcolemmal calcium ATPase (which actively extrudes calcium from the cell) and
the mitochondrial calcium uniporter (which sequesters calcium into the mitochondria)
(Frank et al., 2003). The relative role of each system varies with species; in the rat,
approximately 92 % of calcium removal is via the SR calcium ATPase (Bers et al.,
1996).

1.2 TOXIC RESPONSES OF THE HEART

The heart is particularly vulnerable to injury due to the limited proliferative capacity of
cardiomyocytes (Bicknell et al., 2007). Compensatory hypertrophy of remaining
cardiomyocytes is a hallmark of cardiac remodelling following myocardial damage
(Scheuermann, 1993). Moreover, following cardiac injury, cardiac fibroblasts are also
involved in tissue remodelling in repair, resulting in fibrosis and the formation of scar

tissue. Therefore, if cells are irreversibly damaged and lost, there is little or no
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regeneration of the myocardium and the cardiomyocytes are replaced by scar tissue.
This will therefore generally impair myocardial function, because the tissue will no
longer be contractile. Nevertheless, there is some emerging evidence that there may be a
small population of cardiac stem cells which may cause some cardiac regeneration
following damage; however more research is needed in this highly controversial area
(Leri et al., 2005; Ahuja et al., 2007; Anversa et al., 2007).

The types of injury which may occur in the heart may be divided into 2 categories:
structural and functional changes. Functional changes involve alterations in myocardial
contractility, while structural changes are the morphological responses to cardiac injury
and thus affect the organisation of the cardiomyocyte itself, and may be detected by

microscopic examination.

1.2.1 Functional changes

The most important alterations to cardiac function generally arise from alteration to
membrane function, in particular in ion transport and in the energy-producing systems

of the cell, i.e. the mitochondria (Van Vleet et al., 1991).

1.2.1.1 Arrhythmias and changes in contractility

An arrhythmia is defined as any variation from the normal rhythm of the heartbeat,
which may be an abnormality of the rate, regularity, or site of impulse origin or the
sequence of activation (Dorland, 2003). Compounds which directly influence the
initiation or propagation of the cardiac impulse by disrupting the ionic gradient and
fluxes are mainly involved in the induction of arrhythmias (Van Vleet et al., 1991). For
example, ethanol is known to inhibit the sodium-potassium pump (Habuchi et al.,
1995), which will cause a decrease in membrane potential, leading to depolarisation and
contractions. Grayanotoxin, found in rhododendrons, opens fast sodium channels, and
this also leads to depolarisation (Yuki et al., 2001), whereas tetrodotoxin blocks fast

sodium channels, which results in cardiac arrest (Lazdunski and Renaud, 1982).

Myocardial contractility is dependent on intracellular calcium concentration, as
described earlier. Heavy metals, such as lanthanum, manganese and nickel, block
calcium channels, resulting in a negative inotropic effect (Van Vleet et al., 1991). In

contrast, the cardiac glycosides, such as digoxin, partially inhibit the sodium-potassium
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exchanger, which allows more calcium to enter the cell, increasing the intracellular

concentration, causing a positive inotropic effect (Schoner and Scheiner-Bobis, 2007).

1.2.2 Structural changes

In cardiotoxicity, the correlation between functional alterations and morphological
changes is not strong. For example, bradycardia, tachycardia and arrhythmias are not
always accompanied by pathological lesions (Gopinath et al., 1987). Lesions observed
following toxic injury include multifocal myocardial necrosis, focal myolysis,
vacuolation, and varying degrees of inflammatory and fibrotic changes.
Histopathological changes may be sublethal (i.e. they may be reversible) or lethal,
which results in cell death. Sublethal alterations include vacuolar degeneration,
myofibrillar degeneration, fatty degeneration, pigment deposition, atrophy and
hypertrophy; cardiomyocyte cell death may occur by apoptosis or necrosis. Table 1.1

presents some compounds which may cause the sublethal types of injury.

1.2.2.1 Vacuolar degeneration

Vacuolar, or hydropic degeneration, is the appearance of large clear fluid-filled
vacuoles within the myocardial fibres. Vacuolar degeneration is a result of distension of
the T tubules and SR, with resulting lysis of the contractile material (Van Vleet and
Ferrans, 1986). Vacuolar degeneration is a histopathological change characteristic of
anthracycline cardiotoxicity, and has been observed in man (Lefrak et al., 1973) and in
experimental animals, including the rat (Villani et al., 1991), the rabbit (Jaenke, 1974)
the dog (Solcia et al., 1981), the pig (Van Vleet et al., 1979) and the monkey (Sieber et
al., 1980).

