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Abstract 

Low angiotensin converting enzyme (ACE) activity is associated with various 

cardiovascular phenotypes including reduced left ventricular (LV) hypertrophy, reduced 

cardiovascular events and enhanced metabolic efficiency, but precise mechanisms are 

unclear and direct genetic associations remain controversial.  ACE degrades kinins and 

promotes formation of angiotensin II. Combined genetic and in vitro studies were used 

to test the hypothesis that the previously observed effects may be through alterations in 

kinins or mitochondrial function via novel uncoupling proteins (UCPs).   

 

The -9 allele of the bradykinin ɓ2 receptor BDKRB2+9/-9 gene variant is correlated 

with low kinin activity and was associated with lower prospective LV growth during 

strenuous physical exercise and lower prospective hypertensive cardiovascular risk, as 

well as increased efficiency of skeletal muscle contraction (delta efficiency) in healthy 

volunteers (P = 0.003, accounting for 11% of the inter-individual variability).   

  

Addition of angiotensin II to skeletal myocytes resulted in a 3.5 fold increase in oxygen 

consumption (P = 0.03). Incubation of isolated myocytes with an ACE inhibitor lead to 

mitochondrial membrane hyperpolarisation, suggesting mitochondrial coupling may be 

an important mediator of the cellular actions of ACE.   

 

A common promoter variant in the UCP2 gene was associated with a two-fold increase 

in prospective cardiovascular risk (P < 0.0001).  Variation in the UCP3/2 gene cluster 

accounted for 15% of the inter-individual endurance training related changes in delta 

efficiency and there was a surprising, but consistent, association with serum ACE 

activity.  Finally, in vitro assays confirmed physiological downregulation of UCP2 in 
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endothelial cells was associated with increased oxidative stress and reduced ACE 

mRNA. 

 

In conclusion, BDKRB2 may mediate some of the beneficial metabolic and 

cardiovascular effects associated with low ACE activity, possibly through changes in 

mitochondrial function.  Mitochondrial coupling appears pivotal in cardiovascular 

(patho)physiology, possibly via oxidative stress or a novel ACE metabolic regulatory 

pathway.  UCPs may be a target for future cardiovascular interventions. 
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      Ę CHAPTER ONE Ę 

1 INTRODUCTION  

 

 

The endocrine renin-angiotensin-aldosterone system (RAAS) is involved in circulatory 

homeostasis and has been implicated in the pathogenesis of both coronary heart disease 

(CHD) and one of its common sequelae - the syndrome of heart failure (SOLVD 

Investigators 1991; AIRE Study Investigators 1993; Yusuf et al. 2000; Fox et al. 2003).  

RAAS-modifying drugs improve morbidity and mortality in both these disease 

processes through mechanisms beyond simple blood pressure reduction (Sleight et al. 

2001).  It is now apparent that tissue RAAS exist, whereby the components (for 

example Angiotensin Converting Enzyme - ACE) are either generated locally within 

cells, tissues or organs or are actively sequestered from the circulation, and it has been 

hypothesised that antagonism of tissue RAAS is responsible for the observed benefits of 

RAAS-modifying drugs (Dzau et al. 2001).   

 

It has been further postulated that lower ACE activity, either as a consequence of 

pharmacological manipulation or due to genetic variation, increases cellular metabolic 

efficiency (Montgomery et al. 1998), and that this may in fact may be responsible, at 

least in part, for the observed range of effects; from mortality and functional benefits in 

heart failure to increased efficiency of skeletal muscle contraction and enhanced 

endurance performance in athletes (Montgomery et al. 1998).  Could some of these 

metabolic effects be through the alteration of mitochondrial function?  Recent results 

support the existence of a local mitochondrial RAAS: components of the RAAS, 

including ACE, have been localised to mitochondria (Yayama et al. 1995; Peters et al. 

1996; Clausmeyer et al. 1999) and ACE inhibition is of experimental benefit in other 
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situations where aberrations of mitochondrial function have been implicated, such as 

oxidative stress and ischaemia-reperfusion injury (Linz et al. 1986; Kingma et al. 1994; 

Berry et al. 2001).  However, the precise underlying mechanisms of such putative 

actions are unclear, and may be a result of alterations in tissue levels of downstream 

effectors of the RAAS, such as kinins, or through novel mitochondrial pathways, such 

as through mitochondrial uncoupling proteins (UCPs).   

