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ABSTRACT

Introduction: Obesity, which is implicated in the development of the metabolic

syndrome (MS) is reaching epidemic proportions worldwide. MS significantly
increases the risk of developing cardiovascular disease, which includes
coronary artery disease. The current absence of animal models of diet induced
obesity and the MS makes the investigation of the cardiovascular
consequences of MS virtually impossible. As a result the effects of the MS on
cardiac function, morphology and susceptibility to ischaemia are not well

understood.

Aims: We set out to: 1) develop and characterize a rodent model of diet-
induced obesity and the MS, 2) investigate the susceptibility of hearts from
these animals to ischaemia/reperfusion induced injury and, 3) determine
whether angiotensin Il (Ang Il) and endothelin-1 (ET-1) plays a role in cardiac
remodelling and/or the severity of ischaemia and reperfusion injury in this

model.

Methods: Male Wistar rats were fed a standard rat chow diet or cafeteria diet
(CD) for 16 weeks. After the feeding period rats were sacrificed and blood and
myocardial tissue samples were collected to document biochemical changes in
these animals. Hearts were perfused on the isolated working rat heart perfusion
apparatus to assess myocardial mechanical function before and after
ischaemia. In a separate series of experiments, hearts underwent coronary
artery ligation to determine the incidence and duration of ventricular arrhythmias

during ischaemia and reperfusion, using electrocardiography. To assess a



possible link between myocardial remodelling and ischaemia/reperfusion injury
and myocardial Ang Il and ET-1 content, we also measured these peptides
under basal conditions and during ischaemia. Two-dimensional targeted M-
mode echocardiography was used to assess in vivo myocardial mechanical

function in control and obese rats.

Results: After 16 weeks on the CD, obese rats satisfied the World Health
Organization (WHO) criteria for the MS by having visceral obesity, insulin
resistance, dyslipidaemia and an elevated systolic blood pressure, compared to
control rats. Circulating Ang Il levels, but not ET-1 levels, were elevated in CD
fed rats. Obese rats had cardiac hypertrophy and ex vivo basal myocardial
mechanical function was depressed in the CD fed rat hearts compared to
control rat hearts. CD fed rat hearts had poorer aortic output (AO) recoveries
compared to hearts from control rats. These hearts also had a higher incidence
and duration of reperfusion arrhythmias. No such functional differences were
seen in the in vivo experiments. No differences in basal or ischaemic

myocardial Ang Il and ET-1 levels were seen in either group.

Conclusion: We have developed and characterized a model of diet-induced
obesity and the MS. Obesity is associated with cardiac hypertrophy and an
increased myocardial susceptibility to ischaemia and reperfusion injury in our
model. The hearts from obese rats were also more prone to reperfusion
ventricular arrhythmias. As myocardial function was only poorer in the ex vivo
obese animal experiments, our data suggests that the obesity associated

changes in function observed in the ex vivo studies may be related to the



absence of circulating substrates or factors, which are essential for their normal

mechanical function.



UITTREKSEL

Inleiding: Vetsug, wat as ‘n aanleidende faktor in die ontwikkeling van
metaboliese sindroom (MS) geimpliseer word, bereik tans wéreldwyd
epidemiese afmetings. MS verhoog die risiko vir die ontwikkeling van
kardiovaskulére siektes soos korenére hartvatsiekte. Die huidige gebrek aan
dier modelle van dieet geinduseerde vetsug en MS, maak die ondersoek na die
kardiovaskulére gevolge van MS feitlik onmoontlik. Die effek van MS op hart
funksie, morfologie en vatbaarheid vir isgemiese skade is dus nog grootendeels

onbekend

Doel: Ons het gepoog om: 1) ‘n model van dieet geinduseerde vetsug en MS te
ontwikkel en karakteriseer, 2) die vatbaarheid van die harte van die diere vir
isgemie/herperfusie skade te bepaal en, 3) te bepaal of angiotensien Il (Ang II)
en endotelien-1 (ET-1) ‘n rol in miokardiale hermodulering en/of

isgemiese/herperfusie skade in hierdie model speel.

Metodes: Manlike Wistar rotte is vir 16 weke op ‘n standaard rotkos (kontrole)
of kafeterie dieet (KD) geplaas. Aan die einde van die voerprogram is rotte
geslag en bloed en miokardiale weefsel is versamel vir biochemiese bepalings.
Harte is op die werkhart perfusie aparaat geperfuseer en meganiese funksie is
voor, en na isgemie bepaal. In ‘n apparte reeks eksperimente is die koronére
arterie van harte afgebind en die insidensie van aritmieé gedurende isgemie en
herperfusie is met behulp van elektrokardiografie bepaal. Om ‘n moontlike
verband tussen miokardiale hermodulering en isgemie/reperfiesie skade te

bepaal is hartspierweefsel versamel en basale en isgemiese Ang Il en ET-1

Vi



vlakke bepaal. Twee dimensionele “M-mode” egokardiografie is gebruik om in

vivo miokardiale funksie in kontrole en vetsugtige rotte te bepaal.

Resultate: Na 16 weke op die KD het die vet rotte aan die kriteria van die WGO
vir MS voldoen. Hulle was viseraal vetsugtig, insulien weerstandig, en het
abnormale lipied profiele en verhoogde sistoliese bloeddrukke gehad.
Sirkulerende Ang Il vlakke was verhoog in KD gevoerde rotte terwyl ET-1
vlakke onveranderd was. Vetsugtige rotte het hipertrofiese harte gehad en
basale meganiese funksie was verlaag in vergelyking met kontrole rotte. Die KD
gevoerde rotte het swakker aorta uitset herstelle getoon as die kontrole diere.
Die harte het ook ‘n hoer insidensie van herperfusie aritmieé getoon. Daar was
egter geen verskil in meganiese funksie in die in vivo eksperimente nie. Basale
en isgemiese Ang Il en ET-1 vlakke was vergelykbaar in die miokardium van die

twee groepe diere.

Gevolgtrekkings: Ons het ‘n model van dieet geindieseerde vetsug en MS

ontwikkel en gekarakteriseer. Vetsug word in ons model geassosieer met
miokardiale hipertrofie en verhoogde vatbaarheid vir isgemie/herperfusie skade.
Die harte van vetsugtige rotte was ook meer vatbaar vir herperfusie aritmieé.
Die waarneeming dat meganiese funksie slegs in die ex vivo eksperimente in
vetsugtige diere verlaag was, dui aan dat die verlaagde funksie dalk te wyte is
aan die afwesigheid van sirkulerende substraat of faktore wat vir normale

meganiese funksie van die hart noodsaaklik is.

vii



ACKNOWLEDGMENTS

I would firstly like to thank Dr Joss du Toit for all his assistance and guidance
throughout this study. Your dedication to this study and to helping me has really

been exceptional.

Thank you also to Prof Amanda Lochner, Prof Johan Moolman, Prof Gavin
Norton and Prof Angela Woodiwiss for their ideas, suggestions and input into

this study.

Thank you to Dr Christo Muller for performing the cell size analysis.

For financial support | would like to thank the Department of Medical Physiology

and the National Research Foundation.

Thanks to everyone in the department for all the encouragement and support |
received from you. A special thanks to members of Lab 530 and 570 for all their

assistance.

I would like to thank all my family and especially Candice as well as everyone at

Family Harvest Church for all their love, support, encouragement and prayers

during this time.

Most importantly | want to thank my Heavenly Father for strengthening me and

for giving me the ability to write this thesis.

viii



TABLE OF CONTENTS

Declaration i
ABSTRACT ii
UITTREKSEL v
ACKNOWLEDGMENTS Vil
TABLE OF CONTENTS viil
LIST OF ILLUSTRATIONS XViii
LIST OF ABBREVIATIONS XXIi
CHAPTER 1: INTRODUCTION 1
CHAPTER 2: LITERATURE REVIEW 5
2.1 Metabolic syndrome (MS) and cardiovascular disease 5

2.1.1 Definition of the MS 6

2.1.2 The development of the MS 9

2.1.3 Components of the MS and their impact

on cardiovascular disease 10

2.1.3.1 Obesity 10

2.1.3.1.1 Obesity and the significance of body

fat distribution 11
2.1.3.1.2 Obesity and lipogenic hormones 12
2.1.3.1.3 Obesity and cardiac hypertrophy/remodelling 13
2.1.3.1.4 Obesity and cardiac function 15

2.1.3.1.5 Obesity induced hypertrophy and myocardial
susceptibility to ischaemia/reperfusion

injury 16




2.1.3.1.6 Obesity, cardiac hypertrophy and

myocardial arrhythmias

2.1.3.2 Insulin resistance

2.1.3.2.1 Factors and mechanisms that contribute
to the development of insulin

resistance

2.1.3.2.1.1 Obesity and insulin resistance

2.1.3.2.1.2 Insulin resistance and hypertension

2.1.3.2.1.3 Insulin resistance and cardiac hypertrophy

2.1.3.2.1.4 Insulin resistance and dyslipidaemia

2.1.3.2.1.5 Insulin resistance and diabetes

2.1.3.2.2 Signalling mechanism of insulin

2.1.3.2.3 Insulin resistance and cardiac

metabolism

2.1.3.2.4 Insulin resistance as a risk factor

for coronary artery disease

2.1.3.2.5 Effects of insulin resistance on the
susceptibility to ischaemia/reperfusion

injury

18

21

21

21

22

23

26

27

27

28

29

29

2.1.3.3 Hypertension

30

2.1.3.3.1 Hypertension and cardiac hypertrophy

30

2.1.3.3.2 Effect of obesity and hypertension and
on systemic haemodynamics and the

myocardium

32

2.1.3.3.3 Hypertension and ischaemia/reperfusion

injury

33




2.1.3.4 Dyslipidaemia

35

2.1.3.4.1 Hypercholesterolaemia and cardiac function

2.1.3.4.2 Hypercholesterolaemia and

ischaemia/reperfusion injury

36

37

2.1.3.4.3 Hypertriglyceridaemia and cardiac function

2.1.3.4.4 Hypertriglyceridaemia and

ischaemia/reperfusion injury

38

38

2.1.3.5 Microalbuminurea.

39

2.1.4 MS and cardiac arrhythmias

2.1.5 Cardiac hypertrophy as a unifying

manifestation of the MS

2.1.6 Angiotensin Il

2.1.6.1 Obesity, MS and Angiotensin |l

40

40

42

44

2.1.6.2 Angiotensin Il -and ischaemia/reperfusion

injury

46

2.1.6.3 Obesity/MS, Angiotensin Il and cardiac

hypertrophy

47

2.1.7 Endothelin-1

2.1.7.1 Endothelin-1 and the MS

48

50

2.1.7.2 Endothelin-1 and ischaemia/reperfusion

injury

51

2.1.7.3 Endothelin-1, angiotensin Il and cardiac

hypertrophy

52

2.1.8 Obesity, MS and coronary artery disease

53

Xi



2.2 Cardiac ischaemia and reperfusion 54

2.2.1 Ischaemia 54

2.2.2 Metabolic and ultrastructural changes

associated with ischaemia 56

2.2.3 Ischaemia and contractile dysfunction 57
2.2.4 Cardiac ventricular arrhythmias 59
2.2.5 Ischaemic ventricular arrhythmias 60
2.2.5.1 Automaticity 60
2.2.5.2 Ventricular re-entry circuits 61
2.2.5.3 Triggered activity 65
2.2.6 Reperfusion 65
2.2.7 Reperfusion injury 66
2.2.7.1 Cardiomyocyte death 66
2.2.7.2 Myocardial stunning 67
2.2.7.3 Reperfusion induced cardiac arrhythmias 69

2.3 Objectives of this study 71
CHAPTER 3: MATERIALS AND METHODS 72
3.1 Animals 72
3.2 Study design 72
3.3 Special diet 75
3.4 Experimental procedures 75
3.4.1 Isolated working rat heart perfusions 75
3.4.2 Perfusion to assess ventricular arrhythmias 77

Xii



3.5 Experimental protocols

3.5.1 Determination of myocardial function

3.5.2 Protocol for investigating ventricular

arrhythmias

3.6 Determination of visceral fat content

3.7 Blood pressure determinations

3.8 Indices for cardiac hypertrophy

3.8.1 Ventricular weight to bodyweight

3.8.2 Ventricular weight to tibia length

3.8.3 Cell size determination

3.8.4 Echocardiography

3.8.4.1 Investigated parameters

3.8.4.2 Calculation of various parameters

3.9 Functional parameters measured on the perfusion

apparatus

3.10 Indirect assessment of ischaemia/reperfusion

damage: myocardial function

3.11 Biochemical analysis

3.11.1 Blood sample collection

3.11.2 Myocardial tissue sample collection

3.11.3 Blood glucose determination

3.11.3.1 Blood glucose meter — Principle

3.11.3.2 Blood glucose meter — Procedure

3.11.3.3 HbAlc testing — Principle

3.11.3.4 HbAlc testing — Procedure

80

80

81

83

83

84

84

84

85

86

87

88

89

89

90

90

90

92

92

92

93

93

Xiii



3.11.4 Serum insulin determination 94

3.11.4.1 Assay principle 94
3.11.4.2 Assay procedure 94
3.11.5 Determination of serum lipid levels 95

3.11.6 Determination of serum and myocardial

angiotensin Il 95
3.11.6.1 Extraction procedure for serum 95
3.11.6.2 Acidified ethanol tissue extraction 96
3.11.6.3 Solid phase extraction 96
3.11.6.4 Angiotensin Il radioimmunoassay 97

3.11.6.4.1 Assay principle 97
3.11.6.4.2 Assay procedure 97

3.11.7 Determination of serum and myocardial

endothelin-1 o8

3.11.7.1 Tissue preparation 98
3.11.7.2 Serum and tissue extraction 99
3.11.7.3 Endothelin-1 radioimmunoassay 100
3.11.7.3.1 Assay principle 100
3.11.7.3.2 Assay procedure 100

3.12 Statistics 101
CHAPTER 4: RESULTS 102
4.1 12 Week data 102
4.1.1 Biometric and metabolic data 102
4.1.1.1 Biometric data 102
4.1.1.2 Serum insulin after 12 weeks on the diet 103

Xiv



4.1.2 Ex vivo functional data 104

4.1.2.1 Myocardial function 104
4.1.2.2 Percentage aortic output recovery 106
4.1.3 Biochemical data 107

4.1.3.1 Serum angiotensin Il levels after 12 weeks

on the diets 107

4.1.3.2 Myocardial angiotensin Il levels after 12 weeks

on the diets 108

4.1.3.3 Serum endothelin-1 levels after 12 weeks on

the diets 109

4.1.3.4 Myocardial endothelin-1 levels after 12 weeks on

the diets 110

4.2 Characterisation of the model after 12 weeks

on the cafeteria diet (CD) 112
4.2.1 Biometric and metabolic data 113
4.2.1.1 Biometric data 113
4.2.1.2 Fasting blood glucose levels 114
4.2.1.3 Non-fasting blood glucose levels 115
4.2.1.4 HbAlc levels 116
4.2.1.5 Non-fasting serum insulin levels 117
4.2.1.6 Non-fasting serum lipid levels 118
4.2.1.7 Percentage visceral fat 120
4.2.1.8 Systolic blood pressure 121
4.2.1.9 Ventricular morphology 122
4.2.1.10 Myocyte size 123

XV



4.2.2 Functional data

4.2.2.1 Ex vivo myocardial function

4.2.2.1.1 Myocardial function

4.2.2.1.2 Percentage aortic output recovery

4.2.2.1.3 Ventricular arrhythmias

4.2.2.1.3.1 Incidence of ventricular arrhythmias

during ischaemia

4.2.2.1.3.2 Duration of ischaemic ventricular

arrhythmias

4.2.2.1.3.3 Incidence of ventricular arrhythmias

during reperfusion

4.2.2.1.3.4 Duration of reperfusion ventricular

arrhythmias

4.2.2.2 In vivo myocardial function and morphology

4.2.3 Biometric data

4.2.3.1 Serum angiotensin Il levels after 16 weeks

on the diets

4.2.3.2 Myocardial angiotensin Il levels after 16 weeks

on the diets

4.2.3.3 Serum endothelin-1 levels after 16 weeks

on the diets

4.2.3.4 Myocardial endothelin-1 levels after 16 weeks

on the diets

124

124

124

126

128

128

129

130

132

134

135

135

136

137

138

XVi



CHAPTER 5: DISCUSSION 139

5.1 Characterization of a rodent model of the MS 141
5.1.1 12 Week model 142
5.1.2 16 Week model 143

5.2 How does this model compare to others? 144
5.2.1 Insulin resistance and diabetes 146
5.2.2 Lipid profiles 149
5.2.3 Visceral obesity 150
5.2.4 Systolic blood pressure 151

5.3 Consequences of the MS: cardiac hypertrophy 152

5.4 The involvement of angiotensin Il and endothelin-1

in the development of cardiac hypertrophy 155
5.4.1 Angiotensin Il 156
5.4.2 Endothelin-1 157
5.5 Obesity and basal cardiac function 158
5.6 Ischaemial/reperfusion injury 162

5.6.1 The role of obesity and cardiac hypertrophy

in ischaemia/reperfusion injury 162

5.6.2 The role of angiotensin Il and endothelin-1

in ischaemia and reperfusion injury 164

5.6.3 Obesity, cardiac hypertrophy and

ventricular arrhythmias 166

5.7 Limitations of this study 169

5.8 Future direction 171
CHAPTER 6: CONCLUSION 173

XVii



REFERENCES 175

Xvili



LIST OF ILLUSTRATIONS

Figures

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Development of the metabolic syndrome over

time, after the development of obesity

10

Obesity induced cardiac hypertrophy results in an

increased risk of myocardial arrhythmias

20

during ischaemia reperfusion
Effect of obesity and hypertension on myocardial

chamber and wall morphology

32

The re-entry phenomenon as recorded in a loop of

Purkinje fiber bundles and ventricular muscle

63

Figure 3.1 (A&B)

Study design for rats after 12 (A) and 16 (B) weeks

on the respective diets

Figure 3.2 (A-C)

Figure 3.3

Figure 3.4

Electrocardiograph representations of normal sinus

rhythm (A), ventricular tachycardia (B) and

ventricular fibrillation (C)

74 & 75

79

Experimental protocol used for the determination
of mechanical function of control and obese
rat hearts on the isolated working rat heart

perfusion apparatus

82

Experimental protocol followed for quantification

of myocardial arrhythmias

82

XiX



Figure 3.5

Figure 3.6

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

A typical echocardiograph

88

Experimental protocols 3 & 4 used for tissue

collection of control and obese rat hearts

91

Non-fasting serum insulin levels of 12 week

control and CD fed rats

Percentage aortic output (AO) recoveries for 12 week

control and CD fed rats

Serum angiotensin Il levels after 12 weeks on the

control and CD

Myocardial angiotensin Il levels before and at the
end of 15 minutes of global ischaemia in hearts from

12 week control and CD fed rats

Serum endothelin-1 levels of 12 week control

and CD fed rats

Myocardial ET-1 levels before and at the end of 15
minutes of global ischaemia in hearts from 12 week

control and CD fed rats

Fasting blood glucose levels of 16 week control and CD

fed rats

Non-fasting blood glucose levels of 16 week

control and CD fed rats

% Glycosylated haemoglobin in 16 week control and CD

fed rats

Non-fasting serum insulin levels of 16 week

control and CD fed rats

103

106

107

108

109

110

114

115

116

117

XX



Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Serum total cholesterol, triacylglycerol and
high density lipoprotein-cholesterol levels

of 16 week control and CD fed rats

118

Percentage visceral fat of 16 week control and

CD fed rats

Systolic blood pressure of 16 week control and CD

fed rats, as determined by the tail-cuff method

Diastolic ventricular posterior wall thickness of
control and CD fed rat hearts after 16 weeks

feeding, as determined by echocardiography

Myocyte size of 16 week control and CD fed rats

as determined by using light microscopy

Percentage AO recoveries for the 16 week

control and CD fed rats

Incidence of ischaemic ectopic beats, ventricular
tachycardia (VT) and ventricular fibrillation (VF) of

hearts from 16 week control and CD fed rats

Duration of ischaemic normal sinus rhythm, VT and

VF of hearts from 16 week control and CD fed rats

Incidence of reperfusion ectopic beats, VT and VF of

hearts from 16 week control and CD fed rats

Duration of reperfusion normal sinus rhythm, VF and

VT of hearts from 16 week control and CD fed rats
Serum angiotensin Il levels after 16 weeks on the

control and CD

120

121

122

123

126

128

129

130

132

135

XXi



Figure 4.22

Figure 4.23

Figure 4.24

Tables

Table 2.1

Table 2.2

Table 2.3

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Myocardial angiotensin Il levels before and at the
end of15 minutes of global ischaemia in hearts from

16 week control and CD fed rats

Serum endothelin-1 levels of 16 week control and

CD fed rats

Myocardial endothelin-1 levels before and at the
end of 15 minutes of global ischaemia in hearts

from 16 week control and CD fed rats

Definitions of the metabolic syndrome

136

137

138

Changes associated with myocardial ischaemia

57

Consequences of ischaemia in the isolated perfused

heart

65

Biometric data of 12 week control and CD fed rats
Myocardial mechanical function of ex vivo

hearts from 12 week control and CD fed rats

Biometric data of 16 week control and CD fed rats
Myocardial mechanical function of ex vivo hearts

from the 16 week, control and CD fed rats

Myocardial function and morphology for 16 week
control and CD fed rats as determined by

echocardiography

102

104

113

124

134

XXii



LIST OF ABBREVIATIONS

Units of measurement

°C degrees Celsius
cm centimeter
g gram

kg kilogram

kJ kilojoules

L litre

M molar

mg milligram
mi millilitre
mM millimolar
mmol minnimol
% percentage
u micro

i microlitre
um micrometer
U unit

v volume

Chemical compounds

Ang Il angiotensin Il

ATP adenosine triphosphate
ca* calcium

CO2 carbon dioxide

XXili



ET-1

HCI
HDL
Hg

H.O

PPAR
PI3K
MAPK
Na*
NaOH
NO

O,
TFA
TG

VLDL

Other abbreviations

AO

CAL

CD

CF

EDD

ESD

FD

endothelin-1

hydrogen

hydrochloric acid

high density lipoprotein
mercury

water

potassium

peroxisome proliferator-activated receptors
phosphatidylinositol-3-kinase

mitogen activated protein kinase

sodium

sodium hydroxide

nitric oxide

oxygen

trifluoro-acetic acid
triacylglycerol/triglyceride

very low-density lipoprotein

aortic output

coronary artery ligation
cafeteria diet

coronary flow
end-diastolic diameter
end-systolic diameter

flow deprivation

XXV



FSend
FSmid
I.p.

LD
min
MS

NCEPATP 11l

PWT giast
PWTsyst
PWthick
RAS
RIA
SEM
SHR
SRC

-
VSMC
WKY
WH
WHO

ZDF

endocardial fractional shortening
midwall fractional shortening
intraperitoneal

Langendorff

minute

metabolic syndrome

National Cholesterol Education Program
Adult Treatment Panel 11l

posterior wall thickness during diastole
posterior wall thickness during systole
posterior wall thickening
renin-angiotensin system
radioimmunoassay
standard error of the mean
spontaneous hypertensive rats
standard rat chow

time

vascular smooth muscle cells

Wistar Kyoto

working heart

World Health Organization

zucker diabetic fatty

XXV



CHAPTER 1

INTRODUCTION

The prevalence of obesity has increased and is reaching epidemic proportions
worldwide (Pi-Sunyer, 2002). This is reflected in recent statistics where 30.5 % of
Americans are thought to be obese (Flegal et al. 2002). Approximately 300 000
Americans die annually of obesity related causes (Allison et al. 1999). South
Africa is not exempt of this epidemic, and current data indicate that 29.2 % of the
men and 56.6 % of the women in South Africa are overweight or obese (Puoane
et al. 2002). These statistics are concerning as it has been suggested that
obesity leads to the development of a constellation of metabolic abnormalities
associated with cardiovascular disease. This constellation of metabolic
abnormalities is collectively termed the metabolic syndrome (MS) (NCEP ATP IlI,

2001; Reaven, 2005).

The MS consists of obesity, and particularly visceral obesity, diabetes mellitus or
insulin resistance, dyslipidaemia, hypertension and microalbuminurea (Alberti
and Zimmet, 1998). Each component of the MS is an individual risk factor for
cardiovascular disease (Nakamura et al. 1994; Kenchaiah et al. 2002; Tagle et
al. 2003; Glynn and Rosner, 2005; Caglayan et al. 2005). Of greater concern is
that the co-occurrence of 2 or more of these components has been shown to
increase the overall risk of developing cardiovascular disease (Klein et al. 2002).

The cardiovascular risk associated with the MS has been confirmed in



longitudinal studies, where patients displaying characteristics of the MS were
shown to have a fourfold increased risk of developing coronary heart disease,
together with an increased risk for all cause mortality, mortality due to
cardiovascular disease and type 2 diabetes, over a 9 to 14 year period (Lakka et

al. 2002).

Besides the vascular effects associated with obesity, long term obesity may also
result in various myocardial structural adaptations, due to the increase in preload
associated with obesity. These obesity induced changes manifest in the
development of cardiac hypertrophy (Paulson and Tabhiliani, 1992). As obesity is
an independent risk factor in the development of coronary artery disease (Rimm
et al. 1995), the combination of obesity and cardiac hypertrophy could have

serious medical concerns in pathophysiological conditions such as ischaemia.

The myocardial effects of ischaemia/reperfusion injury have previously been
investigated in animals models of the MS, such as the fructose fed rat (FFR)
(Morel et al. 2003) and the Zucker diabetic fat (ZDF) (Yue et al. 2005) rat. Both
these models have shown increased myocardial susceptibility to
ischaemia/reperfusion injury. Despite this, further research is required on the
effect of obesity on the myocardial susceptibility to ischaemia/reperfusion injury
in the MS as these animal models either have marked diabetes mellitus (ZDF) or

insulin resistance without obesity (FFR).



Ischaemia/reperfusion injury may further manifest itself as decreased mechanical
function after ischaemia, or as arrhythmias. Clinical studies suggest that obesity
may be a risk factor for sudden death induced by arrhythmias (Aronson, 1981;
Kopelman, 2000), and the presence of cardiac hypertrophy, an arrhythmogenic
risk factor, may increase the risk for developing ventricular arrhythmias (Wolk,
2000). Eccentric cardiac hypertrophy was shown to be a risk factor for excessive
ventricular ectopy in obese normotensive individuals, when compared with lean
controls (Messerli et al. 1987). Despite this, no electrophysiological studies have
been performed to show a direct link between obesity and fatal ventricular

arrhythmias.

Obesity is also associated with elevated circulating levels of angiotensin Il (Ang
II) and endothelin-1 (ET-1). These peptides are well known for their growth
promoting effects and their proposed role in the development of cardiac
hypertrophy (Sadoshima and Izumo, 1993; Ito et al. 1993). They have also been
implicated in increasing myocardial susceptibility to ischaemia and reperfusion
injury (Yoshiyama et al. 1994; Brunner et al. 1997; Brunner and Opie, 1998;
Frolkis et al. 2001). These peptides may also contribute to the development of
cardiac arrhythmias (de Graeff et al. 1986; Brunner and Kukovetz, 1996). As both
Ang Il and ET-1 are associated with many of the abnormalities induced by
obesity and possibly the MS, further investigations into their involvement in the

MS are essential.