1.2.2.2 Myofibrillar degeneration

Myofibrillar degeneration, also known as myolysis or myocytolysis, is characterised by
pale, eosinophilic cytoplasm with a loss of cross-striations (Van Vleet et al., 1991).
Affected cardiomyocytes show a loss of intact myofibrils, with scattered masses of free
thick and thin filaments, clumps of Z band material and accumulations of cytoskeletal
filaments (Van Vleet and Ferrans, 1986). The loss of myofibrils results in a loss of
contractility and resilience of the myocardium, which may lead to ventricular dilatation

and heart failure (Isaacs, 1998). Myofibrillar degeneration has been reported to occur
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following plasmocid treatment in the rat (D’Agostino, 1963) and furazolidone
administration in poultry (Webb and Van Vleet, 1991). Myofibrillar degeneration is a
common observation following sympathomimetic agent toxicity (Rona et al., 1959a;
Fineschi et al., 1997). Oehmichen et al. (1990) studied the diagnostic significance of
myofibrillar degeneration in a number of forensic pathology specimens, and found that
the histopathological change may be seen in cases of acute morphine intoxication,

hanging, strangulation, drowning, acute haemorrhagic shock and lethal acute brain

injury.

1.2.2.3 Fatty degeneration

To the pathologist, the simple accumulation of neutral lipid in the cardiomyocyte
cytoplasm 1s considered to be a degenerative, but reversible change (Isaacs, 1998).
Lipid droplets may appear as empty vacuoles under the microscope, due to the solubility
of the lipid in the solvents used in slide preparation. Myocardial lipidosis, or fatty
degeneration, may be induced in a number of ways, including the overnight fasting of
obese Zucker rats (Young et al., 2002), the feeding of a low potassium diet (French,
1952), the feeding of a high fat, choline deficient diet (Wilgram et al., 1954) and the
feeding of erucic acid (EA), which is a component of rapeseed oil (Abdellatif and Vles,
1970). Cardiac lipidosis has, in addition, also been causally linked to cardiac
dysfunction (Zhou et al., 2000); however it appears that this only occurs when the fatty

infiltration is a permanent pathological change.

1.2.24 Pigment deposition

Lipofuscinosis is a spontaneous condition, which increases in incidence and severity
with age. When such changes occur in the heart, it is referred to as brown atrophy
(Anderson, 1985). Brown atrophy may also occur in cachexia and has been observed as
a toxic response in the rat following the administration of Brown FK and chloroquine

(Van Vleet and Ferrans, 1986).

1.2.2.5 Cardiac atrophy

Cardiac atrophy is a decrease in the size, strength, weight, and activity of the heart.
Atrophy may be a compensatory response, as a result of decreased demand upon the

heart muscle (Ito et al., 2003). Angiotensin-converting enzyme inhibitors are used to
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treat hypertension by inducing vasodilation and decreasing peripheral resistance,
thereby decreasing demand on the heart (Rang et al., 1999). The reduced circulatory

demand may therefore cause atrophy of the myocardium.

1.2.2.6 Cardiac hypertrophy

Cardiac hypertrophy is an enlargement of the heart muscle mass, through enlargement
of individual cardiomyocytes. This may be a physiological adaptation as is seen in
exercise training (Fagard, 2003), a toxicological response to thyroxine (Craft-Cormney
and Hansen, 1980), long-term isoproterenol (ISO) administration (Kizaki et al., 2005),
potassium channel agonists, noradrenaline, vasodilating agents and calcium channel

blockers (Isaacs, 1998), or myocardial repair (Scheuermann, 1993).

1.2.2.7 Apoptosis

Apoptosis is characterised by cell shrinkage, membrane blebbing, nuclear condensation
and DNA fragmentation (Haunstetter and Izumo, 1998). Apoptosis, unlike necrosis, is
an active process, and the switch between apoptosis and necrosis is dependent on
intracellular ATP levels (Kang, 2001). Cardiomyocyte death by apoptosis is associated
with ischaemic injury (Takemura and Fujiwara, 2006) and also in anthracycline-induced

cardiac injury (Koh et al., 2002).

1.2.2.8 Necrosis

The term “necrosis” refers to the phase of degradation of cell components following
irreversible cell injury in vivo. The most frequent sites of necrosis within the heart are in
the left ventricular myocardium and subendocardium, often due to disturbances in
vascular perfusion, a change characteristically observed with ISO administration (Rona
et al., 1959a; Gopinath et al., 1987). The characteristic features of cardiomyocyte
necrosis are increased eosinophilia, with nuclear pyknosis or karyorrhexis (Isaacs,
1998). Gradually, the cellular debris is removed by phagocytosis. A zone of intense
inflammation often surrounds the necrotic area which activates complement and other

pathways, leading to the inflammatory response (Trump et al., 2001).

There are 2 types of cardiomyocyte necrosis, coagulation necrosis and contraction band

necrosis. Coagulative necrosis of the myofibres is characterised by glycogen depletion,
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