 

This thesis will examine whether common variation in the constitutive bradykinin ɓ2 

receptor (BDKRB2) gene is also associated with similar cardiovascular and performance 

phenotypes to that previously reported for the ACE gene.  Secondly, in vitro assays will 

be used to test whether pharmacological manipulation of cellular ACE activity can alter 

mitochondrial coupling and the expression of mitochondrial UCPs.  If the RAAS can 

alter cardiovascular pathophysiology through changes in mitochondrial activity, can 

genetic differences in mitochondrial UCPs be directly associated with cardiovascular 

and performance phenotypes?  This hypothesis will also be tested, as will any detected 

associations between ACE and uncoupling proteins in vitro.   

 

1.1 CORONARY HEART DISEASE (CHD)  

By the beginning of the 21
st
 century, cardiovascular disease (CVD) accounted for 

almost one-half of all deaths in the developed world and one quarter of all deaths in the 

developing world (World Health Organisation 2002).  This represents a dramatic shift 

from the status quo in the 19
th
 century, when infectious diseases and malnutrition 

represented the most common causes of death worldwide.  CVD includes CHD, 

cerebrovascular disease and peripheral vascular disease, and it is predicted to become 

the major cause of morbidity and mortality worldwide, with an estimated 25 million 

deaths per year worldwide by 2020 (World Health Organisation 2002).  There are racial 
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variations in CVD rates, with higher rates in some ethnic minorities, particularly 

amongst South Asians living in Western countries (Cappuccio 1997; Cappuccio et al. 

2002).  However, there is now an explosion in CVD rates in developing countries, 

which is thought secondary to the adoption of ówesternisedô lifestyles (Zipes et al. 

2005).  Currently, in the UK, CVD is the leading cause of death overall and the leading 

cause of premature death in adults (British Heart Foundation 2006).  CHD itself 

accounted for over 105000 deaths in 2004.  Recent advances in our understanding of 

this disease, coupled with advances in treatment, have led to a 44% reduction in deaths 

in adults under 65 years of age in the past 10 years (British Heart Foundation 2006).  

However, there is increasing morbidity from CHD, particularly in the elderly, with an 

estimated 2 million sufferers of angina and almost one million people with either 

definite or probable heart failure in the UK (British Heart Foundation 2006). 

 

1.1.1 Atherosclerosis (from Zipes et al. 2005 and reviewed by Libby 2002) 

Atherosclerosis is an inflammatory disease of the artery  (Ross 1999) and is caused by a 

complex interaction between environmental and genetic factors.  The word stems from 

the Greek ñatheraò meaning gruel and, although its presence has been detected in 

Egyptian mummies, it was nevertheless uncommon until modern times.  The increased 

prevalence of atherosclerotic disease has been thought to be a consequence of people 

surviving early mortality from infectious diseases together with lifestyle changes, such 

as the so-called atherogenic diet, and the inhalation of cigarette smoke. 

 

The normal artery consists of three concentric layers: the tunica intima, tunica media 

and the adventitia (Figure 1.1).  Innermost is the tunica intima, consisting of a single 

endothelial layer resting on a basement membrane of non-fibrillar collagens such as 

type IV collagen, laminin and fibronectin, and, in older individuals, there is an 
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underlying layer of connective tissue and smooth muscle cells.  The endothelium is a 

highly specialised monolayer of cells which is in contact with the blood and maintains 

its fluidity through the expression of antithrombotic cell surface molecules such as 

heparin-sulphate, thrombomodulin and prostacyclin (PGI2).  The intima is separated 

from the underlying tunica media by the internal elastic lamina.  The tunica media 

consists of layers of smooth muscle cells separated by elastic laminae.  These layers are 

more pronounced in elastic arteries such as the aorta, which have a high compliance, 

allowing storage of the kinetic energy of systole as elastic energy, which it transmits 

during diastole.  The external elastic lamina separates the media from the adventitia, 

which is a supportive loose array of collagen fibrils where the vasa vasorum and nerve 

endings are located.   