Despite the heightened cardiovascular risk associated with MS and the
increasing prevalence of obesity, which is an initiator of the syndrome, it is
concerning that there are, to our knowledge, no diet induced obesity models of
the MS. Current established rodent models of the MS include the ZDF rat, which
is a genetically obese model of the MS, however this model is one of marked
diabetes mellitus which complicates the investigation of the impact of obesity on
the cardiovascular system. Other MS models include the FFR (Hwang et al.
1987) and sucrose fed rat models (Bafios et al. 1997), however these rodent
models do not develop obesity. The development of such a diet induced obesity
model of the MS with which to investigate the cardiovascular effects associated

with the MS is therefore warranted.



CHAPTER 2

LITERATURE REVIEW

2.1 Metabolic syndrome and cardiovascular disease

The MS is the term used to describe a host of metabolic abnormalities
affecting an individual. MS was first comprehensively described in 1988 under
the term “syndrome X’, and was said to encompass obesity, insulin
resistance, hyperinsulinaemia, impaired carbohydrate metabolism or diabetes,
hypertension, and dyslipidaemia, in the form of low high density lipoprotein
(HDL) cholesterol and elevated triglyceride (TG) concentrations (Reaven et al.

1988).

The MS has major health implications as the various key components of the
syndrome are associated with an increased risk for cardiovascular disease.
Klein et al. (2002) showed that the risk of developing cardiovascular disease
over a five year period increased with the number of components of the MS
present. Furthermore, Lakka et al. (2002) showed that middle aged men with
the MS had a fourfold increased risk for developing coronary heart disease,
together with an increased risk for all cause mortality, mortality due to
cardiovascular disease and type 2 diabetes, over a 9 to 14 year period. These
findings were more significant since there was no evidence of cardiovascular
diseases or diabetes when baseline measurements where performed at the
beginning of the trial. Elsewhere it was shown that 46 % of the patients
hospitalized with acute myocardial infarction, met the criteria for MS (under

the NCEP ATPIII) (Zeller et al. 2005). Lastly, in a community based sample of



postmenopausal women, over a 8.5 + 0.3 year period, the presence of an
enlarged waist combined with elevated TG’s (components of MS), was
associated with a 4.7 fold increased risk for fatal cardiovascular events. These
findings emphasize the increased risk for cardiovascular disease found in MS
patients. The aggregation of the components of the MS was shown not to be
by coincidence but that clustering does in fact occur (Aizawa et al. 2005). It is
important to emphasize that it is the clustering of these individual components

that make MS such an important risk factor for cardiovascular disease.

2.1.1 Definitions of the metabolic syndrome

There are a few definitions describing MS, however the two that are most
commonly used are the ones proposed by the World Health Organization
(WHO) and the National Cholesterol Education Program Adult Treatment

Panel Ill (NCEP ATP Ill) (Table 2.1).

According to the WHO the MS includes impaired glucose tolerance, diabetes
mellitus and/or insulin resistance together with two or more of the following
abnormalities: raised arterial blood pressure (2140/90 mmHg); dyslipidaemia,
raised plasma TG concentration (1.7 mmol/l) and/or low HDL-cholesterol
(males: <0.9 mmol/l; females: <1.0 mmol/l); central obesity (males: waist-to-
hip ratio >0.90 cm; females: waist-to-hip ratio >0.85 cm) and/or a body mass
index >30 kg/mz; microalbuminuria (urinary albumin excretion rate =220 pyg/min

or albumin:creatinine ratio 230 mg/g) (Alberti and Zimmet, 1998).



The NCEP ATP lll definition defines MS as a condition requiring three of the
following to be present: abdominal obesity (males: waste circumference >102
cm; females: waste circumference >88 cm); elevated plasma TG's (=1.69
mmol/l) and low HDL-cholesterol (males: <1.03 mmol/l; females: <1.29
mmol/l); elevated blood pressure (=130/85 mmHg) and elevated fasting

glucose 26.1 mmol/l (NCEP ATP IIl, 2001).

Other definitions of the MS also include systemic inflammation and

prothrombotic disturbances (for a recent review see Caglayan et al. 2005).

The two main definitions (WHO and NCEP ATP Ill) agree on certain key
components of the syndrome namely obesity, glucose intolerance,
hypertension and dyslipidaemia. There are however differences with respects
to some of the criteria for the diagnosis of this syndrome. The discrepancies
between the two definitions could be attributed to the circumstances under
which a diagnosis needed to be made. In a review by Eckel et al. (2005) it
was stated that the WHO definition was better suited as a research tool
whereas the NCEPATP Il definition would be more useful in clinical practice

as it requires simpler tools for assessment.



Table 2.1: Definitions of the metabolic syndrome
World Health Organisation

National Cholesterol Education Program
Adult Treatment Panel Il

Central obesity

M: wh ratio >0.90 cm
F: wh ratio >0.85 cm

High BMI

>30 kg/m?

Microalbuminuria

UAE rate 220 uyg/min

One |Impaired glucose tolerance Abdominal obesity M: waste ¢ >102 cm
of |Diabetes mellitus F: waste c >88 cm

thesellnsulin resistance * Any |Elevated plasma triglycerides 21.69 mmol/l
Raised arterial blood pressure 2140/90 mmHg Low HDL Cholesterol M: <1.03 mmol/Il
Dyslipidemia F: <1.29 mmol/l
Raised plasma TG 21.7 mmol/I three |Elevated blood pressure =130/85 mmHg

Any Low HDL Cholesterol [M: <0.9 mmol/l Elevated fasting glucose 6.1 mmol/l
two F: <1.0 mmol/l

BMI-body mass index; F-female; M-male; TG-triglyceride; UAE-urinary albumin excretion; waste c-waste circumference;

WH-waste-to-hip;

* Under hyperinsulinaemic, euglycaemic conditions, glucose uptake below lowest quartile for background population under
investigation




2.1.2 The development of the MS

The resistance to insulin-mediated glucose uptake, or insulin resistance, is
considered to be the central abnormality of the MS (NCEP ATP I, 2001). The
question therefore arises as to the cause of the MS. The third report of the
National Cholesterol Education Program (NCEP ATPIIl, 2001) stated that,
“The root causes of the metabolic syndrome are overweight/obesity, physical
inactivity, and genetic factors.” Reaven (2005) also mentioned that, “ ...insulin
resistance/hyperinsulinaemia does not cause obesity; obesity is a
physiological variable that increases the likelihood that an individual will be
resistant to insulin.” It has been shown that there is a decline in insulin’s
action with an increase in obesity, up to a body fat composition of 28-30 %
(Bogardus et al. 1985). These observations reflect the susceptibility of obese
individuals to developing insulin resistance. Thus it appears that lifestyle could
also play a major role in the susceptibility of the individual to developing the
MS. Obesity is therefore regarded as the starting point in the development of
the MS, giving rise to insulin resistance, which, as will be discussed later, is

speculated to be the driving force behind the MS (figure 2.1).
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Figure 2.1: Development of the MS over time, after the
development of obesity

2.1.3 Components of the metabolic syndrome and their impact on

cardiovascular disease

2.1.3.1 Obesity

Obesity is essentially a consequence of excess white adipose tissue (Dizdar
and Alyamac, 2004) and can be seen as an energy storage disorder, which
occurs when there is an imbalance between calorie intake and utilization

(Paulson and Tahiliani, 1992) over a period of time. Recent statistics indicate
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that 29.2 % of the men and 56.6 % of the women in South Africa are
overweight or obese. Within this group, 9.2 % of the men and 42 % of the
women are viscerally obese (Puoane et al. 2002). These data are of particular
concern since obesity has been found to be an independent risk factor for

clinical heart failure (Kenchaiah et al. 2002).

2.1.3.1.1 Obesity and the significance of body fat distribution

When considering obesity and the MS it has become clear that more
emphasis is being placed on the distribution of adipose tissue in the body,
rather than just considering generalized obesity. It was recently shown in non-
obese Japanese subjects that visceral fat accumulation contributes to the
development of coronary artery disease and that it is possibly secondary to
the development of insulin resistance (Kobayashi et al. 2001). Insulin
resistance is defined as the ineffective glucose uptake by a tissue under the
influence of normal physiological concentrations of circulating insulin (Reaven,
1988). Various other studies have corroborated the strong association
between non-obese individuals with excess visceral fat accumulation, insulin
resistance and cardiovascular disease (Evans et al. 1984; Nakamura et al.
1994). Excess visceral fat accumulation may therefore be more important in
the development of insulin resistance or MS and the associated
cardiovascular abnormalities than general obesity. The exact mechanism
through which the presence of visceral fat induces insulin resistance is not
known. However the literature suggests that the specific characteristics of the
adipose tissue with respects to their release of free fatty acids (FFA) play an

important role. Briefly, it is thought that elevated FFA as seen in obesity
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(Golay et al. 1986), play an important role in the development of insulin
resistance as elevated plasma FFA levels have been shown to suppress
skeletal muscle glucose uptake in vivo (Kelly et al. 1993). Lipolysis is the
hydrolysis of lipids stored in adipocytes by lipoprotein lipase, with resultant
release of FFA and glycerol into the circulation (Korn, 1955). The rate of
lipolysis as well as the responsiveness to various lipolytic hormones has been
shown to vary in the different fat depots in the body, with low lipolysis rates
seen in the subcutaneous fat depots (Reynisdottir et al. 1994) and higher
rates of lipolysis seen in the visceral fat depots (Lonnqvist et al. 1995). This
higher rate of visceral fat lipolysis could be due to the resistance of the
visceral fat mass to insulin’s suppression of lipolysis (Mittelamn et al. 2002).
Furthermore, the lipolytic response to noradrenaline, as indicated by the
amount of FFA released, was found to be greater in abdominal/visceral
adipose tissue than gluteal or femoral adipose tissue in both men and women
(Lonngvist et al. 1995). It is speculated that the resultant increased release of
FFA into the plasma may induce lipid accumulation and insulin insensitivity in
skeletal muscle (Phillips et al. 1996) and liver (Mittelamn et al. 2002). Thus
people that are viscerally obese are considered to have a higher risk for

developing insulin resistance and the MS.

2.1.3.1.2 Obesity and lipogenic hormones

Obesity is a condition associated with excess adipose tissue (Forbes and
Welle, 1983). It has been shown that adipose tissue, in addition to storing
excess energy as fat, can act as an endocrine hormone (Rajala and Scherer,

2003). Some of the many factors released by the adipose tissue include
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leptin, adiponectin, resistin, TNF-a and other cytokines, FFA, Ang II, PAI-1,
CEPT and estrogens. Evidence exists that the secretory function of adipose
tissue is impaired in obesity and this has a direct effect on the levels of these
circulating factors (Hauner, 2004). In fact obesity is associated with systemic
inflammation, which may be a direct result of inflammatory factors secreted by
the adipose tissue. Moreover systemic inflammation is associated with an
increased cardiovascular risk, and this may be influenced by these adipose
tissue derived factors (Berg and Scherer, 2005). The secretory role of adipose
tissue was not investigated in this study, but it is important to note that in an
obese state, the secretory function of the adipose tissue is implicated in
cardiovascular disease. The factors involved and the proposed mechanisms
by which they influence the risk of cardiovascular disease are further reviewed

by (Berg and Scherer, 2005).

2.1.3.1.3 Obesity and cardiac hypertrophy/remodelling

Cardiac hypertrophy is the adaptation of the heart to an increased workload
due to biomechanical stress induced by an increased hemodynamic load.
Growth factors and hormones also play a role in stimulating cardiac
hypertrophy as will be discussed later. The heart adapts to the increased
workload in order to maintain cardiac output but over time these changes can

become maladaptive (Frey and Olson, 2003).

Obesity is associated with changes in several cardiovascular parameters

responsible for increasing the stress on the heart and therefore contributes to

the development of cardiac hypertrophy (figure 2.4). Investigations into
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various cardiac parameters indicated that cardiac output, stroke volume,
central blood volume, plasma and total blood volume were all increased in

obese individuals (Messerli et al. 1983a).

Obesity has been associated with both eccentric and concentric hypertrophy,
the latter occurring in the absence of hypertension (Messerli et al. 1983b;
Opie, 1991; de la Maza et al. 1994). As the obese condition is associated with
excessive weight gain due to an increase in adipose tissue and lean body
mass (Forbes and Welle, 1983), it is not surprising that the overall metabolic
demands (Carroll et al. 1995), especially the oxygen requirements by these
tissues are increased. This increased oxygen demand has serious
implications for the cardiovascular system, which compensates by increasing
cardiac output (Alexander et al. 1953). There are a few discrepancies in the
literature but the majority of the data indicates that an increase in stroke
volume is responsible for the increased cardiac output found in obese
individuals (Messerli et al. 1982). This is primarily due to the increased blood
volume seen in obesity resulting in an increased end-diastolic volume and
filling pressure (therefore increased preload). To compensate for these factors
adaptive myocardial hypertrophy together with ventricular dilatation occurs
resulting in eccentric cardiac hypertrophy. It needs to be emphasized that this
is initially a compensatory mechanism aimed at maintaining cardiac output.
With time, the continuously elevated wall stress exacerbates dilatation of the
left ventricle without a concomitant increase in the ventricular wall thickness.
A state of decompensated myocardial hypertrophy occurs which can

ultimately result in heart failure (Opie. 1991; Paulson and Tahiliani, 1992).
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Obesity combined with arterial hypertension can result in concentric
hypertrophy. This form of hypertrophy is primarily due to the additional wall
stress induced by the hypertensive state, which increases the dimensions of
the left ventricular wall (posterior wall thickness) disproportionately to the
ventricular chamber size (de la Maza et al. 1994). This may be of concern as
in non-obese SHR’s over a period of time, this compensatory mechanism of
the left ventricle can over regress to dilatation of the left ventricle and

eventually pump dysfunction (Tsotetsi et al. 2001).

Thus pathophysiologic cardiac hypertrophy can be regarded as a risk factor
for the progression to heart failure and has been shown to predict a higher
incidence of clinical events including death due to cardiovascular disease

(Levy et al. 1990).

2.1.3.1.4 Obesity and cardiac function

Although obesity is an independent risk factor for coronary artery disease and
heart failure, it seems as if obesity in the absence of any pathophysiological
condition does not have a negative effect on normal cardiac function. Cardiac
mechanical function seems to be normal if not improved in the obese state as
reflected by an elevated cardiac output (Messerli et al. 1983a). In fact
echocardiographic studies reveal that obese individuals have an augmented
myocardial fractional shortening when compared to lean individuals (Berkalp
et al. 1995 and Pascual et al. 2003). This implies that they have an improved

systolic function.
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Diastolic dysfunction may occur in obese individuals. Pascual et al. (2003)
classified obese patients as slightly, moderately or severely obese based on
BMI measurements. Left ventricular diastolic dysfunction was present in all
grades of isolated obesity. In the presence of cardiac hypertrophy, ventricular
diastolic dysfunction is however also a common finding. Patients with isolated
septal hypertrophy or concentric or eccentric left ventricular hypertrophy all
show signs of ventricular diastolic dysfunction (Corin et al. 1991; Nunez et al.
1994; Andren et al. 1996). In addition, in obese individuals, the severity of the
diastolic dysfunction increases in the presence of hypertension (Lavie et al.
1987), as shown by indirect investigation of left atrial abnormalities using

electrocardiogram and echocardiogram inspection.

It must be emphasized that diastolic dysfunction does not translate into
mechanical dysfunction. The increased filling volumes as seen in obesity can
compensate for the diastolic dysfunction. Therefore obese individuals can be

seen to have a normal or slightly elevated cardiac mechanical function.

2.1.3.1.5 Obesity induced hypertrophy and myocardial susceptibility to

ischaemia/reperfusion injury

We have previously shown that obesity can increase the susceptibility of the
myocardium to ischaemia and reperfusion injury (Du Toit et al. 2005). These
obese rats had a moderately elevated systolic blood pressure, when
compared to controls, but were not hypertensive. Few other studies

investigated the effect of uncomplicated obesity together with cardiac
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hypertrophy, without other pathophysiologies, on ischaemia/reperfusion injury.
This may be due to the availability of models displaying uncomplicated
obesity. The Zucker diabetic fatty (ZDF) rat is a genetic model of obesity and
diabetes. Hearts isolated from ZDF rats have been shown to have an
improved post-ischaemic functional recovery during reperfusion (Wang et al.
2004). These findings are however complicated by the co-occurrence of
diabetes in these animals. Therefore in addition to obese patients being at risk
of developing heart failure, through the progression of cardiac hypertrophy (as
mentioned above), their hearts may additionally be more susceptible to an

ischaemic insult.

Possible role players responsible for inducing the greater mechanical
dysfunction during reperfusion following an ischaemic insult in a hypertrophied
myocardium include 1) increased Ca** overload during reperfusion compared
to normal hearts (Allard et al. 1994). This has previously been shown to
induce mechanical dysfunction (see myocardial stunning), and 2) alterations
in myocardial energy metabolism. This is explained in more detail by
Galinanes and Fowler, (2004) and involves exaggerated uncoupling of
glycolysis from glucose oxidation following the ischaemic insult in the

hypertrophied myocardium (Wambolt et al. 1997).

Lastly, obesity is considered to be a risk factor for myocardial infarction (Yusuf
et al. 2005). It is however uncertain whether or not in the absence of
conventional cardiovascular risk factors, obesity affects clinical outcomes

following a myocardial infarction. This is somewhat of a paradox as increased
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BMI has been associated with both improved (Lopez-Jimenez et al. 2004;
Kennedy et al. 2005; Eisenstein et al. 2005; Nikolsky et al. 2006) and worse
(Rea et al. 2001; Rana et al. 2004; Kragelund et al. 2005) clinical outcomes
following a myocardial infarction and reperfusion. This obesity paradox
emphasises the need to develop animal models of obesity, without traditional

cardiovascular risk factors, to clarify this issue.

2.1.3.1.6 Obesity, cardiac hypertrophy and myocardial arrhythmias

Obesity has been documented as an independent risk factor for sudden
death. Obesity may predispose the individual to fatal ventricular arrhythmias
by inducing cardiac hypertrophy, which is an arrhythmogenic risk factor (Wolk,
2000) (figure 2.2). Eccentric cardiac hypertrophy induced by obesity has been
shown to be a risk factor for excessive ventricular ectopy in obese
normotensive individuals, when compared with lean controls (Messerli et al.
1987). This study was done using echocardiographic techniques. No
electrophysiological studies have however been performed to show a direct
link between obesity and fatal ventricular arrhythmias. Bril et al. (1991)
investigated the incidence of ischaemia and reperfusion induced ventricular
arrhythmias in a rabbit model of chronic heart failure. Heart failure was
induced by volume and pressure overload, which was characterized by
marked cardiac hypertrophy (85%). The heart failure group had a higher
incidence of both ischaemia and reperfusion induced arrhythmias. Taken
together this data together with the findings of Messerli et al. (1987), suggest

that a direct link between obesity and fatal ventricular arrhythmias may exist.
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Mild to moderate forms of ventricular hypertrophy have been shown to
predispose the myocardium to early afterdepolarizations (Aronson, 1981) and
early afterdepolarization-induced triggered activity (Charpentier et al. 1991). It
was recently proposed (Wolk, 2000) that constant abnormalities observed in
these hypertrophied hearts were the prolongation of the action potential
duration and refractoriness. Wolk (2000) proposes that these abnormalities
may promote arrhythmias in the hypertrophied hearts. It is thought that
changes in Ca** and Na*-Ca?* exchange currents play a role in promoting this
phenomenon. Significantly, it was found that the density of the Ca**ATPase
pumps in the sarcoplasmic reticulum are diminished, and this seems to be
proportional to the degree of cardiac hypertrophy present (de la Bastie et al.
1990). This implies that the sarcoplasmic reticulum Ca?*ATPase pumps are
less capable of Ca®" reuptake, which could possibly contribute to changes in
the action potential. Although this was a pressure overload model of
hypertrophy, the same may occur in situations where volume overload

induces hypertrophy (Takahashi et al. 2000).
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Figure 2.2: Obesity induced cardiac hypertrophy results in an
increased risk of myocardial arrhythmias during ischaemia
reperfusion. Ang ll-angiotensin II; ET-1-endothelin-1.
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2.1.3.2 Insulin resistance

In the 1987 Banting lecture, Reaven suggested that insulin resistance may be
the underlying cause of the cluster of cardiovascular risk factors found in MS
(Reaven, 1988). Together with this, insulin resistance is a common
occurrence in both obesity and type 2 diabetes (Modan et al. 1985). There are
however reports indicating that insulin resistance may be the underlying
cause of many, but not all the cardiovascular risk factors associated with MS
(Meigs et al. 1997; Hanley et al. 2002). Nevertheless, insulin resistance is

seen as pivotal in the progression of MS.

Insulin resistance is the ineffective glucose uptake by a muscle under normal
physiological concentrations of circulating insulin. To compensate for this the
beta cells of the pancreas have to secrete more insulin, a state called
hyperinsulinaemia. This compensation enables patients with insulin resistance
to manage their blood glucose and prevents the onset of diabetes as long as
the pancreas can maintain this compensation (Alberti and Zimmet, 1998).
Despite not having frank diabetes, insulin resistant individuals have an

increased risk of developing cardiovascular disease (Reaven, 1988).

2.1.3.2.1 Factors and mechanisms that contribute to the development of

insulin resistance

2.1.3.2.1.1 Obesity and insulin resistance

Obesity, physical inactivity or a genetic predisposition is usually, but not
always, the starting point for the development of the insulin resistant state

(Bogardus et al. 1985; Rosenthal et al. 1983). It is however also possible to
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be insulin resistant without being obese (Rosenthal et al. 1983). It has
recently been shown that the distribution of body fat (central/visceral or
peripheral obesity) plays an important role in the development of insulin
resistance, despite the absence of generalized obesity. This was dealt with in
the previous section on obesity. Obese individuals usually have elevated
circulating FFA (Golay et al. 1986) and it is thought that the extra substrate
availability together with the inhibitory effect of excess intramuscular lipids on
glucose uptake (Krssak et al. 1999; Perseghin et al. 1999), leads to an insulin

resistant state in skeletal muscle (Tenenbaum et al. 2004; Eckel et al. 2005).

An additional cellular mechanism for insulin resistance is the impaired tyrosine
phosphorylation of insulin receptor substrate protein-1 in skeletal muscle
(Pratipanawatr et al. 2001). Tyrosine phosphorylation of insulin receptor
substrate protein-1 is essential in the activation of insulin’s mediator, PI3-
kinase, which plays a role in insulin mediated glucose uptake by skeletal
muscle (Peterson et al. 2002). The precise mechanism for the insulin

resistance however remains unknown.

2.1.3.2.1.2 Insulin resistance and hypertension

In the context of the MS, hyperinsulinaemia is thought to play a fundamental
role in the development of essential hypertension. A link was seen between
hypertension, insulin resistance and hyperinsulinaemia as early as 1966 when
Welborn et al. (1966) studied a group of non-diabetic patients with essential
hypertension and discovered that they had significantly higher plasma insulin

concentrations than the normotensive control group. The link between insulin
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resistance, hyperinsulinaemia and essential hypertension has subsequently
been studied extensively, but the exact nature of the relationship between
these variables has been questioned (Reaven, 2003). Insulin resistance and
hyperinsulinaemia, could possibly lead to hypertension through 1) stimulation
of renal sodium reabsorption leading to volume expansion (DeFronzo et al.
1975; Bigazzi et al. 1996), 2) increased sympathetic nervous system activity
(hypothesis) (Kendall et al. 2003) and 3) growth mediated structural changes
of the vascular wall (Cruzado et al. 1998), all of which are seen in a

hyperinsulinemic state.

2.1.3.2.1.3 Insulin resistance and cardiac hypertrophy

Insulin resistance and the resultant hyperinsulinaemia may play a role in the
development of cardiac hypertrophy, which itself is a cardiovascular risk factor
as patients with cardiac hypertrophy have been shown to have a lower
survival rate in a five year follow-up study (Sullivan et al. 1993). An enlarged
left ventricular mass has been shown to occur in non-diabetic obese
individuals, where the increase in ventricular mass was associated with the
degree of insulin resistance (Sasson et al. 1993). An enlarged left ventricular
mass also occurs in endocrine diseases such as such as acromegaly (Lacka
et al. 1988) and hyperthyroidism (Santos et al. 1980) all of which are
conditions characterized by insulin resistance, hyperinsulinaemia or some
degree of glucose intolerance. To further support the growth promoting
properties of insulin, it has been shown that acute insulin administration in
humans reduces myocardial protein degradation by 80 % (McNulty et al.

1995), thus disrupting the balance between the cellular anabolic and catabolic
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processes and favouring cell growth. There are however conflicting reports in
the literature as to whether or not insulin resistance and the consequent
hyperinsulinaemia, could (llercil et al. 2002; Phillips et al. 1998; Lind et al
1995) or could not (Galvan et al. 2000; Avignon et al. 1997; Kupari at al.
1994) play a role in increasing left ventricular mass. The possible explanation
for this discrepancy could be due to the inclusion, in many of the studies, of
confounding variables such as the presence or absence of diabetes,
hypertension, varying plasma glucose levels, age, sex or body mass index,
which are known to influence left ventricular mass. However, lacobellis et al.
(2003) recently conducted a study where they carefully selected relatively
healthy normotensive subjects with uncomplicated (non-diabetic and
normotensive) obesity that were either insulin sensitive or insulin resistant and
compared them to a group of lean healthy controls to investigate the
relationship between insulin resistance and left ventricular mass in a setting
free of all the confounding variables seen in previous studies. Left ventricular
hypertrophy was defined as a left ventricular mass/body surface area of >134
g/m? for men and >110 g/m? for women, together with a left ventricular
mass/height*’ ratio >51 g/m?’. Using echocardiography, it was shown that
only the obese group with insulin resistance (still able to maintain fasting
plasma glucose levels) had an increased left ventricular mass, with only some
of this group displaying cardiac hypertrophy, while others showed signs of the
development of eccentric hypertrophy (enlarged end diastolic and systolic
diameters). lacobellis et al. (2003) suggested that the increased left
ventricular mass in the insulin resistant obese individuals may be due to

volume overload in combination with effects due to the elevated insulin levels.
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Possible mechanisms of how hyperinsulinaemia could promote cardiac
hypertrophy could revolve around insulin’s known growth promoting effects
whereby insulin could directly or indirectly, via its interaction with insulin-like
growth factor 1, stimulate growth (Banskota et al. 1989; Delaughter et al.
1999). Hyperinsulinaemia, can also facilitate sodium retention (DeFronzo et
al. 1975), possibly due to its actions in the distal nephron, thus increasing the
extracellular fluid volume (volume overload), which could contribute to cardiac

hypertrophy by increasing the workload on the heart.