 

The hallmark lesion of atherosclerosis is the fibrofatty plaque (Figure 1.1).  In early 

atherogenesis, lipoprotein particles, particularly low-density lipoprotein (LDL), 

accumulate in the intima.  This can be seen as the accumulation of fatty streaks in the 

great arteries and coronary arteries in as early as the second decade of life (Strong et al. 

1999).  Leucocytes, in the form of monocytes and T lymphocytes, are recruited into the 

intima, first by circulating leukocyte adhesion to the endothelium via adhesion 

molecules (such as VCAM-1 and selectins) then by migration towards chemokines such 

as monocyte chemoattractant protein (MCP-1).  Monocytes within the intima have the 

capacity to accumulate lipid via scavenger receptors and become lipid-laden 

macrophages or ñfoam cellsò.  Macrophages are a rich source of pro-inflammatory 

mediators and also recruit T lymphocytes and smooth muscle cells to the plaque.  

Endothelial migration into plaque has been more recently recognised and results in the 

formation of neovessels.  The more mature plaque is formed by a complex interaction 

between pro- and anti-inflammatory signals between these resident cells.   
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Figure 1.1  The structure of the normal artery (left) and the genesis of the atherosclerotic plaque (right) 
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Extracellular matrix (interstitial collagens and proteoglycans) constitutes most of the 

advanced plaque, and its accumulation is a balance between formation by smooth 

muscle cells and degradation by a family of proteins called matrix metalloproteinases 

(MMPs).   

 

 

1.1.2 The spectrum of disease in CHD 

The present consensus is that coronary atherosclerosis does not develop in a smooth, 

progressive manner, but rather during bursts of disease activity during an individualôs 

life.  As a plaque increases in size, the artery first exhibits negative remodelling, with 

radial growth of the arterial wall away from the lumen and therefore relative protection 

of luminal diameter.  Once this ability of the artery to remodel is exceeded, further 

plaque growth encroaches on the lumen itself.  This period of plaque growth is a 

chronic asymptomatic phase.  Once the effective luminal diameter is reduced by 

approximately 60-70%, often after several decades of plaque growth, the stenosis is 

likely to cause flow limitation during increased demand, such as during exercise.  This 

leads to the syndrome of chronic stable angina, where the onset of ischaemic chest 

pain is predictable and provokable by similar degrees of exertional or emotional stress. 

 

Acute myocardial infarction  (MI) is the necrotic death of cardiac myocytes resulting 

from an abrupt cessation of coronary blood flow, usually due to an occlusion by 

thrombosis of an epicardial coronary artery (Falk 1983; Davies et al. 1989).  This 

usually presents as a prolonged episode of ischaemic chest pain, resulting in transmural 

infarction with clinical sequelae, ranging from ventricular dysrhythmias and sudden 

cardiac death, to acute and chronic ventricular failure from pump or valvular failure, to 

myocardial rupture and aneurysm formation.  Incomplete, but critical occlusion of a 
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coronary artery can lead to the syndromes of non-ST elevation MI (NSTEMI, 

previously non-Q wave infarction or subendocardial infarction) without transmural 

infarction and unstable (crescendo) angina, with increased frequency or severity of 

angina occurring at lower thresholds of stress or at rest. 

 

It is now recognised that most cases of MI are caused by atherosclerotic lesions that 

were non-flow limiting at onset (Stary et al. 1995).  Physical disruption of a plaque 

(plaque rupture) or, less often, plaque erosion, results in its thrombogenic core coming 

into contact with the circulation, leading to thrombus generation which can occlude the 

entire lumen.  This finding has lead to the concept of the óvulnerable plaqueô.  A óstable 

plaqueô has a large fibrous component with a thick fibrous cap and small 

lipid/macrophage core.  The mechanical strength of the fibrous cap is regulated by 

plaque smooth muscle cell number and function (themselves regulated by T cells) and 

by matrix degradation by MMPs and cathepsins secreted by macrophages.  A large 

lipid/macrophage core will make the plaque more vulnerable, not only due to the 

increased biomechanical stress this causes in the shoulder regions of the plaque, but also 

due to the activated macrophages contained within, which generate pro-inflammatory 

cytokines (causing smooth muscle cell apoptosis) and matrix-degrading enzymes.   

 

It is likely that plaque rupture leads more often to subclinical events, whereby the 

ensuing thrombosis does not lead to complete luminal occlusion or an ischaemic 

syndrome, but rather the thrombus propagation is controlled, leading to plaque 

remodelling and progression (Burke et al. 2001).  It is probably these sequential 

explosions in plaque growth that are responsible for progressive luminal loss.   
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Plaque erosion, on the other hand, has only been recently recognised and is another 

process which can lead to thrombus formation (Farb et al. 1996).  It is more common in 

younger adults, particularly women and smokers (Burke et al. 1997; Arbustini et al. 

1999). 

 

1.1.3 Risk factors for CHD 

A risk factor is a characteristic or feature of an individual or population that is 

associated with an increased chance of developing future disease.  Conventional and 

novel risk factors in the development of CHD are described in brief below. 

 

1.1.3.1   Conventional risk factors 

Long recognised independent risk factors in the development of CHD are cigarette 

consumption (smoking), hypertension, hyperlipidaemia, the presence of diabetes or 

insulin resistance and obesity.  

 

Smoking is the singlemost modifiable risk factor for CHD and its effect on risk is dose-

dependent (Doyle et al. 1962; Zipes et al. 2005).  Smoking more than 20 cigarettes per 

day increases the risk of CHD by two to three-fold.  There are many adverse, 

atherogenic associations with smoking, including endothelial dysfunction (for example 

decreased endothelial nitric oxide (NOÅ) and increased monocyte-endothelial adhesion), 

oxidation of LDL cholesterol, an increase in biomarkers associated with CHD such as 

highly-sensitive C-reactive protein (hsCRP), ICAM-1, fibrinogen and homocysteine, 

increased platelet aggregation and increased oxidative stress (Adams et al. 1997; Tracy 

et al. 1997; Fusegawa et al. 1999; Barua et al. 2003). 
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The prevalence of hypertension in the adult UK population is approximately 13% and 

increases with age.  The relative risk of CHD increases with the degree of hypertension 

when compared to normotensives (Kannel et al. 1969; Kannel et al. 1986; Hansson et 

al. 1993; Hansson 1996). 

 

The universal finding of cholesterol within atherosclerotic plaque outlined the 

importance of circulating lipid in the pathogenesis of CHD.  However, it was not until 

prospective cohort studies in the 1950s that the relationship between serum cholesterol 

and CHD risk was confirmed and fully accepted (Kannel et al. 1964).  The lipid 

transport system has evolved to carry hydrophobic fats in the aqueous plasma.  

Lipoproteins are spherical particles consisting of a central core of cholesterol-ester and 

triglyceride within a cholesterol-phospholipid coating.  Highly evolutionary-conserved 

amphipathic apolipoproteins are also embedded in the lipoprotein coating and mediate 

the lipid transport process.  These lipoproteins vary in their size, density, lipid and 

apolipoprotein content.  Low density lipoprotein (LDL) is the main carrier of 

cholesterol, containing predominantly cholesterol ester packaged in apolipoprotein 

B100.  LDL, particularly small dense LDL (triglyceride rich) and oxidised LDL 

(oxLDL), is highly atherogenic, and levels correlate positively with CHD (Castelli et al. 

1986; 1986).  High density lipoprotein (HDL), whose protein content consists mainly of 

apolipoprotein A1, is involved with cholesterol efflux from tissue targets (e.g. 

endothelial cells).  HDL promotes reverse cholesterol transport and is antiatherogenic.  

Epidemiological studies have shown an inverse relationship between HDL and CHD 

risk (Yaari et al. 1981; Castelli et al. 1986).   

 

Early trials with drugs (bile-acid sequestrants, fibrates) with only modest reductions in 

LDL cholesterol reported only modest reductions in CHD risk.  However, several major 
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trials in patients using the óstatinô class of drugs (HMG-CoA reductase inhibitors) have 

made possible aggressive reductions in serum LDL cholesterol, and have shown clear 

and reproducible beneficial reductions in CHD risk in both secondary (Scandinavian 

Simvastatin Survival Study Group 1994; Sacks et al. 1996; WoSCoPS Group 1997) and 

primary prevention trials (Shepherd et al. 1995; Downs et al. 1998; 2002). 