Insulin signalling in pressure-induced hypertrophied hearts, before and during
ischaemia, may be defective. A hypertrophied myocardium is associated with
both decreased phosphorylation of a key receptor in insulin-mediated glucose
transport (insulin receptor substrate protein-1), and decreased activity of a
mediator of the insulin signalling pathway (PI3K). Defective insulin signalling
was shown to restrict insulin-mediated GLUT-4 translocation to the plasma
membrane, and consequently reduce glucose uptake by the myocardium
(Friehs et al. 2005). As glucose is the substrate for glycolysis, which is
essential for ATP generation in the ischaemic myocardium (evidence for this
is reviewed by Carvajal and Moreno-Sanchez, 2003), this finding may have
serious implication for individuals with pressure induced cardiac hypertrophy
when faced with an ischaemic challenge. Whether the same abnormalities in

insulin signalling occur with obesity induced cardiac hypertrophy is uncertain.
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2.1.3.2.1.4 Insulin resistance and dyslipidaemia

MS associated dyslipidaemia consists of elevated very low-density lipoprotein
(VLDL) cholesterol particles, hypertriglyceridaemia, reduced HDL-cholesterol
and elevated small dense low density lipoprotein (LDL) cholesterol

(Medvedeva et al. 2003; Tkac, 2005).

Although experimental studies show clear evidence that insulin resistance
plays a role in the development of the dyslipidaemic state, the exact
mechanism by which insulin resistance does so remains unknown (Adeli et al.
2001). With an increase in FFA flux to the liver, as is seen in insulin resistance
and obesity, there is an increased production of TG rich VLDL particles (Lewis
et al. 1995). The proposed mechanism for this in the insulin resistant state is
reviewed by Adeli et al. (2001), and involves an enhanced flux of FFA to the
liver and decreased sensitivity to the inhibitory effects of insulin on VLDL
secretion. The overproduction of VLDL-cholesterol is thought to result in the
hypertriglyceridemic state seen in insulin resistance. TG rich VLDL-cholesterol
particles exchange their core lipids with HDL cholesterol, a process which is
enhanced in hypertriglyceridemic states (Rashid et al. 2002). Consequently
the HDL cholesterol is TG enriched. Lamarche et al. (1999) provided direct
evidence that the enrichment of HDL particles with TG’s may play a role in the
enhanced clearance of HDL from the circulation, thereby lowering its levels in

the blood.
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2.1.3.2.1.5 Insulin resistance and diabetes

Insulin resistance has been shown to precede and predict the development of
type 2 diabetes (Charles et al. 1991). The currently favoured hypothesis in the
development of type 2 diabetes is that in chronic insulin resistance, blood
glucose homeostasis is managed by compensatory hyperinsulinaemia. After a
period of time, as the insulin resistance continues, impaired glucose tolerance
develops despite the hypersecretion of insulin by the pancreatic § cells.
Diabetes develops with increased insulin resistance and reduced insulin
secretion from the pancreas due to pancreatic B cells failure (Abate, 2000;
Petersen et al. 2002). Possible mechanisms for pancreatic 8 cell dysfunction

and failure are reviewed by Porte and Kahn (2001).

2.1.3.2.2 Signalling mechanism of insulin

Insulin  mediates its various effects via two distinct pathways, the
phosphatidylinositol-3-kinase (PI3K) pathway (Myers et al. 1992), which is
involved in glucose transport (Haruta et al. 1995), glycogen synthesis
(Sheperd et al. 1995), protein synthesis (Méndez et al. 1996) and
vasodilatation (Scherrer et al. 1994; Zeng et al. 1996). The second pathway,
the mitogen activated protein kinase (MAPK) pathway (Skolnik et al. 1993), is

associated with cell growth (Sale et al. 1995).

Significantly, it has been shown that the insulin induced stimulation of the
PI3K pathway is reduced, while the sensitivity of the MAPK pathway is
unchanged in skeletal muscle in the insulin resistant state (Cusi et al. 2000).

This study was conducted on type 2 diabetic patients, obese non-diabetic
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patients and lean controls. Obese non-diabetic patients showed reduced
stimulation of the PI3K pathway, indicating the presence of insulin resistance,
whereas with diabetic patients, insulin response of the PI3K pathway was

virtually absent.

2.1.3.2.3 Insulin resistance and cardiac metabolism

In conditions of obesity and insulin resistance there is an increase in
circulating FFA. It has been shown in animal models (Aasum et al. 2003) and
recently in humans (Peterson et al. 2004) that this increase in plasma FFA
results in increased fatty acid uptake by the myocardium. This in turn causes
a change in substrate utilization with a shift from glucose to fatty acid
utilization by the myocardium. In animal models, a shift to fatty acid utilization
leads to an initial increase in the fatty acid oxidation and oxygen consumption
of the myocardium. This may decrease the efficiency of the myocardium
(Mjgs, 1971; Lopaschuk et al. 2003). In addition, it was found that over a
period of time a mismatch occurs between fatty acid uptake and fatty acid
oxidation, with a resultant accumulation of fatty acid intermediates in the
myocardium. Research conducted by Zhou et al. (2000) on ZDF rats (fa/fa)
showed a gradual time dependant increase in the TG concentration of the
myocardium. Excess TG underwent non-oxidative fatty acid metabolism with
the resultant accumulation of fatty acid intermediates and an increase in
ceramide production. This group therefore demonstrated a lipotoxic effect of
TG accumulation in the myocardium of the ZDF rats through the production of
ceramide. They linked the increased ceramide production to cardiomyocytes

apoptosis and thus impaired cardiac function.
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2.1.3.2.4 Insulin resistance as a risk factor for coronary artery disease

Hyperinsulinaemia has been shown to be an independent risk factor for
ischaemic heart disease (Després et al. 1996) although the mechanism
thereof is unknown. It is however thought that the dyslipidaemic state
associated with insulin resistance or an altered fibrinolysis, due to increased
plasma concentrations of plasminogen-activator inhibitor type | may increase
susceptibility to atherosclerosis and thrombosis (Juhan-Vague et al. 1991),

and increase the risk of developing ischaemic heart disease.

2.1.3.2.5 Effects of insulin resistance on the susceptibility to ischaemia

and reperfusion injury

Many of the studies investigating insulin resistance and the susceptibility to
ischaemia/reperfusion injury did so in a diabetic model. Limited information is
available on the effects of insulin resistance on ischaemia and reperfusion
induced injury. Recently it was shown that treatment of ZDF rats with
rosiglitazone improved cardiac insulin resistance when compared to lean ZDF
rats. The increase in cardiac insulin sensitivity was accompanied with an

increased resistance to ischaemia/reperfusion injury (Yue et al. 2005).

In an animal model of the MS, fructose fed rats (FFR) (prediabetic with insulin
resistance and hyperinsulinaemia) were more susceptible to in vivo ischaemia
and reperfusion induced injury when compared to control littermates. This
study used coronary artery ligation, with infarct size as an endpoint. The

prediabetic state of the FFR was associated with an increased severity of
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ischaemia induced arrhythmias (Morel et al. 2003). The ischaemic episode
also produced significantly greater infarct sizes in the FFR, when compared to

the control groups.

2.1.3.3 Hypertension

Two types of hypertension occur, primary or essential hypertension, which is
characterized by a chronic increase in blood pressure, without known
aetiology. The renin-angiotensin-aldosterone system also plays a role in this
condition. The second form of hypertension, secondary hypertension, is
characterized by high blood pressure, accompanied by a disorder, such as
renal artery stenosis (Porth, 1982). To emphasize the importance of
hypertension in cardiovascular disease, it has been shown to be a risk factor
for amongst others, the development of heart failure (Kannel et al. 1972),

stroke and coronary heart disease (Glynn and Rosner, 2005).

Essential hypertension is associated with vascular complications such as
endothelial cell dysfunction (Sainani and Maru, 2004) and is therefore a risk
for developing atherosclerosis. However, only myocardial effects of

hypertension will be discussed in this literature review.

2.1.3.3.1 Hypertension and cardiac hypertrophy

The link between hypertension and cardiac hypertrophy is well established.
Switzer and Osterman (1950) identified the presence of cardiac hypertrophy
in hypertensive patients from myocardial tissue samples obtained from

autopsies. Cardiac structural abnormalities associated with hypertension
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include increased left ventricular mass index, thicker ventricular walls together
with an increased ventricular mass/chamber diameter ratio (Laufer et al.
1989). This is in contrast to obesity, where cardiac hypertrophy is associated
with a decreased ventricular mass/chamber diameter ratio (Lorell and
Carabello, 2000) (figure 2.3). Hypertension related increases in cardiac
hypertrophy together with the associated increase in fibrosis further result in
decreased chamber compliance (Opie, 1991). Tsotetsi et al. (2001)
investigated the progression of essential hypertension and the resulting left
ventricular hypertrophy in spontaneous hypertensive rats (SHR). These rats
were compared with age-matched Wistar Kyoto controls (WKY), while
monitoring a separate group of SHR and WKY on the antihypertensive drug,
hydralazine. The progression from left ventricular hypertrophy to left
ventricular dilatation and the subsequent development of signs of heart failure
were prevented in the SHR drug treated group. The outcomes of this study
suggests that in essential hypertension the myocardium will progress from a
state of left ventricular hypertrophy to left ventricular dilatation and heart

failure.
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Obesity

Hypertension

hypertrophy

Figure 2.3: Effect of obesity and hypertension on myocardial
chamber and wall morphology (Modified from Opie, 1991)

2.1.3.3.2 Effect of obesity and hypertension on systemic

haemodynamics and the myocardium

A strong link between obesity and hypertension exists (Van ltallie, 1985).
Obesity as stated earlier is associated with an increased blood volume and
consequently increased preload to the myocardium. Hypertension is
associated with an increased afterload (Messerli et al. 1981; Aneja et al.
2004). Messerli et al. (1981) assessed systemic hemodynamics in 135 lean,

mildly obese, or distinctly overweight subjects that were normotensive or had

32



borderline or established essential hypertension. All measurements were
taken at rest. Cardiac output was elevated and peripheral resistance lower in
obese normotensive subjects, while hypertensive subjects had a higher
peripheral resistance. These findings were later confirmed by Schmeider and
Messerli (1993). Significantly, Schmeider and Messerli (1993) found that
obese hypertensive subjects had a lower peripheral resistance compared to
lean hypertensive subjects. Moreover the degree of left ventricular
hypertrophy was more pronounced in the hypertensive groups than in the
normotensive groups. It was however observed that the level of hypertrophy
progressively increased with the presence of obesity. Lastly obese
hypertensive patients were shown to have normal ventricular function (normal
fractional shortening) indicating that the heart was able to compensate with
the double burden placed on it. Schmeider and Messerli (1993) concluded
that obesity mitigated systemic changes in the vascular bed imposed by
hypertension, but the two conditions together exacerbated the degree of left

ventricular hypertrophy.

2.1.3.3.3 Hypertension and ischaemia/reperfusion injury

As hypertension can result in cardiac hypertrophy, the majority of the studies
investigate the effect of hypertension induced cardiac hypertrophy on
myocardial susceptibility to ischaemia and reperfusion injury. Many studies
make use of SHR’s and compared them with WKY control rats. These studies
show that SHR’s rats are more susceptible to ischaemia and reperfusion
injury compared to the WKY rats (Tisne Vesailles et al. 1983; Golden et al.

1994). Okamoto et al. (1993) treated SHR rats with hydralazine or captopril
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from 19 to 26 weeks of age. Both drugs decreased systemic blood pressure
but only captopril reduced left ventricular weight when compared to control
SHR. At the end of the study, the hearts were removed and perfused on the
isolated working rat heart perfusion apparatus. The susceptibility of the SHR
hearts to ischaemia and reperfusion injury was reduced in rats that had a
decrease in arterial blood pressure and a decrease in left ventricular weight
(captopril treated group). Ischaemic tolerance did not however improve in rats
with a decreased arterial blood pressure but increased heart weight
(hydralazine treated group). This suggests that the cardiac hypertrophy,
induced by hypertension, may be responsible for the increased ischaemia and

reperfusion injury seen in hypertension.

Hypertension, as mentioned earlier, is associated with alterations in the renin-
angiotensin system (RAS), as antagonists of the Ang Il receptor leads to a
drop in systemic blood pressure (Rossi et al. 2000). Data published by
Schmieder et al. (1996) suggested a possible link between elevated blood
Ang Il, hypertension and left ventricular hypertrophy in patients with a high
dietary sodium intake. Ang Il mediates its effects via its AT receptor (to be
discussed later) and the expression of the ATq receptor has been seen to
increase following ischaemia and reperfusion the rat heart (Sun and Weber,
1994; Yang et al. 1997). Activation by Ang Il, and increased expression of the
AT receptor has been shown to play a role in ischaemia and reperfusion
injury as antagonists of the AT; receptor have been shown to be
cardioprotective by improving post-ischaemic left ventricular function

(Yoshiyama et al. 1994), a finding that has been confirmed by Frolkis et al.
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(2001). Inhibiting the effects of Ang Il by using an Ang Il converting enzyme
inhibitor, lisinopril, or an Ang Il antagonist, L-158,338 prior to an infarction,
induced myocardial protection as reflected by an improved functional recovery
after ischaemia (Werrmann and Cohen, 1994). Therefore it could be
speculated that hypertensive individuals with elevated blood Ang Il levels may
be more susceptible to ischaemia and reperfusion injury than their

normotensive counterparts.

2.1.3.4 Dyslipidaemia

The lipid profile of patients with MS is usually associated with elevated VLDL-
cholesterol particles, hypertriglycerigemia, reduced HDL-cholesterol and
elevated small dense LDL-cholesterol (Medvedeva et al. 2003; Tkac, 2005).
Lowered levels of HDL cholesterol are undesirable as HDL-cholesterol is
atheroprotective, by mediating reverse cholesterol transport from the
peripheral tissue to the liver (Stein and Stein, 1999). Low levels of HDL-
cholesterol especially with decreased amounts of apolipoprotein A-l content
are consequently a strong independent risk factor for coronary heart disease

(Luc et al. 2002).

Dyslipidaemia is associated with many vascular complications but for the
purpose of this study only the myocardial consequences of this condition will
be discussed further. It is important to remember that rats do not become
hypercholesterolemic, but display a different lipid profile to other mammals,
after consuming a high cholesterol diet (Horton et al. 1995; Roach et al.

1993).
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2.1.3.4.1 Hypercholesterolaemia and cardiac function

Schwemmer et al, (2000) demonstrated myocardial dysfunction in adult male
guinea pigs, in a model of diet-induced hypercholesterolemia (1%
cholesterol). These Langendorff perfused hearts had decreased basal left
ventricular pressures, contractility and diastolic relaxation. These functional
abnormalities were associated with enhanced oxidative stress, which was
indirectly measured by monitoring plasma xanthine oxidase activity. When the
AT receptor blocker, losartan, or the angiotensin converting enzyme inhibitor,
enalapril were added to the diet, myocardial systolic and diastolic function was
effectively restored (Schwemmer et al. 2000). This finding was probably due
to reduced oxidative stress following AT receptor antagonism, as indicated by
a lower plasma activity of xanthine oxidase. It has been shown that signalling
via the AT, receptor favours the formation superoxide, through the activation
of NAD(P)H, in the vasculature of rabbits fed a hypercholesterolemic diet.
This effect was abolished upon AT, receptor blockade (Warnholtz et al. 1999).
This suggests that elevated Ang Il may indirectly increase the amount of
oxidative stress placed on the heart. Several other studies also highlight the
adverse consequences of upregulated components of the RAS as seen in

dyslipidaemia (Nickenig et al. 1997; Daugherty et al. 2004).

Cardiac functional reserve may also be impaired in hypercholesterolemic
states. Minipigs were fed a high cholesterol diet for 8 months. Cardiac
functional reserve was calculated by measuring the magnitude of the inotropic
response of the heart to an isoproterenol challenge. The isoproterenol elicited

an increase in ventricular contractility and relaxation rate. The resultant
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increase in cardiac output was lower in the high cholesterol fed group
compared to control minipigs, demonstrating a decreased functional reserve

due to hypercholesterolaemic state in the minipigs (Wang et al. 2002b).

2.1.3.4.2 Hypercholesterolaemia and ischaemia/reperfusion injury

Models of diet-induced hypercholesterolemia have demonstrated the adverse
effects of dyslipidaemia on the myocardium following an ischaemic insult.
Wang et al. (2002a) showed that rabbits fed a 10 % cholesterol supplemented
diet, had increased infarct size and increased cardiomyocyte apoptosis after
left circumflex artery occlusion followed by reperfusion. This was despite the
fact that their myocardial Bcl-2/Bax ratio at baseline was higher than controls.
Larger infarct sizes have also been seen elsewhere (Golino et al. 1987)
emphasizing the risk of increased injury following an ischaemic insult in

hypercholesterolaemia.

Controversially, there is one study in which diet-induced (2 % cholesterol)
hypercholesterolemia resulted in an increased resistance to
ischemia/reperfusion injury in a rabbit heart after 6 weeks of feeding (Le
Grand et al. 1995). This same model has however previously been used to
show that the rabbit myocardium is more susceptible to an
ischaemia/reperfusion insult after 2-3 and 5 weeks on the diet (Tilton et al.
1987). Cardiac functional recovery did improve following an ischaemic insult
from the 2-3 to the 5 week diet-fed rabbits, suggesting the development of

resistance to ischaemia/reperfusion injury, with prolonged cholesterol feeding
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2.1.3.4.3 Hypertriglyceridaemia and cardiac function

Hypertriglyceridemia, another component of the MS definition, also exerts an
effect on myocardial function. In the normal functioning heart, nitric oxide (NO)
derived from various NO synthases, plays an important role in cardiac
function (Ashley et al. 2002; Massion and Ballingand, 2002). Experiments
performed on male Wistar rats, consuming a 2 % cholesterol enriched diet to
induce hyperlipidemia (elevated TG’s), have demonstrated a decreased
cardiac performance, as indicated by an increased left ventricular end-
diastolic pressure, using a working heart perfusion model (Onody et al. 2003).
This finding illustrated an inability of these hearts to relax adequately in the
dyslipidaemic state. This was attributed to decreased bioavailability of NO and
an increased formation of superoxide and their reaction product, peroxynitrite.
Peroxynitrite is thought to produce this cytotoxic effect on the heart by
reducing the coupling between ATP production and mechanical work (Schulz

et al. 1997).

2.1.3.4.4 Hypertriglyceridaemia and ischaemia/reperfusion injury

Monti et al, (2001) used a rat model displaying hyperglycaemia and
hyperinsulinaemia, and perfused the hearts on the Langendorff perfusion
system. Intralipid is a pool of different types of TG’s which was added to the
perfusion buffer to mimic various TG concentrations. Hearts were subjected to
60 minutes low-flow ischaemia. As TG concentrations were increased, the
hearts were more susceptible to the ischaemia/reperfusion insult as seen in
the progressively poorer myocardial functional recoveries during reperfusion.

Of interest was the fact that increased TG concentrations resulted in a dose-
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dependant increase in ET-1 release from the heart. This increase was
proportional to the ischaemia/reperfusion induced mechanical dysfunction
seen in the model. The mechanism of TG induced ischaemia/reperfusion

induced injury may involve ET-1, although the exact mechanism is unknown.

2.1.3.5 Microalbuminuria

As microalbuminuria was not investigated in this study, it will only be dealt
with briefly. Protein in the urine, even in small amounts, is considered to be a
risk factor for kidney disease and cardiovascular disease in individuals with
diabetes and/or hypertension (Tagle et al. 2003). A miniscule amount of
albumin, the major plasma protein, is indeed excreted in the urine. The 90"
percentile for the urinary albumin excretion rate in population-based studies is
20 pg/min (Tagle et al. 2003). Microalbuminuria is defined as the abnormally
high wurinary albumin excretion rate of 20-200ug/min (Parving, 1996).
Microalbuminuria has been shown to occur in conjunction with other factors

(Niskanen et al. 1990; Sengul et al. 2005) associated with the MS.

It was reported that the presence of microalbuminuria in otherwise healthy
individuals is associated with high blood pressure, and low plasma
concentrations of apolipoprotein A-1 and HDL cholesterol, thus increasing the
risk of developing atherosclerosis (Jensen et al. 1995). Significantly,
microalbuminuria has been shown to be an independent risk factor for

ischaemic heart disease (Borch-Johnsen et al. 1999).
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2.1.4 Metabolic syndrome and cardiac arrhythmias

Individuals with the MS may also be predisposed to ventricular arrhythmias.
Sorrentino et al. (2003) compared normoglycaemic, normolipaemic, mild-
moderate hypertensive patients (group A) to mild-moderate hypertensive
patients displaying elevated serum cholesterol and/or TG’s and/or glucose
levels (group B). Patients with signs of ischaemia or hypokalaemia were
excluded. Ventricular ectopic beats were measured elecrocardiographically.
66 % of group A and 100 % of group B displayed ventricular ectopic beats,
which were less severe in group A. In group B, the most severe ventricular
arrhythmias were seen in those patients with left ventricular hypertrophy (72.7

% of group B).

Elevated plasma FFA, which are characteristic in the MS, have also been

proposed to increase the incidence of ventricular arrhythmias especially

ventricular fibrillation (Oliver, 2002).

2.1.5 Cardiac hypertrophy as a unifying manifestation of the metabolic

syndrome

After assessing the individual components of the MS, and their influence on
the cardiovascular system, cardiac hypertrophy emerged as a unifying
consequence of most of the components of this condition. Recently Chinali et
al. (2004) performed a population based study, in which they investigated left
ventricular geometry and function under the NCEP ATPIII criteria for the MS.
Subjects with the MS (non-diabetic, obese, hypertensive and insulin resistant

with compensatory hyperinsulinaemia) had significantly greater left ventricular
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dimensions, relative wall thickness, mass and a higher prevalence of left

ventricular hypertrophy compared to control subjects.

Cardiac hypertrophy thus seems to be a manifestation of the MS since its
involvement in the syndrome has been described in other studies (Davis et al.
2002; Lind et al. 1995). The question arises as to whether there could be
additional stimuli that are present in the MS, which could further contribute to
the development of cardiac hypertrophy, besides the mechanical and
hemodynamic stress placed on the myocardium as a result of obesity induced

volume overload.

An additional factor that may play a role in the development of cardiac
hypertrophy and the MS is Ang Il. Substantial evidence is available implicating
the involvement of Ang Il in the development of cardiac hypertrophy. In earlier
studies, cardiomyocytes isolated form Wistar-Kyoto rats were incubated with
Ang Il and Dulbecco's modified Eagle's medium (Neyses et al. 1993). The
presence of Ang Il was shown to upregulate Egr-1 and c-fos, which are
growth and differentiation genes. Adding Ang Il to both cultured neonatal rat
cardiomyocytes and cardiac fibroblasts additionally increased the rate of
protein synthesis in the cardiomyocyte, an effect that was abolished by AT
receptor blockade (Sadoshima and Izumo, 1993). Using an in vivo model
Bendall et al. (2002) infused Ang Il into mice with targeted disruption of the
NADPH oxidase subunit gp91(phox). Ang Il infusion caused no changes in
systolic blood pressure between groups. Ang Il increased heart/body weight

ratio, atrial natriuretic factor and beta-myosin heavy chain mRNA expression,
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myocyte area, and cardiac collagen content in wild-type but not in knock out
mice. These data indicate that Ang Il induces cardiac hypertrophy by the
production of NADPH oxidases, which is an important source of ROS. In
addition, following nontransmural myocardial infarction in rats, the expected
cardiac remodelling was reduced after treatment with both an angiotensin
converting enzyme inhibitor, or an AT: receptor antagonist indicating the

involvement of Ang Il in the remodelling process (Youn et al. 1999).

2.1.6 Angiotensin |l

The RAS has traditionally been seen as a circulating endocrine system
involving circulating peptides. During the nineties it became evident that the
circulatory RAS may not be the only source of Ang Il. The existence of local
RAS systems has now been well established and well described in certain
tissues such as the gonads (Speth et al. 1999), adipose tissue (Engeli et al.
2000), pancreas (Seria, 2001), placenta (Nielson et al. 2000), brain,

vasculature, kidney and heart (Bader et al. 2001).

The octapeptide Ang Il has diverse effects and can induce cell growth,
stimulation of hormone synthesis, ion transport and vasoconstriction. These
effects are carried out following the activation of the Ang Il receptors. Ang Il
receptors have been isolated in the brain, pituitary gland, vascular
endothelium, heart lungs, adrenal glands, kidney and liver (Timmermans et al.
1993). Two Ang Il receptor subtypes have been identified in humans
(Whitebread et al. 1989) namely the AT and AT, receptors. Both receptors

belong to the seven transmembrane, G-protein coupled receptor superfamily
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(Inagami et al. 1994). The AT receptor was subsequently found to have two
subtypes, the ATia and ATqg (lwai and Inagami, 1992), however these have

only been identified in the rat.

Signalling through the AT receptor has been shown, via a diverse set of
signalling pathways, to induce vasoconstriction (Silverthorn, 2004), sodium
and water retention (Silverthorn, 2004), sympathetic facilitation (Stegbauer et
al. 2003), positive inotropy (Moravec et al. 1990; Spinale et al. 1997), cellular
growth and proliferation (Sadoshima and Izumo, 1993), extracellular matrix
protein regulation (Brassard et al. 2005) and the generation of NAD(P)H
oxidases and reactive oxygen species (Gao et al. 2005). AT, signalling is
therefore thought to play a role in the pathogenesis of hypertension, vascular
and cardiac hypertrophy/remodelling and atherosclerosis (Kaschina et al.

2003).

The effects of signalling through the AT, receptor are less well known. A
possible reason for this could be the low distribution of AT, receptors relative
to AT receptors in the various organs or tissues (Zhuo et al. 1992). AT,
signalling is generally thought to counteract that of AT; signalling, and is
thought to play a role in vasodilatation (Tsutsumi et al. 1999), differentiation
and regeneration (Reinecke et al. 2003), apoptosis (Dimmeler et al. 1997),
and exert antigrowth or antiproliferative (Stoll et al. 1995) effects as seen by a
reduction in cardiac and vascular hypertrophy upon AT4 blockage in AT, null

mice (Wu et al. 2002).
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The AT; receptor is the predominant receptor in the rat heart (Yang et al.
1997), however in humans, it has been shown that the AT, receptor is the
predominant subtype (Regitz-Zagrosek et al. 1995; Wharton et al. 1998). Ang
Il through the AT4 receptor plays an important role in the development of
cardiac hypertrophy. Following the development of cardiac hypertrophy in
response to aortic banding, Lopez et al. (1994) saw that the AT receptor
density decreased with the AT, receptor becoming the predominant receptor
subtype. This change in receptor density could however depend on the model
used to induce cardiac hypertrophy. The FFR, a dietary model of MS, was
shown to retain the ATq receptor in the left ventricle as the predominant

receptor during cardiac hypertrophy (lyer et al. 1996b).

2.1.6.1 Obesity, metabolic syndrome and angiotensin Il

The RAS may play a role in the MS. In humans, therapeutic inhibition of
components of the RAS has been used to combat the effects of the MS

(Nalbantgil et al. 1998; Nashar et al. 2004).

Obesity, which is the potential starting point of the MS, is associated with
increasing RAS activity (Barton et al. 2003) due to the presence of a local
RAS in the adipocytes. Data presented by Harte et al. (2005) suggest that an
increase in adipose tissue, as seen in obesity, together with a
hyperinsulinemic state may upregulate RAS activity. Additionally they found a

strong correlation between BMI and circulating Ang Il levels.
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Insulin could possibly be involved in modulating the RAS in the MS. Present
data suggest a complex interplay between the actions of insulin and Ang I,
although the molecular basis thereof requires further investigation. It may
however be possible for the hyperinsulinemic state as seen in obesity and the
MS to alter the RAS activity, especially in the vasculature. Doses of 100 and
1000, but not 10 plU/mL of insulin, has been shown to increase
angiotensinogen mMRNA expression and production as well as stimulate the
growth of cultured rat vascular smooth muscle cells (VSMC), similar to that
seen with Ang Il stimulated growth. These insulin induced growth effects were
inhibited by inhibiting the production of Ang Il as well as blockage of the AT,
receptor (Kamide et al. 1998). Additionally, 139 plU/mL insulin was shown to
cause an upregulation of the AT, receptor expression, thus increasing the
density of the AT4 receptors in the VSMC. This increase in receptor density
resulted in an enhanced functional response of the VSMC to Ang Il
stimulation (Nickenig et al. 1998). These concentrations of insulin are
pathophysiological. Lastly insulin was shown to increase the Ang Il induced
DNA synthesis in a concentration dependent manner in VSMC (Ko et al.
1993). This has implications for Ang Il induced growth in other tissues in
hyperinsulinemic states. The effect of Ang Il induced growth in response to
various concentrations of insulin in cardiomyocytes has not yet been

investigated.

Insulin and Ang Il also share certain signalling pathways, as Ang Il was shown

to induce tyrosine phosphorylation of IRS-1 and its association with PI3K,

insulin’s major signalling molecule. This was performed in vivo in the rat heart
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(Saad et al. 1995). The same group showed however that Ang Il stimulation
resulting in the association of IRS-1 and PI3K, results in an acute inhibition of
basal as well as insulin stimulated PI3K activity (Velloso et al. 1996). This

could have serious implications during insulin resistant states.

Nevertheless, regardless of the stimulus, the RAS can be considered to play

an important role in MS.

2.1.6.2 Angiotensin Il and ischaemia/reperfusion injury

Ang Il has been implicated in ischaemia and reperfusion injury. Angiotensin
converting enzyme inhibitors have been used in animal models to investigate
ischaemia and reperfusion injury and have been shown to improve cardiac
functional recovery as well as reducing reperfusion arrhythmias in the
myocardium following an ischaemic insult (de Graeff et al. 1986). Inhibition of
Ang |l signalling through AT; receptor blockade has also been shown to

reduce reperfusion arrhythmias (Yahiro et al. 2003).

Yang et al. (1997) clearly demonstrated the negative effects of the Ang Il AT
receptor signalling during ischaemia and reperfusion in isolated perfused rat
hearts. Cardiac mechanical function was predictably worse in hearts
undergoing ischaemia and subsequent reperfusion compared to continuously
perfused hearts. This drop in mechanical function in the
ischaemia/reperfusion group occurred concurrently with a rise in myocardial
AT4 receptor expression. This rise in AT4 expression did not occur in the

continuously perfused group. Treatment with an AT; receptor antagonist,
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losartan, before ischaemia/reperfusion and during the reperfusion period
prevented both the decrease in reperfusion cardiac mechanical function and

the increase in AT expression.

2.1.6.3 Obesity/metabolic syndrome, angiotensin |l and cardiac

hypertrophy

As described in section 2.1.5, it is well established that Ang Il is involved in
the development of cardiac hypertrophy. The question arises as to whether
there is any evidence that Ang Il signalling is implicated in the development of

cardiac hypertrophy in the context of obesity and the MS.

Obesity and specifically the presence of visceral obesity has been associated
with an upregulated RAS (Barton et al. 2003). Endogenous over-expression of
the RAS occurs in the visceral tissue of obese humans (Giacchetti et al. 2002)
and in diet-induced obese rats (Boustany et al. 2004). Ang Il may therefore
play a role in mediating cardiac hypertrophy in the MS as a result of obesity.
In fact, Ang Il has previously been shown to contribute to the development of
cardiac hypertrophy in our model of obesity-induced cardiac hypertrophy (Du
Toit et al. 2005). Treatment of obese rats with losartan, an AT receptor
antagonist reduced the extent of the cardiac hypertrophy occurring in these

rats.

The FFR is a prediabetic model used to investigate the pathophysiologic

mechanisms of the various changes associated with MS. These rats develop

insulin resistance, hyperinsulinaemia, hypertriglyceridaemia, hypertension and
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cardiac hypertrophy (Miatello et al. 2004). Significantly the FFR displays
visceral obesity (Furuhashi et al. 2004), has elevated plasma Ang Il
concentrations and a high density of ATy receptors in the hypertrophied
ventricles (lyer et al. 1996b). In the FFR the development of cardiac
hypertrophy was attenuated by AT receptor antagonism (Kamide et al. 2002).
AT receptor blockers used in FFR improved insulin sensitivity together with
glucose tolerance as well as ameliorating the overproduction of TG’s (lyer et
al. 1996a; Okada et al. 2004). Hypertrophied FFR hearts have been shown to
have higher levels of Ang Il in the left ventricles (Kamide et al. 2002). Baker et
al. (2004) demonstrated the significance of elevated Ang Il in the cardiac
tissue and provided evidence of an intracrine mechanism in Ang Il induced
cardiac hypertrophy. Briefly, plasmid vectors, constructed to express Ang Il
intracellularly, were injected into adult mice. These mice developed significant
cardiac hypertrophy, without the intervention affecting blood pressure or
circulating Ang Il levels in the plasma. Blocking the AT4 receptor with losartan
did not prevent the growth effects, indicating that it was the Ang Il inducing
cardiac growth intracellularly. These studies suggest a role for the RAS in the

pathogenesis of the MS

2.1.7 Endothelin-1

ET-1 is produced most abundantly by the vascular endothelial cells. The
constitutive pathway in which ET is synthesized starts with the gene product
of the ET-1 gene, preproET-1. A signal peptidase removes a short peptide
sequence from preproET-1 to form pro-ET-1, which is converted to big-ET-1

by a maturing enzyme, furin (Blais et al. 2002). Big-ET-1 is released into the
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peripheral circulation from the endothelial cell. Subsequent proteolytic
cleavage of big-ET-1 by endothelin converting enzyme produces the mature
ET-1 (Xu et al. 1994). The alternative pathway in the formation of ET-1
involves an enzyme called chymase, derived from mast cells, which converts

big-ET-1 into ET-1 by cleavage at Tyr*'-gly*? (D’Orléans-Juste et al. 2003).

ET-1, which is considered to be the most potent vasoconstrictor, is
continuously released from the endothelial cells into the circulation where they
act upon the VSMC to maintain basal vascular tone (Davenport, 2002). ET-1
can also be released rapidly in the regulated pathway from cell specific
storage granules (Weibel-Palade bodies) on the endothelium. It is thought that
external physiological stimuli, or pathophysiological stimuli, can result in
degranulization of the granules, with subsequent release of ET-1 and a
vasoconstrictor response (Weibel and Palade, 1964; Russell and Davenport,

1999).

To date only 2 endothelin receptors have been isolated and cloned, they are
ETa (Adachi et al. 1991) and ETg (Nakamuta et al. 1991). Since enothelin-1 is
an endothelial derived vasoactive peptide, its receptors are expressed in all
tissues. The function of the ETa receptor is mainly to induce vasoconstriction,
whereas the ETg receptor may play a role in the release of endothelium
derived relaxing factors (Warner et al. 1989; Davenport et al. 2002). Both

receptors are present in the heart (Thibault et al. 1995)
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2.1.7.1 Endothelin-1 and the metabolic syndrome

Besides the involvement of the RAS in the MS, it is possible for another
vasoactive peptide, ET-1 to also play a role in the development of cardiac
hypertrophy in the MS, due to its interaction with Ang Il. In rats, Ang Il has
been shown to increase ET-1 protein expression and functional endothelin
converting enzyme activity, in vascular smooth muscle and kidney. This
occurs via the ETa receptor in vivo (Barton et al. 1997). Additionally, the Ang I
induced increased expression of ET-1 in the vasculature, was shown to
mediate a major part of Ang II's growth effects on VSMC (Moreau et al. 1997).
This process was abolished following ETa inhibition in the preparation. In
cultured neonatal cardiomyocytes, Ang Il was shown to upregulate preproET-
1 mRNA 3-fold and stimulate an increase in ET-1 release from the
cardiomyocytes in a dose dependant manner. ET-1 subsequently acted in an
autocrine/paracrine manner via its ETa receptor to increase protein synthesis
(Ito et al. 1993), implying a role for ET-1 in Ang ll-induced cardiac
hypertrophy. However in an in vivo study, using Sprague-Dawley rats, it was
shown that ET-1 did not mediate the cardiac hypertrophic effect of Ang Il
through its ETa receptor, implying a role for the ETg receptor in the
development of cardiac hypertrophy (De Smet et al. 2003). The information
provided here suggests that in the MS, the RAS and ET-1 may play an

important role in the development of cardiac hypertrophy.

Data which further support a role for ET-1 in the MS was presented by Piatti

et al. (2000). They showed that ET-1 release could be upregulated in the MS.

Multiple regression analysis conducted by this group showed that ET-1 levels
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correlated with TG levels and the amount of glycosylated haemoglobin in the
MS, suggesting that ET-1 may play a role in the MS. It was recently shown
that adolescents with obesity, hypertension, or diabetes had higher plasma
ET-1 levels. This group showed that there was a strong correlation between
plasma ET-1 levels and body mass index, lipid parameters and systolic blood

pressure, all of which are components of MS (Glowinska et al. 2004).

2.1.7.2 Endothelin-1 and ischaemia/reperfusion injury

ET-1 is though to play a role in ischaemia/reperfusion injury as pericardial
fluid ET-1 levels are more elevated in patients with ischaemic heart disease,
relative to those with non-ischaemic heart disease (Namiki et al. 2003).
Experimental evidence supporting a role for ET-1 in ischaemia/reperfusion
injury was seen when ET-1 induced cardiomyocyte necrosis during an
episode of ischaemia and reperfusion (Brunner et al. 1997). Further studies
have revealed that exogenous ET-1 added to the perfusion buffer may, via its
ETa receptor, worsen ventricular and coronary reperfusion dysfunction and

exacerbate ischaemic contracture (Brunner and Opie, 1998).

An experiment by Brunner and Kukovetz (1996) revealed that ET-1 may also
be proarrhythmic. As mentioned, angiotensin converting enzyme inhibitors
have been shown to improve functional recovery as well as reducing
reperfusion arrhythmias in the myocardium following an ischaemic insult (de
Graeff et al. 1986). Brunner and Kukovetz (1996) perfused isolated hearts
treated either with an endothelin receptor antagonist or an angiotensin

converting enzyme inhibitor. Both drugs reduced the incidence of reperfusion

51



arrhythmias. This incidence was almost completely reduced when the drugs
were used simultaneously. The angiotensin converting enzyme inhibitors
effect on the incidence of arrhythmias was accompanied by a decrease in ET-
1 release in the coronary effluent. Exogenous ET-1 added to the perfusion
buffer was seen to be proarrhythmogenic, suggesting a role for ET-1 in

reperfusion induced arrhythmias.

2.1.7.3 Endothelin-1, angiotensin Il and cardiac hypertrophy

ET-1 possibly also plays a role in cardiac hypertrophy. Indirectly, it has been
seen that plasma levels of ET-1 were significantly higher in hypertensive
patients with left ventricular hypertrophy compared to hypertensive controls
(Hua et al. 2000), implying involvement of ET-1 in the development of cardiac
hypertrophy. Directly, ET-1 has been shown to stimulate growth in cultured
ventricular cardiomyocytes by acting via both its ETa and ETg receptors (Ito et
al. 1993; Cullen et al. 2001). When cardiac hypertrophy was induced by
pressure overload in a rat model, using aortic banding, plasma and ventricular
ET-1 levels and endothelin receptor density on the membrane was increased
(Wang et al. 2001c). Finally, when SHR that develop cardiac hypertrophy
were treated with the general endothelin receptor antagonist, bosentan, it had
no effect on blood pressure, but decreased left ventricular hypertrophy and
cardiac fibrosis compared to untreated SHR (Karam et al. 1996). ET-1 has
been shown to increase cardiac contractility (Zerkowski et al. 1993), but it is
not known whether or not this plays a role in the development of cardiac

hypertrophy.
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2.1.8 Obesity, metabolic syndrome and coronary artery disease

Obesity has been shown to be an independent risk factor for coronary artery
disease (Rimm et al. 1995). Considering the various components associated
with the MS, one would expect a strong association between MS and
coronary artery disease. Longitudinal studies support this notion. Lakka et al.
(2002) performed a 9 — 14 year follow up study on patients meeting the NCEP
ATP Il criteria of MS. At the beginning of the study these patients were
without any form of cardiovascular disease or type 2 diabetes. Patients were
reassessed at the end of the study term. The study concluded that patients
meeting the criteria for the MS had 4 fold risk of developing coronary heart
disease. Despite the high risk of developing coronary artery disease in
obesity and the MS, there is a lack of obesity induced models of MS available
to study the effects of the syndrome on the myocardial susceptibility to

ischaemic disease.
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2.2 Cardiac ischaemia and reperfusion

Ischaemia literally means inadequate blood flow, and was said to occur
(Jennings, 1970) whenever the arterial blood flow through a diseased vessel
is reduced to a volume below that required by the myocardium for adequate
function. Metabolically, ischaemia occurs when the arterial blood flow is
insufficient to provide enough oxygen for intracellular respiration by shifting
from aerobic to anaerobic respiration (Jennings and Yellon, 1992). For the
survival of an ischaemic myocardium, early reperfusion is essential. There is
however a paradox surrounding reperfusion. Although it is absolutely
necessary, there is sufficient evidence to suggest that reperfusion of the
myocardium may itself result in cell death (Hearse, 1977; Becker and
Ambrosio, 1987). Consequently there are 2 forms of injury that take place
following an ischaemic insult. Injury induced by an ischaemic episode, and
injury induced by the subsequent reperfusion of the myocardium. Both
ischaemia and reperfusion induced injury are manifested in either reduced

mechanical function of the myocardium, or cardiac arrhythmias, or both.

2.2.1 Ischaemia

From the work of Jennings et al. (1960) it became evident that two forms of
ischaemic injury occur, namely reversible and irreversible ischaemic injury.
The severity as well as the duration of the ischaemic insult plays an important
role in the degree of injury to the myocardium. DeBoer et al. (1983) showed
that the product of coronary flow deprivation (FD) (due to the ischaemic insult)
and the duration of the ischaemic insult (T) (FD x T), correlated with the extent

of myocardial necrosis and was used as an ischaemic index. This ischaemic
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index was also able to predict the development of irreversible ischaemic
damage. Reversible ischaemic injury is thus considered to be due to a brief
ischaemic period, with a rapid recovery of the myocardium upon reperfusion,
while irreversible ischaemic injury is defined as the consequence of a
prolonged, severe ischaemic insult, causing cell necrosis (Jennings et al.
1960). The common viewpoint was that necrosis was the only mechanism of
myocyte death, following a myocardial infarction (Nadal-Ginard et al. 2003). In
contrast, evidence is available to suggest that apoptosis may also contribute
to the cell death seen during ischaemia. Ischaemia, over a prolonged period
of time (2.25 hours), was shown to induce a certain amount of apoptosis (Fliss
and Gattinger, 1996). It is speculated that the extent of apoptosis may either
be due to the severity and duration of the ischaemic insult or due to the
infiltration of neutrophils. Immediately after the ischaemic event, it is thought
that apoptosis affects more than 80 %, and necrosis less than 20 % of the
myocytes in the ischaemic zone respectively (Bardales et al. 1996). However,
the contribution of necrosis induced cell death increases with time, until the
two types of cell death overlap (Nadal-Ginard et al. 2003). After coronary
artery occlusion, single and double strand DNA breaks are found in the
myocytes, especially in the region surrounding the dead tissue (Li et al. 1997).
Double stranded breaks signify apoptosis (Nadal-Ginard et al. 2003). These
data suggest that apoptosis may continue in the non-ischaemic region of the

heart adjacent to the infarct.
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2.2.2 Metabolic and ultrastructural changes associated with ischaemia

Ischaemia is associated with various metabolic and ultrastructural changes
(Table 2.2). Puri et al. (1975) investigated the various metabolic and
ultrastructural changes in the myocardium of dogs’ in vivo, after the induction
of ischaemia by coronary artery ligation for 30, 60 or 90 minutes, with
subsequent reperfusion for 60 minutes. The changes seen during the
ischaemic insult included ATP and creatine phosphate loss, swelling of the
sarcoplasmic reticulum (after 60 and 90 minutes ischaemia), myofibril
relaxation and mitochondrial damage (swelling, decreased matrix density and
partial loss of cristae). Jennings and Ganote, (1976) and Schaper et al. (1979)
observed similar ultrastructural changes in the myocardium during ischaemia.
These ultrastructural changes are thought to be brought about by a
combination of mechanisms occurring during ischaemia. These include
depletion of energy stores (Puri et al. 1975; Jennings and Ganote, 1976;
Schaper et al. 1979); accumulation of metabolic by-products (Neely et al.
1973) such as lipid metabolites (Corr et al. 1984); intracellular acidosis
(Cobbe and Poole-Wilson, 1980; Neely et al. 1984); intracellular calcium
(Ca**) accumulation (Clusin et al. 1983; Nayler et al. 1988); and reactive
oxygen species (Hess and Manson, 1984; Kako, 1987). Additionally
ischaemia is associated with an increase cytosolic Na* (Shen and Jennings,
1972; Tani and Neely, 1989), which is largely responsible for the increased
cytosolic Ca** (Murphy et al. 1990) (the mechanism is reviewed by Karmazyn
and Moffat, 1993). Loss of K* from the cell (Opie et al. 1969) also occurs
during ischaemia. Lastly, Iwai et al. (2002) have recently presented data to

suggest that elevated Na® itself may induce deterioration of mitochondrial
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function during an ischaemic insult, and that this damage may be responsible

for the post ischaemic contractile dysfunction seen during reperfusion.

It is seen that in reversible ischaemic injury induced by 15 minutes coronary
artery occlusion, the cellular changes (low high-energy phosphates and the
adenine nucleotide pool levels, depletion of glycogen, with lactate and H*
accumulation, and mild intracellular edema) normalize following reperfusion

(Jennings et al. 1990).

Table 2.2: Changes associated with myocardial ischaemia
Swelling of the sarcoplasmic reticulum
Myofibril relaxation
Mitochondrial damage

Swelling

Decreased matrix density

Partial loss of cristae
Depletion of energy stores
Accumulation of metabolic byproducts
Intracellular acidosis
Accumulation of intracellular calcium
Accumulation of reactive oxygen species
Increased cytosolic sodium
Loss of intracellular potassium

These metabolic and ultrastructural abnormalities may play a role in affecting

the myocardium on a functional level (table 2.3)

2.2.3 Ischaemia and contractile dysfunction

During an ischaemic insult functional changes such as depressed contractile
activity are almost immediately detectable (Puri et al. 1975; Jennings and
Ganote, 1976; Schaper et al. 1979; Jennings et al. 1990). It is thought that

one of the most important mechanisms underlying ischaemia-reperfusion-
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induced myocardial contractile dysfunction is the inability to produce energy
(Jennings and Ganote, 1976; Takeo et al. 1988). Indeed, ATP levels are
slightly lowered before the onset of contractile failure (Hearse, 1979). Whether
ATP is the sole factor playing a role in contractile dysfunction is doubtful. The
decrease in ATP may be responsible for the inactivity of channel pumps that
are essential to maintain ion homeostasis. Disruption of ion homeostasis as
seen in ischaemia plays an important role in ischaemia induced injury of the
myocardium. Elevated cytosolic Ca** may also play a role in the activation of
phospholipases, increase depolarizations and cause ischaemic contracture.
Significantly this contracture can be prevented with the production of ATP
from glucose (Owen et al. 1990). Na* overload is also problematic since it
indirectly results in Ca®" overload upon activation of the Na*/Ca?* exchanger

(Murphy et al. 1988).

The second possible reason for the myocardial contractile dysfunction seen
during ischaemia may be the accumulation of inhibitory metabolites.
Accumulation of protons, a by-product of glycolysis, during ischaemia and the
resultant acidosis was shown to play a role in inducing irreversible damage to
the myocardium during the ischaemic period (Neely et al. 1984). Acidosis may
also hinder contractile function of the myocardium. Tennant (1935) noticed
that contractile dysfunction was associated with lactic acid accumulation. This
may be an indirect effect of protons displacing Ca®* from their binding sites on

the thin filament (Katz and Hecht, 1969).
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2.2.4 Cardiac ventricular arrhythmias

The term arrhythmias or dysrhythmias, simply means to have an abnormal
heart rhythm. Arrhythmias can originate ventricularly or supraventricularly.
Cardiac arrhythmias are a form of reversible injury and have several causes
including ischaemia/reperfusion (Opie, 1991). The presence a hypertrophied
myocardium may additionally increase the prevalence of cardiac arrhythmias
(Wolk, 2000). The heartbeat or rhythm is generated through the coordination
of electrical signals by means of ion channels. lon channels are pore-forming
proteins that are incorporated and cross the lipid membrane of the cell. Their
function is to conduct ions across this otherwise impermeable membrane. lon
channels can selectively move ions down their electrochemical gradient
across the cell membrane. As a result of this, they can either depolarize a cell,
by moving positively charged ions into the cytosol, or repolarize a cell, by
allowing positively charged ions to move out of the cell (Kass, 2005).
Precisely timed opening and closing of the cardiac ion channels results in cell
excitation which is in turn coupled to the rhythmic contraction/relaxation of the
heart (Clancy and Kass, 2005). Abnormalities occurring with the ion channel,
or the ion homeostasis can disrupt the normal electrical rhythm of the heart
predisposing the heart to the development of debilitating cardiac arrhythmias.
(for a review see by Roden et al. 2002). Depending on the severity of the
arrhythmias, they can disrupt the coordinated contraction of the heart and
lead to the failure of the heart to develop sufficient pressure for normal blood
circulation. Abnormalities in heart rhythm are of concern as it has been
reported that as many as 300000 Americans die of sudden death annually as

a result of arrhythmias (Zipes and Wellens, 1998). These figures also reflect
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the reality of the situation in several other westernized countries including

South Africa.

For the purpose of this discussion, only arrhythmias of a ventricular origin will
be discussed. Secondly, emphasis will be placed on the contribution of
cardiac hypertrophy to the initiation of ventricular arrhythmias, as the model
we are presenting has been shown to have cardiac hypertrophy (Du Toit et al.
2005). Ventricular hypertrophy has been shown to predispose the
myocardium to early afterdepolarization induced triggered activity (Aronson,
1981; Charpentier et al. 1991). Because we observed arrhythmias after an
ischaemic insult in our study, the development of re-entry circuits and
ventricular automaticity will also be discussed as potential arrhythmogenic

initiators.

2.2.5 Ischaemic ventricular arrhythmias

It is thought that there are 3 mechanisms responsible for the development of
ischaemic ventricular arrhythmias; 1) ventricular automaticity 2) ventricular re-

entry circuits 3) triggered activity.

2.2.5.1 Automaticity

Automaticity describes the development of action potentials from a new site in
non-nodal tissue. Ventricular automaticity usually develops in Purkinje fibers.
Such a site is able to induce an ectopic beat with the possibility of inducing
ventricular tachycardia or ventricular fibrillation (Opie. 1991). Problems in K"

ion homeostasis have been implicated in the development of ventricular
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automaticity. Dyckner et al. (1975) found that 15 % of patients with acute
myocardial infarction were hypokalemic, which was related to a greater
incidence of ventricular arrhythmias. In a review by Motte (1984) it was stated
that hypokalemia might result in automaticity-induced arrhythmias by
increasing the slope of diastolic depolarization of the myocardial cell (phase 4

of the contractile cardiomyocyte action potential).

2.2.5.2 Ventricular re-entry circuits

Re-entry circuits are regarded as the most probable cause of clinical
arrhythmias and can give rise to single premature depolarization’s or
sustained tachycardia. Re-entry circuits occur 1) in the presence of
anatomical obstacles to the conduction or localized slow conduction, with or
without a unidirectional block, of the electric impulse or 2) abnormal
dispersion of refractoriness in areas of adjacent tissue, resulting in localized
areas of slow conduction or block (West, 1990). An ischaemic insult is
therefore problematic as it decreases the duration of the generated action
potentials in the ischaemic cells (Victor and Zipes, 1977). The resultant
variation of the action potential duration through ischaemic and non-ischaemic
cells and between sites of different severities of ischaemia can generate
differences in the refractory state of the myocardium (Opie, 1998), and
increase the risk for the development of re-entry circuits. Complicating matters
in the hypertrophied myocardium is the fact that the action potential duration
is much longer than in a normal myocardium, thus increasing the magnitude
of the variation of action potential duration between the ischaemic and the

nonischaemic zone (Opie, 1998)

61



A model often used to study re-entry circuit induced ventricular arrhythmias is
the branched Purkinje fiber preparation attached to ventricular myocardium

(Figure 2.4)
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MB

VM

C MB

VM

Figure 2.4: The re-entry phenomenon as recorded in a loop of
Purkinje fiber bundles (A and B) and ventricular muscle (VM). The
circles in branch B represent a unidirectional block. (Adapted from Wit
et al. 1974) MB; main bundle
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An impulse would normally travel along both Purkinje fiber bundles A and B
from the main bundle (MB) in order to rapidly depolarize the ventricular
muscle (VM) simultaneously (Figure 2.4 A). Action potentials in the His-
Purkinje system are of a longer duration than that in the ventricular muscle,
implying that re-entry into the bundles would not be able to occur as they
would still be in the refractory period. The circles in figure 2.4 B represent an
area of abnormal conduction in branch B, which is refractory to the antigrade
impulse (represented by the double lines). The effects of this are that this
region in branch B would markedly slow down the impulse or block it totally.
The same can be said if we were considering an ischaemic zone in ventricular
myocytes (Victor and Zipes, 1977). An impulse would therefore only travel
through bundle A antegradely to depolarize the ventricular muscle. However,
as the impulse travels through the ventricle it finds branch B is not refractory
(branch B exhibits unidirectional block) and will therefore enter the branch
retrogradely (figure 2.4 C). The impulse thus causes early re-excitation (re-
entry) of the main bundle as it travelled through the circular area in a
retrograde manner. Furthermore the impulse may re-enter branch A in a
circular movement. These early re-entry circuits may also be rapid and
repetitive and may dominate the ventricular rhythm (Wit and Cranefield 1977;

West, 1990)
The slow conduction through the areas of the myocardium is achieved during

ischaemic events due to dead cells or inhibition of fast ion channels. Early K*

loss and Ca?* influx into the cell after coronary artery occlusion, have been
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implicated in early alterations in action potentials leading to re-entry circuits
(Harris et al. 1954; Opie and Clusin, 1990) Intracellular acidosis may also
block action potential conduction (De Mello, 1982). This may be due

decreased free Ca?* during intracellular acidosis (Stowe et al. 1986).