 

The presence of obesity promotes insulin resistance and dyslipidaemia but also predicts 

CHD risk (Garrison et al. 1980; MRFIT Research Group 1986).  There is a continuum 

between the onset of obesity and the presence of the metabolic syndrome (central 

obesity, hypertension, dyslipidaemia and insulin resistance).  Both insulin resistance and 

metabolic syndrome appear to confer an independent risk of CHD (Lakka et al. 2002; 

Sattar et al. 2003). 

 

The prevalence of diabetes is increasing worldwide at a dramatic rate.  It is estimated 

that diabetes affects 5% of the worldôs populace and its prevalence is doubling every 

generation, with an estimated 300 million people likely to be suffering from diabetes by 

2025 (King et al. 1998). At present there are 1.8 million people with diabetes in the UK 

(3% of the population) and this is set to increase to 3 million by 2010.  There are a 

further 1 million people with undiagnosed type 2 diabetes (Diabetes UK 2004).  Patients 

with diabetes have a two- to four-fold higher risk of developing CHD than matched 

non-diabetic individuals (Garcia et al. 1974; Stamler et al. 1993).  Indeed, by diagnosis, 

more than half of patients will already have CVD, and CVD accounts for 80% of all 

deaths in diabetic patients (Beckman et al. 2002).  Patients with diabetes but no prior 

history of CHD have the same level of future CHD risk as those non-diabetic patients 

with prior MI (Haffner et al. 1998). 
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The metabolic abnormalities in diabetes and in the pre-diabetic state, including 

hyperglycaemia, insulin resistance and dyslipidaemia, render arteries susceptible to 

atherosclerosis.  The mechanisms involved are complex and include reduced 

bioavailability of nitric oxide (NOÅ) and endothelial dysfunction (Steinberg et al. 1996; 

Steinberg et al. 1997; Williams et al. 1998), increased reactive oxygen species (ROS) 

generation through enzymatic and non-enzymatic processes (Nishikawa et al. 2000; 

Brownlee 2001), and activation of protein kinase C (PKC) which has a vast array of 

actions including inactivation of the endothelial isoform NOÅ synthase (eNOS), 

augmentation of endothelial tissue factor gene expression and the increased production 

of proinflammatory cytokines (Terry et al. 1996; Koya et al. 1998).  Diabetes also 

impairs vascular smooth muscle function by augmenting the production of 

vasoconstrictors such as endothelin and angiotensin II (Ang II) (Park et al. 2000; 

Beckman et al. 2002).  The accumulation of advanced glycation end products (AGEs), 

which are formed via the non-enzymatic glycation of macromolecules, may also disturb 

vascular function and accelerate atherosclerosis (Stitt et al. 1997; Brownlee 2000). 

 

1.1.3.2   Genetic factors 

There are strong genetic influences on the development of many of the classical risk 

factors for CHD, shown early on in twin studies (Feinleib et al. 1977; Austin et al. 

1987).  However, family history is a strong independent risk factor for CHD itself 

(Snowden et al. 1982; Assmann et al. 1997);(1997; Hawe et al. 2003).  Further support 

for a genetic contribution to CHD risk comes from twin studies, with a high 

concordance for age of onset of CHD and a greater risk in monozygotic twins in 

developing CHD at a young age compared to dizygotic twins (relative risk 8.1 

compared with 3.8, respectively, (Marenberg et al. 1994).  Rarely, CHD arises from a 

single gene mutation, exemplified by familial hypercholesterolaemia (FH) which results 
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in elevated LDL cholesterol above the 95
th
 percentile (due predominantly to one of a 

number of mutations in the LDL receptor gene) and early-onset CHD in the 3
rd

 or 4
th
 

decades.  The more common form of CHD is also thought to be partly heritable, arising 

from the interaction between common environmental exposure (risk factors) and 

inheritance of many disease modifying common gene variants (polymorphisms), all 

with small to moderate effect (Humphries et al. 2004). 

 

1.1.3.3   Novel risk factors  

Almost half of all MIs occur in patients without significant hyperlipidaemia (Ridker et 

al. 2002).  Even prediction models (for example based on the Framingham dataset) 

cannot explain approximately 1 in 5 CHD events using óconventionalô risk factors.  