2.2.5.3 Triggered activity

Triggered activity is the result of early or late afterpotentials following an
action potential. These early or late afterpotentials have the ability to cause a
further action potential or series of action potentials. It may occur in the
presence of elevated catecholamine levels and electrolyte disturbances

(hypokalemia) (West, 1990).

An ischaemic insult is of major concern due to all these possible outcomes on

the myocardial functional capacity (table 2.3).

Table 2.3: Consequences of ishaemia in the isolated perfused heart

Cell Death

Depressed contractile function

Ventricular arrhythmias
ventricular automaticity
reentry circuits
triggered activity

2.2.6 Reperfusion

Reperfusion is the full restoration of blood flow to an ischaemic area. Although
it is absolutely necessary, Jennings et al. (1960) was one of the first to report
evidence suggesting that reperfusion of the myocardium, may increase the

amount of cardiomyocyte necrosis occurring in an ischaemic heart.
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2.2.7 Reperfusion injury

Reperfusion injury in the clinical setting usually manifests itself as; 1) myocyte
death and necrosis, 2) myocardial stunning, 3) reperfusion arrhythmias, 4)
and endothelial or microvascular dysfunction, after the removal of an
ischaemic stimulus (Moens et al. 2005). Attention will however only be given
to cardiomyocyte death and necrosis, myocardial stunning and reperfusion

arrhythmias.

2.2.7.1 Cardiomyocyte death

Reperfusion is thought to induce a certain amount of cellular death. The initial
work of Jennings et al. (1960) revealed the development of contraction band
necrosis upon reperfusion. These changes could however be delayed by
postponing the reperfusion phase. The development of cardiomyocyte
contracture is thought to be the primary method for necrosis induced cell
injury upon reperfusion (Moens et al. 2005). Reperfusion may also induce
cardiomyocyte apoptosis. Reperfusion, although it has a protective effect by
decreasing the amount of apoptosis due to ischaemia, has a paradoxical
effect as it was shown to accelerate apoptosis in cells, previously predestined
to die (Fliss and Gattinger, 1996). Additional evidence supporting reperfusion
induced apoptosis involves the upregulatation of p53 (Xie et al. 2000) and Bax

(Zhao et al. 2000), which are promoters of apoptosis.
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2.2.7.2 Myocardial stunning

In a review by Braunwald and Kloner (1982) myocardial stunning was defined
as, “the prolonged post ischaemic mechanical dysfunction that continues after
reperfusion of previously ischaemic tissue, in the absence of irreversible
damage, which includes myocardial necrosis”. Ferrari (1995) emphasizes 3
points concerning stunning: 1) stunning in temporary and is fully reversible,
provided sufficient time is given for the myocardium to recover; 2) stunning is
a mild injury that is separate from injury seen in myocardial infarction; 3) the

stunned myocardium has a normal or close to normal coronary flow.

Experimental evidence for stunning has been seen in animals for a number of
years. Charlat et al. (1989) induced a 15-minute occlusion of the left anterior
descending coronary artery followed by reperfusion, in an in vivo canine
model, while monitoring systolic and diastolic functional parameters. These
functional parameters only normalized after a few days. Humans have also
been shown to be prone to myocardial stunning after acute myocardial
infarction, with normal mechanical function only returning after a few months
(Sakata et al. 1994). Stunning has also been seen to occur following unstable
angina. Jeroudi et al. (1994) echocardiographically assessed regional left
ventricular wall motion in six subjects immediately after angina, at rest, and at
several time points thereafter. The results obtained demonstrated that angina
at rest, was followed by a prolonged depression of cardiac contractile

function, which was seen to persist for a 24 hours or longer.
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Experiments by Heyndrickx et al. (1975) indicated that in order to achieve
complete reversible stunning soon after reperfusion, the average duration of
the ischaemic insult would have to be between 5 and 20 minutes. Ischaemic
insults of longer duration could possibly result in adverse effects, such that the
myocardium may not recover. This could be seen when Lavallee et al. (1983)
induced coronary artery occlusion in an in vivo canine model for a period of 2
or 3 hours, with subsequent reperfusion. 4 weeks of reperfusion did not
completely restore mechanical function. This results in what has become

known as the “maimed myocardium” (Boden et al. 1995).

The proposed mechanisms responsible for myocardial stunning are thought to
involve the generation of reactive oxygen species (Bolli et al. 1988) and
cytosolic calcium overload (Du Toit and Opie, 1992), conditions, which are
exacerbated during reperfusion. The cellular targets for reactive oxygen
species are not very well know. Reactive oxygen species have recently been
shown to oxidize cardiac proteins, in the ventricle and also in the mitochondria
(Tatarkova et al. 2005) and possibly contribute to the reperfusion injury seen.
They may also act by damaging mitochondrial phospholipids and induce lipid
peroxidation of the mitochondrial membrane (Paradies et al. 1999). Cytosolic
calcium overload occurring during postischaemic reperfusion is proposed to
damage the contractile apparatus (Meissner and Morgan, 1995) thus
hindering contractile function. The mechanisms by which these factors may

further induce myocardial stunning are reviewed by Bolli (1990).
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2.2.7.3 Reperfusion induced cardiac arrhythmias

For more than 2 decades, it has been known that reperfusion of an ischaemic
heart may predispose the myocardium to potentially lethal arrhythmias
(Manning et al. 1984) as electrical activity is fully restored upon reperfusion
(Pogwizd and Corr, 1987). In this regard, ventricular tachycardia and
ventricular fibrillation are associated with an increased risk of mortality
following reperfusion (He et al. 1992). Whether or not ventricular arrhythmias
occur upon reperfusion of the ischaemic myocardium may depend on the
degree of reversible ischaemic injury as no reperfusion arrhythmias are seen

to occur in dead cardiomyocytes (Corr and Witkowski, 1983).

Ca’" is proposed to play a central role in the development of reperfusion
arrhythmias. Brooks et al. (1995) using an isolated rat heart perfusion model,
showed that upon reperfusion, the development of ventricular tachycardia and
fibrillation were preceded by large increases in the amplitude of the calcium
transient. Most significantly, hearts that were not arrhythmogenic did not have

increased systolic Ca?* transients.

Direct Ca?* measurements performed on normal isolated rat hearts reveal
large cytosolic Ca®* oscillations during reperfusion (Meissner and Morgan,
1995). This may be due to the provision of ATP upon reperfusion, thus
allowing the excess cytosolic cycling of Ca**, which could predispose the
myocardium to delayed afterdepolarizations (a form of triggered activity) (Opie

and Coetzee, 1988). This continuous over-cycling of Ca** could induce a
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transient inward current that could predispose the myocardium to ventricular

automaticity (Coetzee and Opie, 1987).

In cardiac hypertrophy, the myocardium has been shown to be predisposed to
early afterdepolarizations (Aronson, 1981) and early afterdepolarization-
induced trigger activity (Charpentier et al. 1991). Certain abnormalities
occurring in the hypertrophied myocardium contribute to this form of
arrhythmia. These abnormalities will be further discussed in section 2.1.3.1.6

relating to cardiac hypertrophy
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2.3 Objectives of this study

In view of the above we set out to develop a model of diet induced obesity
and the MS and:
1) Characterize our model of obesity in terms of the working definition of
MS proposed by the WHO.
2) Investigate the susceptibility of the hearts from obese rats to ischaemia
and reperfusion induced injury.
3) Determine whether Ang Il and ET-1 plays a role in cardiac remodelling

and/or the severity of ischaemia and reperfusion injury in this model.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Animals

Age and weight matched male Wistar rats were used for this study. Rats were
weaned at 4 weeks of age and were allowed free access to food and water.
Rats were housed in the University of Stellenbosch Central Research Facility,
with a 12-hour artificial day-night cycle where a constant temperature (22°C)
and humidity (40%) were maintained. The South African Medical Research
Councils guide for the humane use of laboratory animals was followed
throughout the study. The Ethics committee of the Faculty of Health Sciences,

University of Stellenbosch, approved the study.

3.2 Study design (figure 2.1)

Upon reaching 200 + 20g, rats were randomly assigned to either a control or a
cafeteria diet (CD) group. Control rats were fed a standard rat chow diet
(SRC) while the experimental group received a special diet (cafeteria diet).
Obesity in this model was induced primarily by hyperphagia and not by
changes in the dietary composition (Pickavance et al. 1999) of the food. Rats
were fed for a period of either 12 or 16 weeks. This was done in order to
document the progression of obesity in our rat model with respect to certain
biometric parameters as well as cardiac function before and after an
ischaemic insult. Evaluation of these parameters allowed us to determine the
length of time rats would have to be on the diet to develop the characteristics

of the MS. At the appropriate time the rats were weighed; sacrificed; their
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hearts removed and perfused on the isolated working rat heart perfusion
apparatus for the documentation of mechanical function (protocol 1) and
arrhythmias (protocol 2). Following the experimental protocol, certain hearts
were weighed while others were freeze clamped (protocol 3 and 4). Freeze
clamped hearts, together with blood samples obtained from the rats were
stored at -80 °C and -20 °C respectively, and were used for biochemical
analysis at a later stage. A separate series of rats were used for each protocol

(see protocol 1-4).

A)
200 g Rats
A/ \A
Control diet CD fed
fed group group
After 12 weeks
Biometric Biochemical Mechanical function
determinations determinations determinations
e Body weight Serum Global ischaemia
e Body weight/ e Insulin e Aortic output
ventricular weight e Angll e CF
e Tibia e ET-1 e ADP & ASP
length/ventricular e Heartrate
weight Tissue e % AO recovery
e Angll
e ETA1
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B)

200 g Rats
a ~a
Control diet CD fed
fed group group
16 weeks
Biometric Metabolic Mechanical function
determinations determinations determinations
e Body weight Serum Global ischaemia
e Body weight/ e Insulin (ex vivo)
ventricular weight e Lipids e Aortic output
e Tibia e Angll e CF
length/ventricular e ET1 e ADP & ASP
weight e Heartrate
e Visceral fat mass Tissue e % AOQO recovery
e Systolic blood e Angll
pressure e ET-1 Regional ischaemia
e Incidence & duration
Cell isolation Blood of arrhythmias
¢ Myocyte size e Glucose
e HbA1cC
Echocardiography
(in vivo)
e FSend & FSmid
o PWthick
e EDD &ESD
e PWTsyst & PWTdiast

Figure 3.1 A & B: Study design for rats after 12 (A) and 16 (B) weeks on
the respective diets. Ang ll-angiotensin Il; AO-aortic output; ADP-aortic
diastolic pressure; ASP-aortic systolic pressure; CF-coronary flow; EDD-
end diastolic diameter; ESD-end systolic diameter; ET-1-endothelin-1;
FSend-endocardial fractional shortening; FSmid- midwall fractional
shortening; PWthick-posterior wall thickness; PWTdiast-posterior wall
thickening during diastole; PWTsyst-posterior wall thickening during systole
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3.3 Special Diet

The CD, or high caloric diet, (65 % carbohydrate, 19 % protein and 16 % fat)
contained a similar macronutrient composition to the SRC (60 %
carbohydrate, 30 % protein and 10 % fat). The CD consisted of 33 % SRC,
33% sweetened full cream condensed milk (Clover), 7 % sucrose and 27 %
water (Pickavance et al. 1999). Food was replaced daily to avoid fermentation
of wet food. Control rats consumed 379.9 kJ of energy per day compared to

the 575.7 kd taken in by the CD fed rats.

Calculation of the enerqgy consumption of each group:

Control diet CD

Food consumption: 29 g/day 57 g/day
Energy content 13.1 kJ/g 10.1 kJ/g
Energy consumption per day 379.9 kJ 575.7 kJ

(food consumption x energy content)

3.4 Experimental procedures

3.4.1 Isolated working rat heart perfusions

Rats from the 12 week or 16 week feeding groups were anaesthetized with an
intraperitoneal injection of pentobarbitone sodium (12 mg/kg). Once
anaesthetized, the rat heart was quickly excised and immediately placed in
4°C Krebs-Henseleit solution. Within 60 seconds the excised heart was
mounted and perfused via the aortic cannula of the isolated working rat heart
perfusion apparatus. The heart was initially retrogradely perfused in the

Langendorff mode for a 10 minute stabilization period. All excess tissue was
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trimmed off the heart. The left atrium was subsequently cannulated through
the pulmonary vein, to allow perfusion of the left atrium, in working heart (WH)
mode at the appropriate time. This was according to the working heart model
of Neely (1967) as modified by Opie and coworkers (1971). Cardiac
mechanical function was documented at predetermined time. Hearts were
freeze clamped with Wollenburger tongs, pre-cooled in liquid nitrogen, at the

appropriate times and stored at -80 °C (see 3.5.1 and 3.10.2).

Myocardial temperature was monitored throughout the experiment with a
thermistor probe, which was inserted into the right coronary sinus. This was
done by making a small incision in the coronary sinus, and passing the probe
through the incision. A waterbath (Grant instruments, Cambridge, England)
maintained perfusate temperature by circulating warm water through water-
jacketed glassware throughout the system. A separate waterbath (Grant
instruments, Cambridge, England) was used to maintain the temperature of
the water-jacket surrounding the perfused heart. The heart was perfused at a
constant pressure of 100 cmH,O during Langendorff mode and at a constant
pressure during working heart mode. The preload was 15 cmH,0O and the
afterload was 100 cmH20O. Circulation of the buffer through the perfusion

system was maintained by a peristaltic pump (Watson Marlow Ltd, UK).

The perfusion solution (Krebs-Henseleit solution) contained 118.46 mM NaCl;
24,995 mM NaHCOj; 4.748 mM KCI; 1.185 mM KH,PO,; 1.19 mM
MgS04.7H,0; 1.25 mM CaCl,.2H,O and 10 mM glucose (Merck Pty.Ltd.,

Darmstadt Germany). Fresh perfusion buffer was made up on each
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experimental day and was gassed with a mixture of 95% O, 5% CO, before
being filtered through a 0.45 ym mixed cellulose ester pore (Advantec MFS

Inc, Pleasanton USA).

3.4.2 Perfusion to assess ventricular arrhythmias

To monitor the incidence and duration of ventricular arrhythmias during
regional ischaemia and the  subsequent reperfusion  period,
electrocardiographic techniques were implemented. Rats were anaesthetized
as described above. Once the heart was mounted on the aortic cannula of the
isolated working rat heart perfusion apparatus, and perfused (Krebs-Henseleit
solution), electrocardiograph electrodes were attached to the aorta and the
apex of the heart. The electrodes were connected to a Lectromed Multitrace 2
chart recorder (Rue-Fondon, Channel Islands), which produced an
electrocardiogram trace. To induce regional ischaemia the left anterior
descending coronary artery was ligated high up with a 3/0 silk suture
(Johnson & Johnson, SA), for 35 minutes. Each ligation was performed by the
same researcher and made in the same place for each rat heart. Reperfusion
was induced by releasing the suture which restored coronary blood flow and
initiated the reperfusion arrhythmias. Only rats from the 16-week groups were

assessed for vulnerability to ischaemic and reperfusion arrhythmias.

Ectopic beats were defined as premature beats in relation to the expected
impulse of the basic sinus rhythm (Surawicz and Knilans, 2001). Ventricular
arrhythmias were classified as ventricular tachycardia and ventricular

fibrillation (Figure 3.2). Ventricular tachycardia was defined as three or more
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consecutive, morphologically similar, rapid ventricular extrasystoles.
Ventricular fibrillation was defined as more than six consecutive ventricular
complexes showing complete morphological irregularity (Du Toit and Opie,

1993).
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Figure 3.2: Electrocardiograph representations of normal sinus rhythm (A),
ventricular tachycardia (B) and ventricular fibrillation (C).
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3.5 Experimental protocols

For a brief summary of the various experimental perfusion protocols see

figures 3.3-3.4.

3.5.1 Determination of myocardial function

Perfused hearts of the 12 week and 16 week fed rats were subjected to the

following protocol (protocol 1) on the isolated working rat heart perfusion

apparatus (figure 3.3):

Protocol 1: Hearts were stabilized by a 10-minute perfusion in the
Langendorff mode. This was followed by a further 20-minute perfusion
in working heart mode, during which mechanical function (aortic output
(AO), coronary flow (CF), heart rate, aorta peak diastolic and systolic
pressure) was monitored and documented. Following WH mode, the
heart was subjected to 15 minutes of total global ischaemia. Hearts
were reperfused for 30 minutes after the 15 minute global ischaemic
insult. Reperfusion consisted of a 10-minute stabilization phase in
Langendorff mode, followed by 20 minutes in WH mode. Myocardial
functional parameters were documented during the reperfusion phase.
Myocardial temperature was maintained at 34 °C — 35 °C during
Langendorff mode, 36 °C - 36.5 °C during WH mode and at 36 °C -

36.5 °C during ischaemia.
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3.5.2 Protocol for investigating ventricular arrhythmias

Protocol 2 was used to investigate ventricular arrhythmias (figure 3.4). Briefly:

Protocol 2: Hearts were perfused on the isolated working rat heart
perfusion apparatus for 10 minutes in Langendorff mode, to stabilize
the heart, and 20 minutes in WH mode to document cardiac function
(protocol 4). This was followed by 35-minutes of regional ischaemia. To
induce ischaemia the left anterior descending coronary artery was
ligated. Hearts were subsequently reperfused, by removing the ligation,
for 20 minutes in Langendorff mode. Elecrocardiographic
measurements were documented during regional ischaemia and for the
first 5 minutes of reperfusion. Myocardial temperatures were

maintained at 36 — 37 °C throughout the experiments.
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Protocol 1:

LD WH Global Ischaemia LD WH
$
| 10 min 20 min | 15 min | 10 min | 20 min
T ;
Measurement
Blood sample of mechanical
collection function

Figure 3.3: Experimental protocol used for the determination of mechanical
function ($) of control and obese rat hearts on the isolated working rat heart
perfusion apparatus. LD = Langendorff mode and WH = Working heart mode.

Protocol 2:
LD WH RI LD WH

10 min | 10 min | 35 min 10 min | 20 min

I CAL

Figure 3.4: Experimental protocol followed for quantification of
myocardial arrhythmias. Incidence of arrhythmias was measured
during the ventricular RI and the subsequent reperfusion period. CAL
was performed on the left anterior descending coronary artery to
induce the ischaemic insult. LD = Langendorff mode; WH = Working
heart mode, RI = regional ischaemia and CAL = coronary artery
ligation.
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3.6 Determination of visceral fat content

After rats were anaesthetized and their hearts removed, further incisions were
made exposing the fat masses in the viscera. The peritoneal and
retroperitoneal fat was removed. The visceral fat was weighted and expressed

as a percentage of the rat’s body weight.

3.7 Blood pressure determinations

Systolic blood pressure of the 12-week and 16-week fed groups were
determined using a standard tail-cuff method (Bunag, 1973). Briefly, rats were
anaesthetized with pentobarbitone sodium (12 mg/kg i.p.). A tail-cuff and
pneumatic pulse sensor were fitted on the base of the tail. The tail-cuff was
connected to a sphygmomanometer and the pulse sensor to a Lectromed
Multitrace 2 chart recorder (Rue Fondon, Channel Islands). To determine
systolic blood pressure, the tail cuff was carefully inflated until the pressure
curve on the chart recorder disappeared. The sphygmomanometer, which
was linked to the tail-cuff, was gradually deflated till the reappearance of the
pulse pressure on the chart recorder. The pressure on the
sphygmomanometer that corresponded with the reappearance of the pulse
pressure curve was taken a systolic blood pressure reading. The final systolic
blood pressure was determined by repeating the procedure twice and the

mean systolic blood pressure was determined.
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3.8 Indices of cardiac hypertrophy

3.8.1 Ventricular weight to body weight ratio

Rats were weighed before being sacrificed. At the end of each perfusion, the
rat heart was rapidly removed form the perfusion apparatus and placed in a 4
°C Krebs-Henseleit solution to arrest it. While still in the solution, both atria
were removed along with any other excess non-cardiac tissue, leaving only
the ventricles. Once the heart had been arrested it was blotted on an
absorbent paper towel, weighed and subsequently freeze clamped.
Hypertrophy was indicated by an increase in ventricular weight normalized for
body weight (ventricular weight/body weight). The method has recently been

used in other publications (Skoumal et al. 2004; Asai et al. 2005)

3.8.2 Ventricular weight to tibia length ratio

Once animals had been anaesthetized and the heart excised, the right hind
limb was amputated. This was done close to the hip joint, so as not to
damage the tibia. The hind limb was placed in a 1 M NaOH solution for a few
hours to remove most of the flesh, after which it was removed from the
solution and cleaned. The tibia was removed, the length of the tibia measured
with a caliper and expressed as a ratio to heart weight. This approach was
found to be a more accurate index for cardiac hypertrophy than heart weight
to body weight ratios in conditions with body weight fluctuations (Yin et al.

1982; Brede et al. 2003 and Saupe et al. 2003)
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3.8.3 Cell size determination

Rat hearts were perfused on the isolated working rat heart perfusion
apparatus for a period of 10 minutes in Langendorff mode. The perfusion
buffer was then switched and the heart was perfused for 5 minutes with a
fixing solution containing: 4 % formaldehyde in a phosphate buffer (pH 7.4).
The heart was subsequently removed from the perfusion apparatus. Excess
tissue was removed, and the heart was placed in a sealed tube containing the

fixing buffer. Hearts were analyzed within a week.

Image analysis of the interventricular septum was performed on a Zeiss
image analysis system, consisting of a Zeiss Axioskop 2 (Carl Zeiss, Jena,
Germany) microscope fitted with a Zeiss Axiocam (Carl Zeiss, Jena,
Germany) digital camera and connected to a pentium Il 750 MHz computer
(Mecer, Johannesburg, South Africa). Image digitalization, enhancement and
analysis were performed using the KS 300 Image processing software (Carl
Zeiss, Jena, Germany). Images for image analysis were captured using a

Zeiss AcroPlan x 20 objective (K300 users guide, 1997).

The system was calibrated with a 1mm slide objective micrometer (Nikon
Corp, Tokyo, Japan) with 0.01mm (10 um) divisions using the x 20 Zeiss

Acroplan objectives.

Average myocyte size was determined by dividing the myocyte nuclear count

by the total myocyte cytoplasm area within the myocardium of the septum.
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Myocyte nuclei were identified by colour hue thresholding and size to
distinguish them from other nuclei. Total myocyte cytoplasm area per field

was determined by colour thresholding (True, 1996).

The data was stored in the KS 300 database and exported into Excel 97

(Microsoft Corp, USA) for calculation and basic statistical evaluation.

3.8.4 Echocardiography

After 16 weeks on the feeding program, rats were taken for echocardiography
to determine cardiac function and dimensions. Rats were anaesthetized
intramuscularly with 0.5 mg/kg Domitor® (Novartis, South Africa) and 75 mg/kg
Anaket-V (Centaur Labs, South Africa). Once anaesthetized, their chest area
was sterilized with a solution of hibicol and shaved in preparation for
echocardiography. Rats were placed in a box which had been cut so that the

rat could lie with the chest region exposed to the probe.

Two-dimensional targeted M-mode echocardiography with Doppler color flow
mapping was performed with a Hewlett Packard Sonos 5500 echocardiograph
using a 7.5 MHz transducer. All studies were performed and interpreted by the
same operator. This was a blinded study. Left ventricular dimensions were
measured according to the American Society of Echocardiography guidelines
(Sahn et al. 1978). When a suitable image was found, the recording was
frozen and the image printed for subsequent analysis. After
echocardiography, the rats were placed in a cage and the anaesthetic

reversed with Antisedan (0.5 mg/kg).
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3.8.4.1 Investigated parameters

For morphological characterization of the hearts, the following
echocardiographic parameters were compared between control and CD fed

rats:

e End-diastolic diameter (EDD)
e End-systolic diameter (ESD)
e Posterior wall thickness during systole (PWTsyst)

e Posterior wall thickness during diastole (PWT giast)

From these parameters, the following could be calculated:
e Endocardial fractional shortening (FSend) was calculated from
((EDD - ESD) / EDD)) x 100.
e Midwall fractional shortening (FSmid) was calculated from
(((EDD + PWTiast) — (ESD + PWTsyst)) / (EDD + PWTgiast)) X 100
e Posterior wall thickening was calculated from

((PWTsyst = PWTdiast) / (PWTd|ast)) X 100.
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3.8.4.2 Calculation of various parameters

Figure 3.5 represents a typical echocardiograph in which the dimensions were

labeled A-E.
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Figure 3.5. A typical echocardiograph indicating the
dimensions of the rat heart that were measured

e A: The scale given on the original print out was 3 cm between the
markings (circles). However since the image had been enlarged, the
scale had to be readjusted accordingly.

e B:indicates the ESD

e C:indicates the EDD

e D:indicates the PWTyst

e E:indicates the PWT giast
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3.9 Functional parameters measured on the perfusion apparatus

The functional parameters investigated were documented every 5 minutes
during perfusions in WH mode on the isolated working rat heart perfusion
apparatus. Parameters investigated were:

e AO

e CF

e Heart rate

e Aorta peak systolic and diastolic pressure

AO and CF were measured manually by collection of the AO and the coronary
effluent in a measuring cylinder over a known period of time. A Viggo-
Spectramed pressure transducer was used to record heart rate, aortic peak
systolic and diastolic pressures. The transducer was connected to a side arm

of the aortic cannula.

3.10 Indirect assessment of ischaemic/reperfusion damage: myocardial

function

In order to investigate the susceptibility of our model to ischaemia/reperfusion
injury, we compared basal and post-ischaemic AO values. Reperfusion AO
values were expressed as a percentage of the pre-ischaemic value
(reperfusion AO/pre-ischaemic x 100) to determine the percentage recovery

between experimental groups.
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3.11 Biochemical analysis

3.11.1 Blood Sample collection

Unless specified, blood samples were taken from the thoracic cavity of the rat
and transferred into BD Vacutainer tubes, following the excision of the heart.
The tubes were centrifuged at 3000 rpm at 4°C for 10 minutes. The serum
was isolated and stored at -20 °C until Ang Il, ET-1 and insulin assays were

performed.

3.11.2 Myocardial tissue sample collection

Hearts perfused according to protocol 3 and 4 on the isolated working rat
heart perfusion apparatus were used for biochemical analysis (figure 3.6).

Briefly:

e Protocol 3: Hearts were stabilized by a 10-minute perfusion in the
Langendorff mode. This was followed by a further 20-minute perfusion
in working heart mode, during which mechanical function (AO, CF,
heart rate, aorta peak diastolic and systolic pressure) was monitored
and documented to ensure that the hearts were functioning properly.

After WH mode the hearts were freeze clamped.

e Protocol 4: Hearts were perfused similarly to protocol 3. Following WH
mode, hearts were subjected to 15 minutes of total global ischaemia.
Ischaemic temperature was maintained between 36°C and 36.5°C. At
the end of the ischaemic period, hearts were freeze clamped without

being reperfused.
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After being freeze clamped hearts were stored at — 80 °C until assays were

performed. Tissue samples were used to determine 1) basal and 2) ischaemic

myocardial Ang Il and ET-1 tissue levels. These samples were collected

before ischaemia or at the end of ischaemia.

3)

4)

LD WH
Sk
LD WH Global Ischaemia
$ *
10 min 20 min i 15 min
Blood sample Measurement Myocardial
collection of mechanical tissue
function collection

Figure 3.6: Experimental protocols 3 & 4 used for tissue collection of
control and obese rat hearts after being perfused on the isolated
working rat heart perfusion apparatus. Hearts were freeze clamped at
the end of the various protocols to be used for biochemical analysis (*).
LD = Langendorff mode and WH = Working heart mode.
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3.11.3 Blood glucose determination

Blood glucose management was determined by two methods 1) directly using
a blood glucose meter and 2) indirectly by measuring the percentage

glycosylation of the hemoglobin (HbA1c testing).

3.11.3.1 Blood glucose meter — Principle

Glucose in the blood sample gets converted to gluconolactone by glucose
dehydrogenase. The electrons that are liberated from this reaction reacts with
a coenzyme electron acceptor, the mediator cyanoferrate Ill (oxidized form),
to produce the reduced form of this mediator, hexacyanoferrate Il. The test
strip used for the glucose meter employs the principle of biamperometry.
Briefly, the meter applies a voltage between two identical electrodes. This
results in the reduced form of the mediator, formed in the incubation period, to
be reconverted to the oxidized mediator. In the process a small electrical
current is generated, which is read by the meter, and converted to the

appropriate glucose concentration.

3.11.3.2 Blood glucose meter - Procedure

Overnight fasting blood samples were collected from the tail vein. For post
prandeal blood glucose levels, blood was collected from the rats when they
were killed for the removal of the heart. A drop of blood was placed on the
absorbent film of an Accu-check advantage Il slip (Roche Diagnostics, USA).
The slip was subsequently inserted into an Accu-Check glucometer (Roche

diagnostics, USA) to determine blood glucose of the experimental groups.
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3.11.3.3 HbAlc testing — Principle

HbA1c is a specific subtype of hemoglobin A. Glucose binds slowly to
hemoglobin in the erythrocyte to form the A1c subtype (glycosylation). The
more blood glucose present, the more the glycosylation of HbA1c. Due to the
fact that the decomposition of HbA1c proceeds very slowly, its levels can be
strongly correlated with the average blood glucose levels during the preceding
4 weeks. The test therefore measures the extent of glycosylation of the
hemoglobin over a period of up to 3 months. When the % glycosylation of the
haemoglobin is below 7, one may assume that the blood glucose levels of the

animal was maintained at normal levels for the preceding 3 months.

3.11.3.4 HbA1lc testing — Procedure

Once the rat had been anaesthetized, an incision was made in its hind limb to
locate the femoral vein, and animals were heparinized. A period of 30
seconds was given for the heparin to circulate in the body, after which the rat
was sacrificed. Blood removed from the thoracic cavity was stored at 4 °C

until analyzed.

Stored blood samples were sent to the National Health Laboratory Service at

Tygerberg Hospital where the test was performed.
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3.11.4 Serum insulin determination

3.11.4.1 Assay principle

Non fasting blood samples were collected as described above. The assay
used, was a competitive radioimmunoassay (RIA) (Coat-A-Count® Insulin,
Diagnostic Products Corporation, LA, USA). A fixed amount of '®I-labeled
insulin would compete with insulin, present in the blood sample, for binding
sites on an insulin specific antibody. Because the antibody is immobilized in
the wall of the polypropylene tube, simply decanting the tube isolates the
antibody bound fraction of the radiolabeled insulin. Radioactivity could then be
measured by using a gamma scintillation counter (Cobra Il Auto Gamma,

A.D.P, South Africa).

3.11.4.2 Assay procedure

All tests were done in duplicate. Before the assay was started, all components
of the assay were brought to room temperature, as by instruction of the
manufactures. Four uncoated polypropylene tubes were labeled accordingly:
Total counts (1-2) and non-specific binding (3-4). Fourteen insulin antibody-
coated tubes were labeled (A-G) for the standards. Additional tubes for the

controls and samples were also labeled.

200 pl of the zero calibrator was added to tube A as well as to the non-specific
binding (NSB) tube. Furthermore 200 pl of the remaining calibrator, control
and sampled was pipetted to their respective prepared tubes. 1.0 ml of %
insulin was added to each tube and subsequently vortexed. Samples were

incubated for 18-24 hours at room temperature. Following the incubation
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period, samples were decanted. This was done by placing each tube (except
the total count tube) in a foam decanting rack and allowing the tubes to drain
for 2 to 3 minutes. Following this, each tube was struck on an absorbent
paper. Removal of the excess moisture in this manner would enhance the
precision of the assay. The radioactivity of each tube was then measured in a
gamma counter (Cobra Il Auto Gamma, A.D.P, South Africa) for 1 minute per

tube.

3.11.5 Determination of serum lipid levels

Total cholesterol, TG and HDL-cholesterol levels were measured in the serum
by means of spectrophotometric analysis (Technicon RA 1000 Auto
Analyser). Serum LDL cholesterol was not measured as this is not possible

using this assay.

3.11.6 Determination of serum and myocardial angiotensin |l

3.11.6.1 Extraction procedure for serum

1 ml of serum was added to 4 ml chilled ethanol and was mixed and vortexed
for 2 minutes. The samples were centrifuged at 2000 g for 10 minutes at 4 °C.
The supernatant was decanted into Falcon tubes, freeze-dried and stored at -
20°C. This was done in accordance with the directions from the manufacturers

of the Ang Il RIA kit.
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3.11.6.2 Acidified ethanol tissue extraction

Approximately 0.279 + 0.0175 g wet weight of frozen tissue was extracted in
20 volumes of ice-cooled 0.18 M HCl:ethanol (1:3 v/v). The tissue was
homogenized with a Polytron PT10 (Switzerland) for two cycles of ten
seconds each. The homogenate was centrifuged (Sorvall RC-5B, Du Point
Instruments) at 32500 x g for 20 minutes at 4 °C. Following centrifugation, the
supernatant was decanted, and its pH adjusted to between 5.5 and 6.0 with 1
M NaOH, and subsequently kept on ice for 1 hour. The supernatant was
centrifuged a second time at 2200 g for 10 minutes at 4 °C, after which pH
was adjusted with 1 M NaOH and/or 0.18 M HCI where necessary. Again the
supernatant was centrifuged at 2200 g for 20 minutes at 4 °C. The
supernatant was decanted into Falcon tubes (Becton Dickinson Labware, NJ,
USA) and freeze-dried in a vacuum concentrator (Freeze Mobile 6, The Virtis

Company, New York) and then stored at -20 °C (Naik et al, 2001).

3.11.6.3 Solid-phase extraction

The freeze-dried tissue extracts were reconstituted (2 x 500 pl of 1 M formic
acid) and underwent solid-phase extraction using Sep Pak Cig columns
(Waters Corporation, Massachusetts, USA). Each column was conditioned
with 6 ml of methanol and deionized water. The reconstituted supernatants
were added to the pre-conditioned C18 Sep Pak columns, and allowed to
pass through. The loaded Sep Pak column was washed with 6 ml of 10 %
methanol in 1 M formic acid. The Sep Pak column was then eluted with 8 ml

of 80 % methanol in 1 M formic acid, and the Ang Il with its fragments were
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collected in falcon tubes. The elluent collected was then freeze-dried and

stored at -20 °C.

The columns were conditioned and washed at a flow rate of 5 to 10 ml/min.

For loading and eluting the samples, a flow rate of 2 to 10 ml/min was used.

Flow rates used were as instructed by the manufacturer.

3.11.6.4 Angiotensin Il radioimmunoassay (RIA)

3.11.6.4.1 Assay principle

Ang Il was assayed by a competitive RIA (Euria-angiotensin Il form Euro-
Diagnostica, Malmoe, Sweden). Ang Il in the samples would compete with
'2%|_labeled Ang Il for binding to the antibodies. The amount of bound '%°I-Ang
Il is inversely proportional to the concentration of Ang Il in the samples and
standards. Bound and unbound phases are separated by a second antibody
bound to solid phase particles, which is followed by a centrifugation step. The
radioactivity of the bound fraction could then be measured using a gamma

counter (Cobra Il Auto Gamma, A.D.P, South Africa).

3.11.6.4.2 Assay procedure

All freeze dried samples in the falcon tubes were reconstituted with 1 ml
assay buffer and thoroughly vortexed. Samples were placed on ice and for the
duration of the RIA, all pipetting steps were done on ice. Polystyrene tubes
were labeled in duplicate for the RIA as follows: Total counts (1-2), NSB (3-4),

standards (5-18), controls (19-22) and unknown samples (23-102).
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400 pl of each standard, control and extracted sample was pipetted in
duplicate to their corresponding tube. 400 ul and 600 pl of assay buffer was
added to the O standard and NSB respectively. Finally, 200 ul of the Angll
antiserum was pipetted into every tube except the NSB and total counts tube.

All tubes were vortexed and incubated at 4 °C for 6 hours.

After the incubation the radiolabeled '*°I-Ang Il tracer was added to all tubes.
Tubes were vortexed and incubated at 4 °C for 18-22 hours. Following the
incubation period, 100 ul of the double antibody was pipetted to all tubes,
except total counts, vortexed and incubated for a further 30 — 60 minutes.
Finally all tubes were centrifuged at 1700 g for 15 minutes at 4 °C.
Supernatants were decanted and the residues counted for 2 minutes each in

the gamma counter (Cobra Il Auto Gamma, A.D.P, South Africa).

3.11.7 Determination of serum and myocardial endothelin-1

3.11.7.1 Tissue preparation

Approximately 0.262 + 0.00248g wet weight, of tissue was transferred into a
polystyrene tube containing 4 ml of a 1 M acetic acid-20 mM HCI-9 mM
benzamidine solution, at 4 °C. A Polytron PT10 (Switzerland) was used to
homogenize the samples for two cycles of ten seconds each, after which the
homogenates were incubated for 10 minutes at 4 °C. Homogenates were
then centrifuged (Sorvall RC-5B, Du Point Instruments) at 27000 g for 20
minutes at 4 °C, and the supernatants collected were stored at —20 °C and

later used for the extraction process (Motte et al, 2003).
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3.11.7.2 Serum and tissue extraction

Serum and tissue (freeze dried homogenates) samples were extracted in the
same manner as described by Motte et al, (2003). Again sep-pak C-18
columns (Waters Corporation, Massachusetts, USA) were used for solid

phase extraction of rat serum and tissue samples.

Serum and tissue samples that were stored at —20 °C were allowed to thaw.
2.50 ml of each sample was transferred to appropriately labeled polystyrene
tubes and subsequently placed on ice. 25 pl of trifluoro-acetic acid (TFA):
distiled water (1:10) was added to each sample and was vortexed for 10
seconds. After samples were centrifuged at 1500 g for 10 minutes at 8 °C,

they were placed on ice untill further use.

The sep pak C-18 columns were placed in an appropriate rack, suspended in
glass test tubes to collect wash-out, and labeled accordingly. Each column
had to be preconditioned as follows:
e 10 ml of TFA, distilled water, methanol (0.50, 99.5, 400) at a flow rate
of 10-20 ml/min.

e 10 ml of TFA:distilled water (0.5:500) at a flow rate of 10-20 ml/min.

The centrifuged samples were quantitatively transferred to their respective
labeled column and allowed to pass through. Columns were washed with 4 ml
TFA:distilled water (0.50, 500), which was allowed to pass through. Finally

endothelin was eluted from the columns by adding 4ml of TFA: distilled water:
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methanol (0.50, 99.5, 400) at a flow rate of 4-8 ml/min. Eluate was collected in

falcon tubes, freeze dried and stored at -20 °C.

After each step, the columns were allowed to drain before the next step

commenced. Columns were not reused for further extractions.

3.11.7.3 Endothelin-1 RIA

3.11.7.3.1 Assay principle

Endothelin was assayed by a competitive RIA (Euria-endothelin form Euro-
Diagnostica, Malmoe, Sweden) using a rabbit antiserum raised against an ET-
1 albumin conjugate.  Briefly, endothelin competed with '#I-labelled
endothelin for binding to the antibodies. The binding of '*°I is inversely
proportional to the concentration of the endothelin in the samples and
standards. A double antibody solid phase is used to separate the antibody-
bound '?°l-endothelin from the unbound fraction, with the aid of a
centrifugation step. The radioactivity of the bound fraction could then be
measured using a gamma counter (Cobra Il Auto Gamma, A.D.P, South

Africa).

3.11.7.3.2 Assay procedure

Freeze dried samples were reconstituted with 0.25 ml assay buffer and placed
on a mechanical shaker for 10 minutes. Endothelin working standards were
prepared by diluting the endothelin standard with the assay buffer as directed
by the manufactures of the kit. All tests (standards, controls samples etc.)

were done in duplicate.
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Polystyrene tubes were labeled accordingly: Total counts (1-2), NSB (3-4),
standards (5-18), Controls (upper and lower) (19-26) and unknown samples
(27-106). 100 pl of the standards, controls and unknown samples were
pipetted into their respective tubes, together with 500 ul anti-endothelin
(except for the non specific binding and total count tubes). 100 pl zero
standard and 500 ul assay buffer was added to the non specific binding tubes.
All tubes were vortexed and incubated for 18-24 hours at 4 °C. After the
incubation period, 500 pl '*l-endothelin was added to each tube and
incubated for a further 18-24 hours at 4 °C. This was followed by adding 100
ul of the solid phase double antibody to all tubes except total count tubes.
Samples were vortexed and incubated for 60 minutes at 4 °C. Finally samples
were centrifuged at 1700 g for 15 minutes at 4 °C. Supernatants were
immediately decanted and the radioactivity counted in a gamma counter

(Cobra Il Auto Gamma, A.D.P, South Africa) at a counting time of 2 minutes.

3.12 Statistics

For comparative studies, significance was measured with either a paired or
unpaired Students t-test between CD and control fed rats. To test for
significance when analyzing the incidence of arrhythmias, the Fishers Exact
test was used. All data are presented as mean £+ SEM. A p < 0.05 was

considered significant.
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CHAPTER 4
RESULTS

4.1 12 Week data

4.1.1 Biometric and metabolic data

4.1.1.1 Biometric data

Table 4.1: Biometric data of 12 week control and CD fed rats

12 Weeks
Control CD
Body weight (g) | 413.87 £6.76 | 464.84 + 6.35*
VW/BW (mg/g) 3.06 £ 0.03 3.01£0.04
VW/TL mg/mm 0.031 = 0.0005 [ 0.035 + 0.0005*

BW-body weight; CD-cafeteria diet; TL-tibia length; VW-ventricular weight.
*p<0.001 Control vs. CD within feeding group

n =31-35.

After 12 weeks on the respective diets, CD fed rats were significantly heavier
than their age-matched control diet fed rats (table 4.1). Although there were no
differences between CD and control fed rats in the VW/BW ratio, the VW/TL ratio

was significantly different between these groups.
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4.1.1.2 Serum insulin levels after 12 weeks on the diets
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Figure 4.1: Non-fasting serum insulin levels of 12 week control and CD fed

rats. All values expressed as mean + SEM. CD-cafeteria diet.

There were no differences (Figure 4.1) between non-fasting serum insulin levels
from CD and control diet fed rats (33.81 + 8.40 IU/ml vs. 32.38 £ 2.77 IU/ml). This
finding indicated that after 12 weeks on the diet, CD fed rats would not meet the

WHO criteria for MS.

103



4.1.2 Ex vivo functional data

4.1.2.1 Myocardial function

Table 4.2: Myocardial mechanical function of ex vivo hearts from 12 week

control and CD fed rats. Baseline myocardial parameters were measured

after 20 minutes working heart perfusion. Reperfusion parameters were

measured during the post-ischaemic working heart mode after 20 minutes

reperfusion.

12 weeks
Control CD

Baseline
AO (ml / min) 4237+1.89 | 27.81+1.96°
CF (ml/min) 19.44 +1.41 17.13+0.51
ADP (mmHg) 65.74 + 1.82 67.40 + 0.57
ASP (mmHg) 101.64 +1.71 96.66 + 1.52*
HR (beats/min) | 239.73 +5.72 231.43 +5.88

Reperfusion

AO (ml / min) 27.19+296" | 15.13+1.76*
CF (ml/min) 16.63+1.19" | 15.45+0.79
ADP (mmHg) 68.47 +0.76 67.63 + 0.94
ASP (mmHg) 93.41+2.47" | 90.37+1.52
HR (beats/min) | 254.18 +9.59 | 214.23 + 14.68*

ADP-aorta diastolic pressure; ASP-aorta systolic pressure; AO-aortic

output; CD-cafeteria diet; CF-coronary flow; HR-heart rate.

All values expressed as means + SEM.

*p<0.05, ¥p<0.0001 for control vs. CD

"p<0.05, “p<0.001, for baseline vs. reperfusion within respective groups

n = 5-8.
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Myocardial function (control vs. CD rats).

After 12 weeks of feeding CD fed rats had significantly poorer baseline and
reperfusion AO’s when compared to their controls (p<0.05) (table 4.2). CD fed rat
hearts also showed a decrease in baseline ASP and reperfusion HR compared to

hearts from control diet fed (p<0.05).

Myocardial function (pre-ischaemia vs. reperfusion)

After the 12 week feeding period both groups displayed decreased reperfusion
AQ'’s after ischaemia (Table 4.2). The ischaemic insult led to an exacerbated
drop in ASP in the hearts of CD fed rats (p<0.05). There was a decrease in the

coronary flow (CF) and ASP of the control hearts (p<0.001).

105



4.1.2.2 Percentage aortic output recovery
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Figure 4.2: Percentage AO recoveries for 12 week control and CD fed rats.
Baseline and reperfusion AQ’s are expressed as mean percentages = SEM.
AO-aortic output; CD-cafeteria diet

*p<0.05; n = 8-9.

After being subjected to 15 minutes of global ischaemia and 20 minutes
reperfusion, the percentage aortic output recovery was not different between
hearts from 12 week CD and control diet fed rats (55.31 + 6.09 % vs. 63.55 +

5.31 %)(figure 4.2).
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4.1.3 Biochemical data

4.1.3.1 Serum angiotensin Il levels after 12 weeks on the diets
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Figure 4.3: Serum Ang Il levels after 12 weeks on the control and CD.
Values presented as means + SEM. Ang ll-angiotensin II; CD-cafeteria diet.

n =a8.

After 12 weeks of feeding, there was no difference in serum Ang Il levels

between CD and control diet fed rats (77.16 = 14.49 pg/ml vs. 45.48 * 6.44

pg/ml) (figure 4.3).

107



4.1.3.2 Myocardial angiotensin Il levels after 12 weeks on the diets
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Figure 4.4: Myocardial Ang Il levels before and at the end of 15 minutes of
global ischaemia in hearts from 12 week control and CD fed rats. Ang lI-
angiotensin Il; CD-cafeteria diet.

n==6-7

Analysis of Ang Il levels in cardiac tissue from 12 week fed rats revealed no
differences between CD and control groups under both basal and ischaemic
conditions (figure 4.4). In addition, there was no difference between basal and

ischaemic myocardial Ang Il content within CD and control groups.
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4.1.3.3 Serum endothelin-1 levels after 12 weeks on the diets
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Figure 4.5: Serum ET-1 levels of 12 week control and CD fed rats. Values
presented as means + SEM. CD-cafeteria diet; ET-1-endothelin-1.

n =8.

After 12 weeks of feeding, serum ET-1 levels in CD and control rats were

comparable (39.36 = 2.04 pg/ml vs. 40.70 = 1.31 pg/ml)(figure 4.5).
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4.1.3.4 Myocardial endothelin-1 levels after 12 weeks on the diets
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Figure 4.6: Myocardial ET-1 levels before and at the end of 15 minutes of
global ischaemia in hearts from 12 week control and CD fed rats. CD-
cafeteria diet; ET-1-endothelin-1.

n==6

Basal myocardial ET-1 levels were lower (figure 4.6) in CD fed rats than their
control littermates after 12 weeks on the diet (753.65 + 47.37 pg/g vs. 912.17 +
41.96 pg/g). This difference in cardiac tissue ET-1 content between CD and
control rat hearts was however not seen after the ischaemic period. There was

also a significant decrease in cardiac tissue ET-1 content in control rat heart at
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the end of the ischaemic episode (912.17 + 41.96 pg/g vs. 724.67 + 34.47 pg/g;
p<0.05). No such change was seen in cardiac tissue ET-1 content of hearts from

the CD fed group (p>0.05).
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4.2 Characterization of the model after 16 weeks on the CD

After 12 weeks on the diet, CD fed rats where significantly heavier, however
there was no difference in serum Ang Il levels nor in the susceptibility of their
hearts to an ischaemic insult. In addition, non-fasting insulin levels where not
elevated in the CD fed rats after 12 weeks of feeding. In order to have a model of
MS, it would be essential for serum insulin or glucose levels to be different
between the groups to satisfy the characteristics of the MS. In addition there was
no difference in myocardial susceptibility to an ischaemic insult between the
groups. We consequently decided to fully characterize this model after 16 weeks

of feeding on the respective diets.
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4.2.1 Biometric and metabolic data

4.2.1.1 Biometric data

Table 4.3: Biometric data of 16 week control and CD fed rats

16 Weeks
Control CD
Body weight (g) | 456.24 + 5.74" | 542.56 + 5.57*"
VW/BW (mg/g) 2.90 +0.50" | 2.82+0.51"
VW/TL mg/mm | 0.031 + 0.0005 [0.036 + 0.0004*

BW-body weight; CD-cafeteria diet; TL-tibia length; VW-ventricular weight.
*p<0.001 Control vs. CD within feeding group
*p<0.001 12 vs. 16 week feeding period

n =31-35.

After 16 weeks of feeding, the CD rats were significantly heavier and had
significantly greater VW/TL ratio’s (table 4.3). There was no difference in the

VW/BW ratio between CD rats and their control littermates.

Interestingly, there was a significant drop in VW/BW ratio between the 12 and 16
week feeding periods between both the CD and control diet fed groups. As
expected, there was also a significant increase in body weight between 12 and

16 week fed CD rats and control fed rats. (table 4.1 and table 4.3)
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4.2.1.2 Fasting blood glucose levels
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Figure 4.7: Fasting blood glucose levels of 16 week control and CD fed rats.
All values expressed as mean + SEM. CD-cafeteria diet

n==6

After 16 weeks on the diet, CD fed rats had similar fasting blood glucose levels

when compared to their control littermates (figure 4.7).
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4.2.1.3: Non-fasting blood glucose levels

Blood glucose (mmol/L)

Control CD

Figure 4.8: Non-fasting blood glucose levels of 16 week control and CD fed
rats. All values expressed as mean + SEM. CD-cafeteria diet

n=8

Following 16 weeks of feeding there were no differences in the non-fasting blood

glucose levels between CD and control fed rats (figure 4.8)
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4.2.1.4 HbAlc levels
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Figure 4.9: % Glycosylated hemoglobin in 16 week control and CD fed rats.
All values expressed as mean £ SEM. CD-cafeteria diet

*p<0.05; n = 8-9

The HbAlc levels, indicative of the % glycosylated hemoglobin, were significantly
elevated in the CD fed group when compared to their controls after 16 weeks on
the diet (3.98 + 0.11 % vs. 3.52 + 0.06 %) (figure 4.9). The HbAlc levels of less
than 7 are however indicative of normal blood glucose management over the
previous three months. These data suggest that the animals maintained normal

glucose levels prior to the HbAlc determinations.
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4.2.1.5 Non-fasting serum insulin levels
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Figure 4.10: Non-fasting serum insulin levels of 16 week control and CD fed
rats. All values expressed as mean + SEM. CD-cafeteria diet

*p<0.05; n =11

After 16 weeks on the diet, CD rats had significantly elevated serum insulin levels
(figure 4.10) compared to their control littermates (49.48 + 6.18 micro 1U/ml vs.
31.38 £ 2.85 micro IU/ml; p<0.05). Although these were non-fasting insulin

values, they are indicative of a hyperinsulinaemic state.
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4.2.1.6 Non-fasting serum lipid levels
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Figure 4.11: Serum TC, TAG and HDL-cholesterol levels of 16 week control
and CD fed rats. All values expressed as mean + SEM. CD-cafeteria diet;
HDL-high density lipoprotein cholesterol; TAG-triacylglycerol; TC-total
cholesterol.

*p<0.05; n =10

After 16 weeks of feeding, CD rats had significantly altered non-fasting serum
lipid levels, when compared to their controls (figure 4.11). Serum TG levels was
elevated, while both total cholesterol and HDL-cholesterol levels were lowered in
CD fed rats (TG: 0.66 £ 0.06 mmol/L vs. 0.50 £ 0.04 mmol/L, p<0.05; Total

cholesterol: 1.79 + 0.06 mmol/L vs. 2.08 + 0.06 mmol/L, p<0.05; HDL-cholesterol:
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1.21 + 0.03 vs. 1.45 + 0.05; p<0.05).
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4.2.1.7 Percentage visceral fat

Percentage visceral fat (%)

Control CD

Figure 4.12: Percentage visceral fat of 16 week control and CD fed rats. All
values expressed as mean + SEM. CD-cafeteria diet

*p<0.0001; n = 10-11

After 16 weeks on the diet, CD fed rats had greater amounts of visceral fat than

their control counterparts (8.19 + 0.30 % vs. 5.80 = 0.25 %; p<0.0001) (figure

4.12). These data indicate that the CD fed rats had visceral/central obesity.
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4.2.1.8: Systolic blood pressure
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Figure 4.13: Systolic blood pressure of 16 week control and CD fed rats, as
determined by the tail-cuff method. All values expressed as mean + SEM.
CD-cafeteria diet.

*p<0.001; n = 14-19

Systolic blood pressure was significantly elevated in the 16 week CD fed rats
compared to their control littermates (166.16 + 2.55 mmHg vs. 151.36 + 2.77
mmHg; p<0.05) (figure 4.13). Although the blood pressure was elevated, the
absence of a definition for hypertension in the rat prevents us from determining

whether they are indeed hypertensive.
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4.2.1.9 Ventricular Morphology
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Figure 4.14: Diastolic ventricular posterior wall thickness of control and CD
fed rat hearts after 16 weeks feeding, as determined by echocardiography.
All values expressed as mean £ SEM. CD-cafeteria diet

*p<0.05; n =8

After 16 week on the respective diets, left ventricular morphology was assessed
using echocardiography (figure 4.14). CD fed rats had a significantly thicker
ventricular posterior wall during diastole, compared to the control rats (0.16 *
0.01 cm vs. 0.12 £ 0.01 cm; p<0.05). This comparison provided direct evidence

to support left ventricular wall hypertrophy in the CD fed rats.