More recently, novel risk factors have been associated with CHD, such as those 

involved in inflammation and thrombosis.  One of the best studied examples is CRP - an 

acute phase reactant which plays a major role in the innate immune response and is used 

as a (laboratory) marker of inflammation.  It has now been shown in prospective studies 

using highly sensitive assays for CRP (hsCRP) that CRP is an independent risk factor 

for CHD (Kuller et al. 1996; Ridker et al. 1997; Tracy et al. 1997; Ridker et al. 1998; 

Koenig et al. 1999).  Whether CRP is directly atherogenic or is an epiphenomenon of 

the inflammatory process remains to be elucidated.  CRP is present in atherosclerotic 

plaque (Torzewski et al. 1998) where it may have several pro-atherosclerotic actions 

including binding oxidised low density lipoprotein (oxLDL) (de Beer et al. 1982), 

inducing adhesion molecule expression on endothelium (Pasceri et al. 2000) and 

reducing NOÅ bioavailability (Venugopal et al. 2002)  

 

Fibrinogen is the precursor of fibrin and, in combination with thrombin, mediates the 

final step in thrombus formation and also influences platelet aggregation, plasma 



 

 44 

viscosity and plasminogen binding.  Fibrinogen levels are correlated positively with 

smoking, obesity, LDL-cholesterol, age and insulin resistance/diabetes.  Elevated 

plasma fibrinogen levels are associated with a moderate increase in future CHD risk 

(Meade et al. 1986; Wilhelmsen et al. 2001). 

 

Other novel risk factors include inflammatory biomarkers, such as interleukin-6 (IL-6) 

which is the main cytokine stimulus for CRP (Ridker et al. 2000; Lindmark et al. 2001), 

CD40 ligand (Schonbeck et al. 2001), soluble ICAM-1 (Malik et al. 2001) and 

lipoprotein-associated phospholipase A2 (Blake et al. 2001) amongst others. 

Homocysteine is a sulphydryl-containing amino acid derived from the demethylation of 

methionine.  Patients with inherited defects in methionine metabolism develop 

homocystinuria and have increased risk of both venous and arterial thrombosis, which 

may be as a result of endothelial dysfunction, increased oxidative stress and platelet 

activation (Bellamy et al. 1998; Welch et al. 1998).  Mildly elevated levels of 

homocysteine are seen in the general population (usually related to dietary deficiency of 

folic acid), and have been associated with increased prospective CHD risk (Wald et al. 

2002).  Lipoprotein(a) consists of an LDL particle with its apolipoprotein B100 cross-

linked to apolipoprotein(a) which is a highly complex molecule with more than 25 

heritable forms.  Not only is it more atherogenic than LDL, but it also shares sequence 

homology with plasminogen and may inhibit endogenous fibrinolysis (Miles et al. 

1989).  Subjects with the top tertile of lipoprotein(a) levels are associated with a 1.6 fold 

increase in relative risk of CHD (Danesh et al. 2000). 
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1.2   HEART FAILURE  

 

1.2.1 Definition 

There are several definitions of heart failure.  In essence, heart failure is a 

pathophysiological state said to be present when the heart is unable to pump blood at a 

rate commensurate with the requirements of the metabolising tissues, or can only do so 

in the face of elevated filling pressures.   

 

Heart failure is clinically defined by the European Society of Cardiology as: 

 

I.    Symptoms of heart failure (at rest or exertion) and 

II.  Objective evidence (preferably by echocardiography) of cardiac dysfunction 

(systolic/diastolic) (at rest) and  

III.  Response to treatment directed towards heart failure (in cases where the 

diagnosis is in doubt) 

                                                                      Criteria I and II must be fulfilled in all cases 

 

Heart failure has been defined by the American College of Cardiology/American Heart 

Association Task Force on practice guidelines as:  

ña complex clinical syndrome that can result from any structural or functional 

cardiac disorder that impairs the ability of the ventricle to fill with or eject 

blood.ò 

 

1.2.2 Epidemiology and causes 

 

Heart failure is a complex, multisystem disorder.  It is the final common manifestation 

of a number of disease processes that damage the heart, the most common being CHD 
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(Table 1.1).  Heart failure carries an overall 5 year mortality of 50% (Levy et al. 2002) 

and even with current treatments available, the one-year survival of patients with a new 

diagnosis of heart failure in London, UK is only 62% (Cowie et al. 2000).   