122



4.2.1.10 Myocyvte size
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Figure 4.15: Myocyte size of 16 week control and CD fed rats as determined
by using light microscopy. Values presented as means + SEM. CD-cafeteria
diet

*p<0.05; n = 8.

Interventricular septum samples were collected after 16 weeks on the diets.
Interventricular myocytes were significantly larger in the CD hearts than
myocytes from the control group (93.53 + 1.78 micron? vs 84.03 + 3.96 micron?;

p<0.05) (figure 4.15).
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4.2.2: Functional Data

4.2.2.1: Ex vivo functional data

4.2.2.1.1: Myocardial function

Table 4.4. Myocardial mechanical function of ex vivo hearts from the 16
week, control and CD fed rats. Baseline myocardial parameters were
measured after 20 minutes working heart perfusion. Reperfusion
parameters were measured during the post-ischaemic working heart mode

after 20 minutes reperfusion.

16 weeks
Control | CD
Baseline
AO (ml / min) 41.29+1.15 | 30.57 +1.75%
CF (ml/min) 18.36 +t0.64 | 18.00 * 0.59

ADP (mmHg) 66.68 + 0.93 | 65.85+0.57
ASP (mmHg) | 101.07+1.21 | 97.85+1.75
HR (beats/min) | 234.722 + 6.45 [ 226.00 + 2.90
Reperfusion
AO (ml/min) | 29.43+1.79" |14.97 + 2.07%®
CF (ml/min) 15.93+0.77° | 18.86+1.36
ADP (mmHg) 65.43+0.73 | 68.19 +0.30%

ASP (mmHg) | 95.63+1.36" | 89.91 + 2.23
HR (beats/min) | 215.44 £ 11.91 | 227.67 £ 4.36

ADP-aorta diastolic pressure; AO-aortic output; ASP-aorta systolic
pressure; CD-cafeteria diet; CF-coronary flow; HR-heart rate.

All values expressed as means + SEM.

*p<0.05, ¥p<0.001, for control vs. CD

"p<0.05, *p<0.001, ®p<0.0001 for baseline vs reperfusion within respective
groups

n = 5-8.
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Myocardial function (control vs. CD rats).
CD fed rats had poorer baseline and reperfusion AO’s when compared to their
controls (p<0.05) after 16 weeks of feeding (table 4.4). Only reperfusion ADP

was significantly elevated in the CD group when compared with the control

group.

There were no differences in basal and reperfusion myocardial mechanical

function between the 12 and 16 week CD and control diet fed rats.

Myocardial function (pre-ischaemia vs. reperfusion)

After the 16 week feeding period there were decreases in AO’s during the
reperfusion phase of the experiment (Table 4.4). The ischaemic insult brought
about a decrease in the ASP of hearts from both the control and CD groups
(p<0.05 and p<0.001 respectively). Following ischaemia, a drop in the control
hearts CF was seen during reperfusion (p<0.001). Lastly, there was an increase
in the ADP in hearts from CD fed rats (p<0.05) following ischaemia and

reperfusion.
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4.2.2.1.2 Percentage aortic output recovery
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Figure 4.16: Percentage AO recoveries for the 16 week control and CD fed
rats. Baseline and reperfusion AO’s are expressed as mean percentages +
SEM. AO-aortic output; CD-cafeteria diet

*p<0.05; n = 8-9.

After being subjected to 15 minutes of global ischaemia and 20 minutes
reperfusion, hearts from CD fed rats recovered poorly after an ischaemic insult
when compared with their respective controls (51.24 + 5.15 % vs. 71.20 + 3.89

%; p<0.05) (table 4.16).
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There were no differences in the percentage aortic output recoveries when

comparing the 12 and 16 week CD and 12 and 16 week control diet fed rats.
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4.2.2.1.3 Ventricular Arrhythmias

4.2.2.1.3.1 Incidence of ventricular arrhythmias during ischaemia
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Figure 4.17: Incidence of ischaemic ectopic beats, VT and VF of hearts
from 16 week control and CD fed rats. Ischaemic arrhythmias are presented
as a percentage incidence during the 35 minutes of coronary artery
occlusion. CD-control diet; VF-ventricular fibrillation; VT-ventricular

tachycardia. *p<0.05; n = 7.

During the 35 minutes of coronary artery occlusion, there was a significant
increase in the incidence of ectopic beats in hearts from CD fed rats compared
to their controls (85.71 % vs. 42.86 %)(figure 4.17). No differences in the

incidence of VT and VF were seen when comparing CD and control hearts.
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4.2.2.1.3.2 Duration of ischaemic ventricular arrhythmias
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Figure 4.18: Duration of ischaemic normal sinus rhythm, VT and VF of
hearts from 16 week control and CD fed rats. Values presented as means +
SEM. CD-control diet; NSR-normal sinus rhythm; VF-ventricular fibrillation;
VT-ventricular tachycardia.

n==7.

There was no difference in the duration of normal sinus rhythm or ischaemic

ventricular VT and VF when comparing hearts from 16 week CD fed rats to their

controls (figure 4.18).
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4.2.2.1.3.3 Incidence of ventricular arrhythmias during reperfusion
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Figure 4.19: Incidence of reperfusion ectopic beats, VT and VF of hearts
from 16 week control and CD fed rats. Reperfusion arrhythmias are
presented as a percentage incidence during the first 5 minutes of
reperfusion. CD-control diet; VF-ventricular fibrillation; VT-ventricular
tachycardia.

*p<0.05; n =7.

During the first 5 minutes of reperfusion, following coronary artery occlusion,
there were no differences in the incidence of ectopic beats between 16 week CD
and control diet fed rats (figure 4.19). The incidence of reperfusion ventricular VT

and VF was however greater during reperfusion in hearts from CD fed rats when
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compared to their controls (VT: 100 % vs. 43 %, p<0.05; VF: 85.71 % vs. 0 %,

p<0.05).
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4.2.2.1.3.4 Duration of reperfusion ventricular arrhythmias
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Figure 4.20: Duration of reperfusion normal sinus rhythm, VF and VT of
hearts from 16 week control and CD fed rats. Values presented as means +
SEM. CD-control diet; NSR-normal sinus rhythm; VF-ventricular fibrillation;
VT-ventricular tachycardia.

*p<0.05; n =7.

During the first 2 minutes of reperfusion the duration of reperfusion induced
ventricular arrhythmias of hearts from CD fed rats was increased compared to
hearts from control rats (figure 4.20). This was indicated by the significantly

increased duration of VT and VF in CD fed rat hearts in comparison to their
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controls (VT: 37.29 + 13.53 sec vs. 6.14 + 3.60 sec, p<0.05; VF: 23.14 + 4.62 sec

vs. 0 + 0 sec, p<0.05).
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4.2.2.2 In vivo myocardial function and morphology

Table 4.5: Myocardial function and morphology for 16 week control and CD

fed rats as determined by echocardiography.

16 weeks
Control CD
FSend (%) 41.74 £2.21 | 39.86 +2.06
FSmid (%) 21.32+4.82 | 24.14+2.03
PWthick (%) 154.48 + 31.02 | 76.60 + 10.41*
EDD (cm) 0.82 £0.02 0.89 £ 0.03*
ESD (cm) 0.48 £ 0.02 0.53 £0.01*
PWTdiast (cm)| 0.12+0.01 0.16 + 0.01*
PWTsyst (cm) 0.26 £ 0.02 0.26 £ 0.01

CD-cafeteria diet; EDD-end diastolic-diameter; ESD-end systolic diameter;
FSend-endocardial fractional shortening; FSmid-mid wall fractional
shortening; PWTdias-posterior wall thickness during diastole; PWTsyst-
posterior wall thickness during systole; PWthick-posterior wall thickening.

*p<0.05; n = 6-8

Assessment of the in vivo myocardial function revealed no differences in the
percentage FSend and FSmid between 16 week CD and control fed rats (table
4.5). However the percentage PWthick was significantly lower in the CD fed rats
(p<0.05). Despite this, the in vivo mechanical function can be considered to be
normal in the CD fed rats.

Myocardial morphology was altered in the CD fed rats. EDD, ESD and PWTdias
was increased in the CD fed rats when compared to hearts from control diet fed

rats (p<0.05) (table 4.5).
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4.2.3 Biochemical data

4.2.3.1 Serum angiotensin Il levels after 16 weeks on the diets
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Figure 4.21: Serum Ang Il levels after 16 weeks on the control and CD.
Values presented as means + SEM. Ang ll-angiotensin II; CD-cafeteria diet.

*p<0.05; n =10

Serum levels of Ang Il were elevated in 16 week CD fed rats when compared to

their control littermates (43.96 = 5.18 pg/ml vs. 27.07 £ 4.66 pg/ml, p<0.05)

(figure 4.21).
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4.2.3.2 Myocardial angiotensin Il levels tissue after 16 weeks on the diets
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Figure 4.22: Myocardial Ang Il levels before and at the end of 15 minutes of
global ischaemia in hearts from 16 week control and CD fed rats. Ang Il
angiotensin Il; CD-cafeteria diet.

n = 6-8

There was no difference in the basal myocardial Ang Il content from 16 week CD

and control fed rats (figure 4.22). Similarly ischaemia had no effect on myocardial

Ang Il content of either CD or control diet fed rats.
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4.2.3.3 Serum endothelin-1 levels after 16 weeks on the diets
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Figure 4.23: Serum ET-1 levels of 16 week control and CD fed rats. Values
presented as means + SEM. CD-cafeteria diet; ET-1-endothelin-1.

n =9-10.

After 16 weeks of feeding, serum ET-1 levels were still comparable between CD

rats and their control counterparts (31.21 + 1.04 pg/ml vs. 33.49 = 1.79 pg/ml)

(figure 4.23).
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4.2.3.4 Myocardial endothelin-1 levels after 16 weeks on the diets
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Figure 4.24. Myocardial ET-1 levels before and at the end of 15 minutes of
global ischaemia in hearts from 16 week control and CD fed rats. CD-
cafeteria diet; ET-1-endothelin-1.

n = 5-6.

Cardiac tissue ET-1 content was not different in hearts from 16 week fed CD rats
when compared to hearts from their control littermates before and after
ischaemia (figure 4.24). Similarly there were no differences in cardiac tissue ET-1
content between hearts of both CD groups and control groups after the ischaemic

insult.
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CHAPTER S

DISCUSSION

We set out to develop a rodent model of diet induced obesity and the MS. After
determining the optimum feeding period on a CD, we characterized our model of
obesity in terms of the working definition of the MS described by the WHO
(Alberti and Zimmet, 1998). Once we had established a suitable model of the
MS, we investigated how obesity and the abnormalities associated with the MS,
affected myocardial morphology, function, and susceptibility to ischaemia and
reperfusion induced injury. Finally, by measuring serum and myocardial Ang Il
and ET-1 levels, we attempted to demonstrate a link between the levels of these
peptides and cardiac hypertrophy, and the myocardial susceptibility to

ischaemia/reperfusion injury.

In this study, we successfully developed and characterized a model of diet
induced obesity and the MS. Our model displayed visceral obesity, insulin
resistance, hyperinsulinaemia, dyslipidaemia, elevated systolic blood pressure
and cardiac hypertrophy. Obesity and the associated MS increased myocardial
susceptibility to ischaemia/reperfusion injury as reflected by a poorer AO
recovery and a higher incidence and duration of reperfusion ventricular
arrhythmias. Based on our findings we also propose that elevated serum Ang Il

levels may contribute to the myocardial hypertrophy in our model of obesity.
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Obesity is reaching epidemic proportions world wide, and South Africa is no
exception. Recently it was shown that 29.2 % of men and 56.6 % of women in
South Africa are overweight or obese (Puoane et al. 2002). The clinical
significance of obesity was illustrated by Kenchaiah et al. (2002) who showed
that it is an independent risk factor for heart failure. Additionally, obesity is
thought to play a crucial role in the development of the MS, and is considered to
be one of the potential starting points of the syndrome (NCEP ATPIII, 2001;
Reaven, 2005). Due to the high prevalence of obesity in South Africa there is a
risk that obese South Africans may develop the MS. The MS can be seen as a
cluster of cardiovascular risk factors which aggregate together. Middle aged men
with the MS have a fourfold increased risk for developing coronary heart disease,
together with an increased risk for all cause mortality, mortality due to
cardiovascular disease and type 2 diabetes (Lakka et al. 2002). The risk of
cardiovascular disease increases proportionately with the number of components
of the MS present in the patient (Klein et al. 2002). Although the MS is
associated with these cardiovascular abnormalities more information concerning
the effects of this syndrome on the heart during both normal and

pathophysiological conditions such as myocardial ischaemia is required.
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5.1 Characterization of a rodent model of the metabolic syndrome

The MS is multifactorial. We characterized our model according to the definition
proposed by the WHO, and not the NCEP ATPIII definition. This definition was
chosen as the WHO definition is thought to be more suitable as a research tool

(Eckel et al. 2005).

Briefly the WHO requires that the patient has any one of the following (Alberti

and Zimmet, 1998):

e Impaired glucose tolerance, or diabetes mellitus or insulin resistance
(under hyperinsulinaemic, euglycaemic conditions, with glucose uptake

below the lowest quartile for the population under investigation).

Together with any two of the following:
e High BMI
e Central obesity
e Dyslipidaemia - Raised serum TG’s
- Low HDL cholesterol
e Raised arterial blood pressure

e Microalbuminurea

Although the ZDF rat is a prominent rodent model of obesity, it is genetically

manipulated and does not represent a true model of hyperphagia induced obesity
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and the MS. Due to the growing epidemic of obesity in South Africa we chose a
diet to induce obesity by hyperphagia, as this would be more appropriate to the
current global scenario where overeating and inactivity is the main cause of
obesity and the MS. Obesity in our model was induced by the consumption of a
CD, which consisted of 65 % carbohydrates (which includes 7 % sucrose), 19 %
fat and 16 % protein. One of the primary objectives of the present study was to
establish whether obesity, would lead to the metabolic abnormalities

characteristic of the MS.

5.1.1 12-week model

After 12 weeks of feeding CD fed rats were obese, but were not insulin resistant,
one of the key characteristics of the MS. In addition, hearts from the 12 week CD
fed rats were not more susceptible to an ischaemic insult than hearts from their
control littermates. We therefore decided to characterize our model of diet
induced obesity after 16 weeks of feeding to confirm that they had suitably

elevated body weights and had adopted other characteristics of the MS.
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5.1.2 16 week model

By feeding male Wistar rats a CD for 16 weeks, we successfully generated and

characterized a model meeting the WHO criteria of the MS.

Rats on the CD displayed the following characteristics:
e Normoglycaemia as illustrated by:
o Normal fasting and non-fasting blood glucose levels
o Normal HbA1c values
e Insulin resistance as illustrated by:
o0 Elevated non-fasting serum insulin levels
0 Reduced myocardial glucose uptake (unpublished data being
prepared for publication)
e Visceral obesity
e Dyslipidaemia as illustrated by:
0 Elevated TG’s
0 Low HDL cholesterol

e Elevated systolic blood pressure

CD fed rats also develop cardiac hypertrophy. Our model can therefore be
considered to be a prediabetic model of the MS after 16 weeks of feeding. MS in
our model was in all likelihood induced by the obesity, as 12 weeks on the CD

led to obesity but not insulin resistance. Insulin resistance was only noted after

143



16 weeks of feeding in the CD fed rats. These data suggest that the insulin

resistance was secondary to obesity.

5.2 How does this model compare with others?

Previously, the consumption of high carbohydrate diets has been associated with
many metabolic disturbances. High sucrose containing diets administered to
animals have been associated with a variety of effects depending on the model.
These include visceral obesity, insulin resistance, hyperinsulinaemia,
hyperglycaemia, hypertriglyceridaemia, elevated FFA, high myocardial TG
content, lowered HDL cholesterol, and hypertension (Reaven et al. 1979;
Lombardo et al. 1983; Chicco et al. 1991; Pagliassotti et al. 1996; Barios et al.
1997; Soria et al. 2001; Fukuchi et al. 2004; Kamgang et al. 2005). Rats fed
primarily a fructose diet, develop similar characteristics (Hwang et al. 1987;
Kobayashi et al. 1993; Bezerra et al. 2000; Kamide et al. 2002; Ryu and Cha,
2003; Morel et al. 2005). Obesity may also develop in these models, but only
manifests after an extended feeding period, long after the development of insulin
resistance which would suggest that obesity is not the primary cause of the other

abnormalities (Chicco et al. 2003; Fukuchi et al. 2004).

The metabolic features described in our model are comparable with findings from
previous studies making use of high carbohydrate diets (Reaven et al. 1979;
Lombardo et al. 1983; Hwang et al. 1987; Chicco et al. 1991; Kobayashi et al.

1993; Pagliassotti et al. 1996; Baros et al. 1997; Bezerra et al. 2000; Kamide et
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al. 2002; Ryu and Cha, 2003; Fukuchi et al. 2004; Morel et al. 2005). Certain
studies using the fructose (66 % fructose enriched diet) or sucrose (30 %
sucrose in drinking water) fed rat model, meet the WHO criteria for MS (Hwang
et al. 1987; Bafios et al. 1997). None of these studies are however relevant or
comparable to ours as the metabolic changes occur in the absence of obesity

(Reaven et al. 1979; Thresher et al. 2000; Chicco et al. 2005).

Studies employing the same CD model as ours have also reported most of the
metabolic disturbances described in this study. With the exception of Naderali et
al. (2001a), none of the other studies making use of the CD rat model have
investigated the model in the context of the MS (Pickavance et al. 1999; Naderali
et al. 2001b; Holemans et al. 2004; Du Toit et al. 2005). Rats from the one study
of Naderali et al. (2001a) did not meet the WHO criteria for MS. This could
possibly be attributed to the feeding program being too short, which extended for
only 12 weeks. Data from our study show that 12 weeks of feeding would be
insufficient to produce all the metabolic abnormalities required to satisfy the
WHO definition of the MS. CD fed rats in the study by Holemans et al. (2004)
were hyperinsulinaemic and hyperglycaemic after 4 weeks of feeding. These
data are interesting as the experiments were performed on female Wistar rats,
and although it is not known whether gender affects susceptibility to diabetes or
glucose intolerance, the changes occurred earlier than in our study with male

rats.
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There are some discrepancies between our findings and those of others using
the same model with respects to metabolic abnormalities and blood pressure.

These will be dealt with individually.

5.2.1 Insulin resistance and diabetes

The mechanism of the development of insulin resistance is poorly understood,
but may be initiated by obesity (Bogardus et al. 1985). Insulin resistance over a

period of time may progress to type 2 diabetes (Charles et al. 1991).

Obesity in our study probably lead to the development of insulin resistance after
16 weeks as after 12 weeks, CD fed rats were obese in the absence of
hyperinsulinaemia. Studies supplementing the diet with vast amounts of
carbohydrates have been able to induce insulin resistance in rats (Lombardo et
al. 1983; Pagliassotti et al. 1996). These diets however produced insulin
resistance in the absence of obesity and are therefore not comparable to our
study. This insulin resistance may be due to direct adverse effects of the diet as
rats developed insulin resistance within 3-5 weeks in these studies (Reaven et al.
1979; Thresher et al. 2000; Chicco et al. 2005). A sucrose dose dependant effect
was shown by Reiser et al. (1981). Carbohydrate sensitive individuals consumed
diets providing either 5, 18, and 33% of the calories as sucrose for six weeks.
Fasting insulin levels increased proportionally with the sucrose content of the
diet, and subjects consuming the largest amounts of sucrose developed signs of

glucose intolerance. The findings of Reiser et al. (1981) and data from animal
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studies (Reaven et al. 1979; Thresher et al. 2000; Chicco et al. 2005) suggest
that high levels of simple sugars elicit an increased pancreatic insulin secretion,
which over time may develop into insulin resistance. In fact in a recent review,
Bessesen (2001) stated that the adverse effects of sucrose and fructose diets

are due to a combination of the dose and the exposure to the diet.

In contrast, studies making use of the same CD rodent model, were able to
induce obesity, however these CD fed rats did not display elevated fasting insulin
levels (Pickavance et al. 1998; Naderali et al. 2001a; 2000b; Du Toit et al. 2005).
An age related effect may explain these different observations. The combined
effect of diet and age on certain metabolic parameters was investigated by
Pagliassotti et al. (2000). Rats of different ages (5, 10, 18, or 58 weeks) were
placed on a high sucrose diet for 5 weeks. The data obtained from this study
showed that the age at which the diet was introduced significantly affected the
metabolic parameters, especially fasting serum insulin levels, after the 5 week
feeding period. There was a significant step wise increase in fasting serum
insulin levels with age (except in the 58 week old group, which was slightly less
than the 18 week old group). The findings of Pagliassotti et al. (2000) suggest
that differences in age at the onset of the diet may account for the discrepancies
seen in serum insulin levels between our study and others using the same

model.
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Caution should be taken when interpreting our findings as we measured non-
fasting insulin levels. The method used to measure serum insulin levels also

differed between the various studies described in this section.

Both fasting and non-fasting blood glucose measurements revealed that CD fed
rats in our study, were normoglycaemic. Other studies have also confirmed our
findings that the CD model does not affect fasting blood glucose levels

(Pickavance et al. 1999; Naderali et al. 2001a, 2001b).

Data from our lab using the same model (Du Toit et al. 2005) found an increase
in blood glucose levels in the CD fed rats. This is contrary to the current study
and that of other studies making use of the CD rodent model. These differences
in fasting blood glucose levels may once again be due to the early initiation of the
diet in that particular study as rats were placed on the diet directly after being

weaned.

To confirm that our rats were not diabetic we determined the HbA1c in rats from
both groups. HbA1c is a clinical test used to assess blood glucose management
3 months prior to the test. Although there were subtle differences in the
percentage glycosylation of the hemoglobin between CD and control diet fed

rats, these values remained in the normal range, which is below 6 %.
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5.2.2 Lipid profiles

As expected with obesity, CD fed rats in our study developed dyslipidaemia
characterized by elevated TG’s and decreased total cholesterol and HDL-
cholesterol in the serum. Du Toit et al. (2005) found similar alterations in serum
lipid levels with comparable decreases in serum total cholesterol and HDL-
cholesterol, together with elevated serum TG levels in the CD fed rats.
Pickavance et al. (1999) and Naderali et al. (2001a, 2000b) only measured
serum TG levels in their studies, but observed similar increases in serum TG
levels in their CD fed rats. Pickavance et al. (1999) and Naderali et al. (2001a,
2000b) also showed that the CD rat model is associated with elevated serum

FFA levels which are thought to contribute to the progression of the MS.

Dyslipidaemia can occur as a direct result of elevated serum FFA, as seen in
obesity. With an increased FFA flux to the liver there is an increased production
of TG rich VLDL particles (Lewis et al. 1995). The elevated serum TG’s may be
due to accelerated VLDL-TG secretion into the serum (Mittendorfer and Sidossis,
2001) as seen after the consumption of high carbohydrate diets. Elevated serum
VLDL-cholesterol has a direct effect on serum HDL-cholesterol levels. TG rich
VLDL-cholesterol particles can exchange their core lipids with HDL-cholesterol, a
process which is enhanced in hypertriglyceridaemic states (Rashid et al. 2002).
Consequently the HDL-cholesterol is TG enriched, which has been shown to

enhance the clearance of HDL-cholesterol from the circulation (Lamarche et al.
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1999). Lowered levels of HDL-cholesterol are problematic as HDL-cholesterol is
atheroprotective, by mediating reverse cholesterol transport from the peripheral

tissue to the liver (Stein et al. 1999).

Recently, peroxisome proliferator-activated receptor (PPAR) agonists have
shown potential in treating animal models with dyslipidaemia (Ljung et al. 2002;
Velliquette et al. 2005). PPAR’s are ligand activated transcription factors that
belong to the nuclear receptor superfamily. One such PPAR, PPAR-q, stimulates
the expression of genes that are involved in lipoprotein and fatty acid metabolism
(Tenenbaum, 2004). PPAR-a has been shown to be pharmacologically activated
by fibrates. This results in increased fatty acid oxidation and the attenuation of
TG synthesis and VLDL secretion. Additionally PPAR-a agonists increase the
production of apolipoprotein A-l, which increases HDL-cholesterol levels
(Vitarius, 2005). PPAR-a agonists would thus be useful in normalizing lipid levels

and preventing other pathologies such as coronary artery disease.

5.2.3 Visceral obesity

The presence of visceral obesity in our model may play a significant role in the
development of the dyslipidaemic profile seen in CD fed rats from our study.
Visceral adipocytes have been shown to be more susceptible to lipolytic stimuli
compared to other adipocytes (Lonnqvist et al. 1995; Phillips et al. 1996).
Consequently, elevated visceral adiposity would result in greater amounts of FFA

release into the serum and thus affect the lipid profile.
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Besides its effects on the lipid profile of a patient, visceral obesity is also thought
to play an important role in the development of insulin resistance, and possibly
the resulting cardiovascular complications (Evans et al. 1984; Nakamura et al.

1994; Kobayashi et al. 2001).

CD fed rats in our study were viscerally obese which is comparable to the
findings of Naderali et al. (2001a, 2000b). Naderali et al. (2001a, 2001b) also
demonstrated the presence of larger amounts of gonadal and epididymal fat
masses. This increase in fat pad mass would therefore contribute significantly to
the progression of the syndrome by promoting the development of dyslipidaemia

and insulin resistance.

5.2.4 Systolic blood pressure

Systolic blood pressure was elevated in CD fed rats in our study when compared
to control littermates. The mean systolic blood pressure for our control diet fed
rats was 151.36 + 2.77 mmHg compared to the 166.15 £ 2.55 mmHg of the CD
fed rats. Du Toit et al. (2005) saw a similar elevation in systolic blood pressure in
obese rats using the CD rat model. These are to our knowledge the first studies
to demonstrate elevations in blood pressure in response to diet induced obesity

in the rat.
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The sucrose fed rat has been described by Bafos et al. (1997) as being
hypertensive after 12 to 17 weeks of feeding. These diet fed rats had a systolic
blood pressure of 142 mmHg, which was significantly different to control rat’s
values. Similarly, the FFR also develops elevated systolic blood pressures after
five weeks on the diet (Erlich and Rosenthal, 1995). These findings suggest that
diets containing large amounts of simple sugars, may elevate systolic blood

pressures in rodents.

5.3. Consequences of the metabolic syndrome: cardiac hypertrophy

The increased blood volume associated with obesity, increases both the preload
and the stress on the heart. The former in turn increases cardiac output (Messerli
et al. 1983). These obesity induced changes ultimately affect cardiac structure
and function and manifest as diastolic dysfunction (Pascual et al. 2003) and/or
cardiac hypertrophy (Opie, 1991; Paulson and Tahiliani, 1992). The heart
compensates for the increased stress placed on it, so that obesity is usually
associated with an increase in left ventricular mass (Messerli et al. 1983Db).
Indices recently used to quantify cardiac hypertrophy include the VW/BW
(Skoumal et al. 2004; Asai et al. 2005) and the VWI/TL ratio (Brede et al. 2003;
Saupe et al. 2003). In recent years, researchers have also used posterior wall
thickness, as determined by echocardiography, to assess cardiac morphology

and dimensions (Swarz et al. 1998).
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Using the VW/TL ratio in this study, hearts from CD fed rats displayed signs of
cardiac hypertrophy (table 4.1) at both 12 and 16 weeks. Cardiac hypertrophy as
assessed by the VW/TL ratio was more marked after 16 weeks on the diet. In
contrast the VW/BW ratio revealed no differences between control and diet fed
groups. Previous data from our lab using the VW/BW ratio support the presence
of cardiac hypertrophy in the CD fed rat after 16 weeks (Du Toit et al. 2005).
Similarly the FFR model of MS also displays cardiac hypertrophy as
demonstrated by an increased VW/BW ratio when compared to control rats (lyer

et al. 1996a).

The VW/BW ratio in our study possibly showed no differences between the
groups due to the exponential increase in relative body weight seen in the CD fed
rats compared to control diet fed rats. Yin et al. (1982) concluded that due to age
related fluctuations in weight gain, the VW/TL ratio would be a more accurate
and stable index for quantifying cardiac hypertrophy in the rodent. The VW/TL
ratio would therefore be a more accurate index of cardiac hypertrophy in our

study as it is not influenced by changes in body weight.

Transthoracic echocardiography provides repeatable quantitative and qualitative
information to assess cardiac structure and function (Schwarz et al. 1998).
Transthoracic echocardiography was used in our study to confirm the presence
of cardiac hypertrophy in CD fed rats. This was shown in the form of thicker

posterior walls and larger EDD’s in the CD fed rats. This suggests that thickening
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of the ventricular wall in addition to left ventricular dilatation had occurred in CD
fed rats. Due to the novelty of this model there are no known obese rodent

models with which to compare these findings.

Echocardiography in rats is a relatively new technique, and consequently few diet
studies have used this technique to investigate cardiac structure and
morphology. To our knowledge this is the first study using echocardiography to
determine myocardial morphometry and geometry in a diet induced obese rat
model of the MS. Echocardiographic evaluations have indeed previously been
used in spontaneously hypertensive rats to study left ventricular remodeling
(Veliotes et al. 2005). In a comparative study, obese (diabetic and hypertensive)
rats had significantly thicker posterior walls and larger EDD’s compared to control
rats (Schwarz et al. 1998). Although the echocardiographic results obtained by
Schwarz et al. (1998) yielded similar findings to our study, the obese rats used by
Schwarz et al. (1998) had diabetes and hypertension. The study by Schwarz et
al. (1998) does provide valuable information, and suggest that cardiac
hypertrophy in our model may be due to a combination of obesity and the
elevated systolic blood pressure. In fact Messerli et al. (1983b) conducted
echocardiographic analysis on lean and obese patients that were either
hypertensive or normotensive. Obesity was seen to be associated with an
increased left ventricular diameter which can be considered to be indicative of

eccentric left ventricular hypertrophy, while hypertension was associated with an
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increased posterior wall thickness, which can be considered to be indicative of

concentric left ventricular hypertrophy.

As CD fed rats in our study have thicker posterior walls and larger EDD'’s,
evidence from the literature (Messerli et al. 1983b; Schwarz et al. (1998)
suggests that cardiac hypertrophy in our CD fed rats was induced by a

combination of obesity and an elevated systolic blood pressure.

5.4 The involvement of Angiotensin Il and Endothelin-1 in the development

cardiac hypertrophy

Circulating Ang Il and ET-1, which are elevated in obesity (Giacchetti et al. 2002;
Glowinska et al. 2004), are well known for their growth promoting effects in
cardiomyocytes and are considered to play a role in the development of cardiac
hypertrophy (Sadoshima and Izumo, 1993, Ito et al. 1993). Elevated levels of
these peptides in the myocardium are also associated with cardiac hypertrophy
(Baba et al. 2000; Baker et al. 2004). It is thought that in conditions in which
these growth promoting peptides are upregulated, there is a possibility that they
would increase the chances of developing cardiac hypertrophy. The growth
promoting effects of Ang Il may further be enhanced by the fact that Ang Il can
upregulate the formation of ET-1, which is also thought to promote growth (lto et

al. 1993).
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5.4.1 Angiotensin |l

The present study was the first to investigate myocardial Ang Il levels in a dietary
obese model of the MS. We did not find an increase in basal myocardial Ang Il
levels in hypertrophied hearts from CD fed rats after either 12 or 16 weeks on the
diet. Serum Ang |l levels of CD fed rats were elevated after 16 weeks on the diet.
Our myocardial and serum Ang |l data however support data from a previous
study performed by our group (Du Toit et al. 2005). None of the other studies
using the CD rat model to induced obesity have investigated serum and tissue

Ang Il content (Pickavance et al. 1999; Naderali et al. 2001a, 2001b).

Despite the absence of differences in myocardial Ang Il content, Du Toit et al.
(200%5) indicated that the peptide might play a role in the development of cardiac
hypertrophy in the CD rat model. Treatment of the CD fed rats with the AT
receptor antagonist, losartan was shown to significantly reduce the degree of

cardiac hypertrophy in these rats when compared to untreated CD fed rats.

We did however find that hearts from the 12 week CD fed rats were hypertrophic
but that their serum Ang Il levels were not yet elevated. These data suggest that
there may be additional stimuli besides the elevated Ang Il that contribute to the
development of cardiac hypertrophy. Ang Il is however a potent vasoconstrictor
and plays a role in the development of hypertension (Silverthorn, 2004).

Hypertension itself is a stimulus for cardiac hypertrophy (Messerli et al. 1983b;
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de la Maza et al. 1994). Ang Il may therefore contribute to the elevated systolic

blood pressure seen in our model.

The FFR, a model of MS, is also characterized by elevated serum Ang Il levels,
cardiac hypertrophy and a high density of AT; receptors on the myocardial
membrane (lyer et al. 1996b). Treatment of the FFR with olmesartan, an AT
receptor antagonist, attenuated the development of cardiac hypertrophy in these
rats, suggesting a role for elevated serum Ang Il in the development of cardiac

hypertrophy (Kamide et al. 2002).

Significantly, in the studies of Kamide et al. (2002) and Du Toit et al. (2005) the
attenuation in cardiac hypertrophy following drug treatment was accompanied
with the normalization of systolic blood pressure in their experimental models.
This suggests that both blood pressure and direct Ang Il signaling on the
myocardium played a role in the reduction of cardiac hypertrophy. These findings
suggest that cardiac hypertrophy in our model may be due to a combined effect

of elevated blood pressure and obesity.

5.4.2 Endothelin-1

CD fed rats in our study did not have elevated serum or myocardial ET-1 levels.
None of the other studies using the CD rat model have attempted to measure
ET-1 levels in either the serum or the myocardium. Our data suggests that ET-1

did not play a role in the development of cardiac hypertrophy in our model.
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The FFR model of MS, which displays cardiac hypertrophy has however been
shown to have elevated serum ET-1 levels (Juan et al. 1998), but the influence of
ET-1 antagonism in the development of cardiac hypertrophy has not been
investigated in the FFR model. Therefore due to the lack of intervention studies,
the involvement of ET-1 in the development of cardiac hypertrophy in animals or

subjects with the MS remains unknown.

5.5 Obesity and basal cardiac function

Myocardial mechanical function may be elevated in obese individuals as obese
individuals have a higher cardiac output when compared to non-obese
individuals (Messerli et al. 1983a). Obesity and the compensated cardiac
hypertrophy is however associated with diastolic filling abnormalities, (Corin et al.
1991; Nunez et al. 1994; Andren et al. 1996). Despite this, systolic function may
to be augmented in obese individuals (Berkalp et al. 1995; Pascual et al. 2003),
however this view has recently been challenged with the development of more
sensitive techniques with which to measure myocardial function (Wong et al.

2004; Peterson et al. 2004)

When isolated rat hearts were perfused in our study, hearts from CD fed rats
generated a significantly lower AO compared to control hearts. These findings
support previous data from our lab (Du Toit et al. 2005). Because our CD model

induces obesity and the MS, few comparisons can be made with our data. The
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data obtained from the isolated perfused hearts are interesting as they are
contrary to what would be expected. The lowered AO’s seen in the CD fed rats
may be due to a defect in myocardial functioning induced by the obese state, or it
may be due to the absence of factors in the perfusate that are usually present in
vivo. The preload on the heart also remained constant on the perfusion
apparatus. This is not the case in obesity. The volume increase in obesity causes

an increase in preload on the heart and this may also increase in vivo function.

The isolated perfused heart contracts in the absence of any other substance that
may influence in vivo contractility. Obesity is marked by an increased
sympathetic drive (Egan et al. 1989). Obese CD fed rats would therefore be
expected to have a higher sympathetic drive, and consequently larger amounts
of catecholamines release into the circulation. Catecholamines help modulate
myocardial contraction (Opie, 1991) and thus increase cardiac output. The
absence of elevated catecholamines in the perfusate of the hearts from CD fed

rats may account for the drop in AO seen in these hearts.

Since CD fed rats are hyperinsulinaemic, the absence of elevated insulin levels
in the perfusion buffer may also contribute to the depressed basal mechanical
function observed in the ex vivo experiments. Increased insulin levels, induced
by insulin infusion, were shown to increases cardiac output together with heart
rate in sheep fetuses (Milley, 1987). Moreover insulin is a positive inotrope

(Vetter et al. 1988), and can increase myocardial contractility and consequently
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cardiac output. These studies suggest a beneficial role for the hyperinsulinaemic
condition in modulating cardiac mechanical function. Due to insulin effects on
myocardial contractility, the absence of insulin from the perfusate in our study

may contribute to the decrease in AO observed in the hearts from CD fed rats.

Insulin is also known to be responsible for controlling glucose uptake by a
muscle. Hypertrophied hearts have been shown to have defective insulin
signaling with a resultant decreased myocardial glucose uptake (Friehs et al.
2005). A decreased glucose uptake in the isolated perfused hearts from CD fed
rats may also affect myocardial contractility, although there are currently no

studies on obesity supporting this hypothesis.

CD fed rats from our study showed no myocardial mechanical functional
abnormalities when compared to control littermates as assessed by

echocardiography (Table 4.5). This was reflected by normal FSend and FSmid.

Echocardiographic studies of obese individuals and animals suggest that obesity
either augments myocardial fractional shortening or has no effect on it. Both
Berkalp et al. (1995) and Pascual et al. (2003) found that obese individuals have
an augmented myocardial fractional shortening when compared to lean
individuals. Similarly, obese rats were shown to have an increased myocardial
fractional shortening when compared to lean control rats (Swarz et al. 1998). The

experiment was however complicated by the co-occurrence of hypertension and
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diabetes in these obese rats. Thus systolic function seems to be normal or

improved in obese individuals.

These echocardiographic data confirm our in vivo data and suggest that obesity
does not adversely affect myocardial mechanical function. This further
strengthens our hypothesis that the absence of circulating catecholamines and/or
insulin may contribute to the decreased mechanical function seen in the isolated
perfused hearts of CD fed rats. Moreover the increased preload, associated with
obesity, was not controlled for in the ex vivo experiments. It may be that under
similar preload conditions, CD fed rats may have decreased in vivo mechanical

function compared to control diet fed rats.

Recently it has however been shown that obese individuals may indeed have
adversely altered systolic function. This was shown in studies on obese
individuals using updated echocardiography techniques which are pre-load
sensitive (Wong et al. 2004; Peterson et al. 2004). Acquiring these techniques
would be useful in the investigation of the cardiovascular effects of obesity in our

model.
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5.6 Ischemia/reperfusion injury

5.6.1 The role of obesity and cardiac hypertrophy in ischaemia/reperfusion

injury

Obesity is a risk factor for the development of coronary artery disease (Rimm et
al. 1995). Hearts from obese individuals may therefore be more prone to
ischaemia/reperfusion injury and this could be indirectly due to abnormalities
associated with obesity related cardiac hypertrophy (Galifianes and Flower,

2004).

In our study, obesity induced hypertrophied hearts from CD fed rats were more
susceptible to ischaemia/reperfusion injury when compared to hearts from control
diet fed rats after 16 weeks on the diet. This was evident from the decreased
functional recovery of the CD fed rat hearts during the reperfusion period. The
exact mechanism for the increased susceptibility of hearts from CD fed rats to
ischaemia/reperfusion injury was not established in this study. Previous findings
from our laboratory indicated that treatment of CD fed rats with losartan, an AT;4
receptor antagonist, was able to reduce the extent of cardiac hypertrophy in
these rats. This reduction in cardiac hypertrophy attenuated the susceptibility of
the CD fed rat myocardium to ischaemia/reperfusion-induced injury (Du Toit et al.
2005) and would suggest that the hypertrophy may contribute to the increased

susceptibility of these hearts to ischaemia and reperfusion injury.
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Hypertrophied hearts have previously been shown to have exacerbated left
ventricular dysfunction following ischaemia (Hearse et al. 1978; Gaash et al.
1990). Allard et al. (1994) also found an increased susceptibility of hypertrophied
hearts to ischaemia/reperfusion injury reflected by reduced functional recovery
during the reperfusion period. Morphological analyses of these hypertrophied
hearts revealed no differences in irreversible ischaemic damage (necrosis)
between hypertrophied and control hearts. The calcium overload that occurred
during reperfusion in the hypertrophied myocardium was however 2.5 fold
greater than in the control rats’ myocardium. Cardiac hypertrophy may therefore
predispose the myocardium to calcium overload and calcium overload may in

turn induce myocardial stunning (Du Toit and Opie, 1992).

Work from our laboratory has recently shown that CD fed rat hearts have lowered
basal myocardial glucose uptake (data unpublished). It has also been
hypothesized that hypertrophied hearts show altered glucose energy metabolism
during an ischaemic insult. Experimental evidence to support this hypothesis was
presented in the form of exaggerated uncoupling of glycolysis from glucose
oxidation following an ischaemic insult in a hypertrophied myocardium
(Schonekess et al. 1996). This was in turn associated with an increased
myocardial susceptibility to ischaemia/reperfusion injury (Schonekess et al.
1996). The hypertrophied myocardium is also associated with defective insulin
signaling, which restricts insulin-mediated GLUT-4 translocation to the cell

membrane, and consequently reduces glucose uptake by the myocardium
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(Friehs et al. 2005). Obesity is also associated with ineffective insulin signaling in
skeletal muscle in the absence of diabetes (Cusi et al. 2000). Therefore
metabolic abnormalities due to obesity/MS together with cardiac hypertrophy
may have an additive effect on the glucose metabolism of the heart, which would
become problematic during ischaemia and reperfusion and contribute to

enhanced injury.

The presence of cardiac hypertrophy in CD fed rats from our study is though to
be responsible for the increased susceptibility of CD fed rat hearts to
ischaemia/reperfusion injury. However coupled with cardiac hypertrophy are the
various metabolic abnormalities of the MS affecting the metabolism of the heart.
Although the impact of these metabolic abnormalities in ischaemia/reperfusion
injury was not investigated, they cannot be excluded from contributing to the

increased susceptibility to injury as seen in our study.

5.6.2 The role of angiotensin |l and endothelin-1 in ischaemia/reperfusion

injury

Both Ang Il (Yoshiyama et al. 1994; Frolkis et al. 2001) and ET-1 (Brunner and
Opie, 1998) are known to play a role in exacerbating myocardial
ischaemia/reperfusion induced injury. Data from this study showed no differences
in myocardial Ang Il content between the control and obese hearts during
baseline perfusion or during ischaemia. Similarly, our group (Du Toit et al. 2005)

found no differences in myocardial Ang Il content of hearts from CD and control
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diet fed rats. Inhibiting Ang Il signaling, in a model with elevated Ang Il, led to an
improvement in mechanical function following reperfusion compared to untreated
animals (Du Toit et al. 2005). Due to this, the contribution of Ang Il to
ischaemia/reperfusion induced injury in our study cannot be ruled out despite the
absence of elevated levels of the peptide in the myocardium. The effect of
losartan treatment in the perfusate before ischaemia was not tested in the
present study but would provide valuable insight into the possible role of Ang Il in

ischaemia/reperfusion injury.

Current data suggest that ET-1 does not influence the susceptibility of this model
to ischaemia/reperfusion injury as both circulating and myocardial ET-1 levels
were comparable in the control and CD fed rats. Despite this, in normal rat
hearts, bosentan, an endothelin A and B receptor antagonist, was able to provide
protection against ischaemia/reperfusion injury in isolated rat hearts, when added
to the perfusate during reperfusion (Xia et al. 2005). To our knowledge, there are
no diet-induced obese rodent models investigating the effect of ET-1 on
ischaemia/reperfusion injury. More studies investigating the involvement of ET-1
in myocardial ischaemia/reperfusion injury in obese rodent models are therefore

required.

Hearts from CD fed rats in our study may therefore be more prone to

ischaemia/reperfusion injury due to the presence of cardiac hypertrophy,
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metabolic alterations associated with the MS and possibly a direct effect of Ang

5.6.3 Obesity, cardiac hypertrophy and ventricular arrhythmias

Obesity is considered to be a risk factor for cardiac arrhythmias and sudden
cardiac death (Aronson, 1981; Kopelman, 2000). Electrocardiographic studies
have revealed many electrical abnormalities in the hearts of obese individuals,
many of which serve as markers for sudden death (Fraley et al. 2005). Obesity
induced cardiac hypertrophy has been shown to be a risk factor for excessive
ventricular ectopy in obese normotensive individuals, when compared with lean
controls (Messerli et al. 1987). Indeed the susceptibility of the hypertrophied
myocardium to cardiac arrhythmias has been confirmed experimentally in
pressure overload models (Shimada and Avkiran, 2003). Moreover, Ang I, which
is elevated in the blood in obesity, may also enhance myocardial susceptibility to
ventricular arrhythmias, as the addition of compounds inhibiting Ang Il signaling
to the perfusate of isolated perfused hearts, has been shown to reduce the

incidence of ventricular arrhythmias (de Graeff et al. 1986)

The mechanism for the increased susceptibility to arrhythmias is not fully
elucidated. Cardiac hypertrophy however has been shown to predispose the
myocardium to early afterdepolarizations (Aronson, 1981) and early
afterdepolarization-induced triggered activity (Charpentier et al. 1991). This is

thought to occur as the hypertrophied myocardium is more prone to calcium
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overload (Opie and Coetzee, 1988; Brooks et al. 1995), which is a stimulus for
ventricular arrhythmias (Opie and Coetzee, 1988). Calcium overload occurs
directly due to the lower density of Ca?* ATPase pumps found in the
sarcoplasmic reticulum, of the hypertrophied myocardium (de la Bastie et al.
1990). These changes in the cytosolic Ca?* concentrations add to the alterations
in Ca?* and Na*-Ca** exchange currents seen in hypertrophied hearts. This
contributes to the prolongation of the action potentials in the hypertrophied
myocardium and predisposes the myocardium to early afterdepolarizations and

early afterdepolarization-induced triggered activity.

To our knowledge no studies have set out to investigate the susceptibility of the
heart of an obese animal to ventricular arrhythmias during ischaemia and
reperfusion. Finding clarity on this issue is important, as obesity is an
independent risk factor for developing coronary artery disease (Rimm et al. 1995)
and there may therefore be a higher risk of obese individuals developing fatal

cardiac arrhythmias.

Reperfusion in our study was associated with a higher incidence and duration of
ventricular tachycardia and fibrillation in the hearts from obese animals. The
mechanisms of these arrhythmias were not however investigated, but may be
due to the presence of cardiac hypertrophy in these rats. Metabolic effects, due
the MS, on myocardial susceptibility to ischaemia/reperfusion injury cannot be

excluded. Our findings that the MS may increase the susceptibility to ventricular
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arrhythmias during ischaemia/reperfusion are in agreement with Morel et al
(2003) who used the FFR. The FFR, a model of the MS, which develop cardiac
hypertrophy, was shown to display a higher incidence of ventricular arrhythmias
during ischaemia following an in vivo myocardial infarction (Morel et al. 2003).
This study differs to ours in that the FFR were not obese and arrhythmias were

not monitored during reperfusion.

Another model of the MS is the sucrose fed rat. It has not been shown whether
these rats develop cardiac hypertrophy. Carvajal and Banos (2002) subjected
isolated hearts from sucrose fed rats to global ischaemia for 30 minutes, followed
by reperfusion. Hearts form the sucrose fed rats were more susceptible to
ventricular arrhythmias during reperfusion compared to their control littermates.
Together with our study, these data would suggest that the mechanisms for
increased myocardial susceptibility to ventricular arrhythmias may relate to
changes in myocardial metabolism due to the MS, or because of the presence of

cardiac hypertrophy.

The FFR model has previously been shown to have an upregulated RAS, with
elevated circulating Ang Il (Kamide et al. 2002). It is not known whether Ang I
contributes to the incidence of arrhythmias seen in the FFR model. However
when normal rat hearts were treated with an AT; antagonist in the perfusate,
prior to coronary artery ligation, the incidence of reperfusion arrhythmias

decreased significantly compared to untreated hearts (de Graeff et al. 1986).
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Data from our study do not shed much light of the involvement of Ang Il on the
myocardial susceptibility to ventricular arrhythmias in our model as no drug

interventions were used.

We would speculate that the combination of the metabolic abnormalities
associated with the MS, together with the presence of cardiac hypertrophy in our
model of obesity/MS is responsible for the increased susceptibility to ventricular
arrhythmias. This study is however the first study to provide evidence showing a
direct link between obesity and fatal arrhythmias. Due to the lack of differences in
myocardial Ang Il levels between groups seen in our study, the results suggest
that Ang Il did not influence the myocardial susceptibility to ventricular

arrhythmias in our ex vivo model.

5.7 Limitations of this study

The possibility exists that blood pressure values obtained in this study, may not
reflect normal blood pressures for these animals. This may be due to the use of
anesthetic in combination with a non-invasive method of determining blood
pressure. Both groups underwent the same procedure which would be expected

to alter blood pressure similarly in both groups.

We proposed that the increased susceptibility of hearts from obese rats to

ischaemia/reperfusion injury may be due to the presence of cardiac hypertrophy.

The possibility however exists that hearts from these obese rats may be more
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prone to necrosis during reperfusion, which would also contribute to a decreased
functional recovery. Measuring myocardial infarct size would have provided
valuable information as to the nature of the increased susceptibility of these

hearts to ischaemia/reperfusion injury.

It must be emphasized that the ex vivo data obtained need to be interpreted with
caution. Factors such as elevated insulin and catecholamines which are present
in obese rats may increase myocardial function and tolerance to
ischaemia/reperfusion injury in vivo. In future, perfusion buffers for this type of
experiments should contain both insulin and fatty acids in varying amounts for

control and obese rats to try and mimic in vivo conditions.

A clearer understanding of the involvement of Ang Il and ET-1 in the
development of cardiac  hypertrophy and the mechanism  of
ischaemia/reperfusion-induced injury could have been obtained had we
investigated these peptides at a molecular level. Angiotensinogen and
preproendothelin mRNA quantification would have added value to this study as
our assay may not have been sensitive enough to detect subtle variations in
myocardial Ang Il and ET-1 peptide content. The assays used are intended for
measuring plasma Ang |l and ET-1. We however also used the assays to
determine tissue protein levels. The tissue extraction methods may have
contributed to the absence of significant differences in the levels of these

proteins. In addition, mRNA quantification would reflect an accurate functional
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expression of these peptides by the myocardium, as the peptide may have been

released from the myocardium, and lost in the perfusate.

Further understanding of the involvement of these peptides in cardiac function
could be investigated by the addition of AT4 or an ETa receptor antagonist to the
perfusate. This would eliminate locally produced Ang Il and ET-1 from activating
their signaling pathways and may therefore clarify the role of endogenous Ang Il

and ET-1 in ischaemia/reperfusion injury.

5.8 Future directions

A significant outcome of this study was that in vivo basal myocardial function
appeared to be normal in the obese rats when assessed using
echocardiography. When isolated hearts from the respective groups were
however perfused, hearts from CD diet fed rats displayed poorer basal
mechanical function, compared to hearts form their control littermates. It was
recently shown in a hypertriglyceridaemic, hyperinsulinaemic rat model (sucrose
fed rat) that the infusion of insulin in the perfusate of Langendorff perfused
hearts, restored basal myocardial mechanical function (mechanical work and
+dp/dt max) to normal values (Cardenas et al. 2005). The beneficial effects of
insulin administration were again seen, as the functional recovery between the
groups was comparable. The decreased incidence of fatal ventricular
arrhythmias seen in these sucrose fed rats disappeared following insulin

administration to the perfusate. It has not been documented whether or not
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cardiac hypertrophy exists in this model. These findings suggest a vital
cardioprotective role of insulin in the MS. Future studies would aim to establish
whether the same cadioprotective effect of insulin, both pre and post-ischaemic,
would be evident in our obese model of MS. The mechanism behind this
cardioprotective phenomenon is also incompletely understood and further

investigations are required.

Lastly as basal in vivo myocardial mechanical function is comparable between
CD and control diet fed groups, it would be worth investigating whether the in
vivo heart responds differently to an infarct. This could be investigated by
inducing an in vivo myocardial infarction and monitoring myocardial function,
infarct size and cardiac remodeling. Hearts from CD fed rats would thus be
exposed to all components of the MS. In fact, such studies have already been
carried out in both the sucrose and FFR, however the findings from these studies
are contradictory (Morel et al. 2003; Jordan et al. 2003). Further investigations
are therefore warranted to establish whether or not these findings are model
specific, or whether the presence of excess insulin, in the hyperinsulinaemic

state is indeed cardioprotective.
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CHAPTER 6

CONCLUSION

We have developed a model of diet-induced obesity that fulfills the WHO criteria
of the MS. Our model is characterized by the presence of visceral obesity, insulin
resistance, normoglycaemia, dyslipidaemia, elevated systolic blood pressure and

cardiac hypertrophy.

Obesity in our model was associated with decreased ex vivo basal mechanical
function and increased myocardial susceptibility to ischaemia and reperfusion
injury, which may be related to the presence of cardiac hypertrophy or metabolic
abnormalities in these hearts. Ex vivo myocardial mechanical function was
decreased in the obese rats. The increased susceptibility to
ischaemia/reperfusion injury was reflected in both decreased reperfusion function
and increased incidence of reperfusion arrhythmias in these hearts from obese
rats. As in vivo basal myocardial mechanical function was comparable between
groups this data suggest that the differences may be related to the perfusion

model being used.

The role of Ang Il in the development of cardiac hypertrophy is not completely
understood, and present data suggest that elevated circulating Ang Il may
contribute to the development of cardiac hypertrophy in our model. Ang Il may

contribute to the increased ischaemia and reperfusion injury seen, although
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further studies would have to be conducted to further elucidate the involvement
of Ang Il in our model. ET-1 is unlikely to contribute to the development of
cardiac hypertrophy or to myocardial ischaemia/reperfusion injury in this model
as both circulating and myocardial levels of the peptide were unchanged in

obese rats.

Although we developed this model for cardiovascular research purposes, the CD
rodent model could provide valuable information as to how the MS affects other
organ systems. This novel model could also provide new insight into the
development of the MS and could therefore be used as a model to test

pharmacological interventions aimed at preventing the MS.
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