 

 

Table 1.1 The common causes of heart failure 

 

Coronary heart disease 

Hypertension 

Valvular heart disease 

Myocardial diseases 

(Idiopathic) dilated cardiomyopathy 

Viral 

Metabolic 

Infiltrative 

Inherited, e.g. Hypertrophic cardiomyopathy, 

       Fabryôs, muscular dystrophy, ARVC, 

       mitochondrial myopathies 

Congenital heart disease 

Drug or toxin-induced 

Alcohol 

Cardiotoxic chemotherapy 

Tachymyopathy 

Pericardial disease 

High output failure (AV fistulae, thyrotoxicosis, Beriberi) 

 

 

 

Heart failure is a common condition and increases in prevalence with age.  It has a huge 

social and economic impact, with an estimated cost to the NHS of over £600 million in 

2000.  In the UK in 2001, heart failure was directly responsible for over 86000 hospital 

admissions and over 11500 deaths (data from www.heartstats.org).  

http://www.heartstats.org/
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1.2.3 Pathophysiology 

The cardinal manifestations of heart failure are dyspnoea, fatigue and fluid retention.  

These clinical symptoms and signs were initially explained by either backward (reverse) 

or forward pump failure, first proposed by Hope (1832) and Mackenzie (1910), 

respectively.  In backward heart failure, it is suggested that ventricular end-diastolic 

volume (EDV) and pressure increase as a function of the inability of the cardiac muscle 

to shorten.  This then results in an increase in atrial volumes and pressures and these 

then result in an increase in upstream venous and capillary pressures.  This increase in 

pressure results in increased transudation of fluid from the capillary bed into the 

interstitium causing either pulmonary oedema (in the case of left ventricular 

dysfunction) or peripheral interstitial tissue/organ oedema (in right ventricular 

dysfunction).  In left ventricular failure, forward pump failure results in reduced cardiac 

Figure 1.2.  Diagram showing the interrelationship between ventricular end-diastolic volume 

(EDV) and stroke volume (SV).  The points at which symptomatic dyspnoea and pulmonary 

oedema develop are represented on the x-axis.  At rest, an increase in EDV results in 

increasing SV due to increased myocardial contractility.  This relationship is shifted to the left 

during exercise (for example walking shown as moving from A to B) when adrenergic stimuli 

and tachycardia augment cardiac output.  With the development of heart failure, the curve is 

shifted down and to the right with higher filling pressures and lower SV developed, and with 

symptoms at rest and lower myocardial reserve (adapted from Zipes et al 2005).   
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output and relative hypoperfusion of vital organs such as the heart, gut, kidneys and 

brain. 

 

These explanations were, however, overly simplistic.  Early on in heart failure, the heart 

depends on several adaptive mechanisms to maintain its pumping action.  The most 

important are the Frank-Starling mechanism (in which an increase in preload results in 

an increase in contractility, Figure 1.2), neuroendocrine activation (including an 

increase in sympathetic drive, in endothelin and natriuretic peptide release and in RAAS 

activation) and myocardial remodelling.  When cardiac output is depressed, arterial 

pressure is maintained by systemic vasoconstriction and salt and water retention by a 

number of neurohormones.  These mechanisms appear to be important for the short term 

gain in acute circulatory failure but are deleterious in chronic heart failure (CHF), 

contributing to oedema formation but also having direct adverse effects on the heart 

(Figure 1.3).  Generalised adrenergic stimulation and parasympathetic withdrawal 

results in vasoconstriction, stimulates myocardial contractility and tachycardia and 

promotes sodium retention and renin secretion from the juxtaglomerulus apparatus 

(JGA) in the kidney.   

 

Activation of the sympathetic nervous system (SNS) is the primary mechanism for 

increasing cardiac output in the normal heart via an increase in contractility and heart 

rate (Bristow 1984).  The mechanism for this increased contractility has been well 

characterised, involving activation of ɓ-adrenergic receptors and subsequent activation 

of adenylate cyclase, increase in cAMP and protein kinase A and phosphorylation of 

calcium regulatory proteins (Li  et al. 2000).  This results in increased calcium influx 

into cardiomyocytes, increased calcium flux through the sarcoplasmic reticulum, 

decreasing inhibition of the cardiac isoform of the sarcoplasmic-endoplasmic reticulum 
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calcium uptake pump (SERCA2a) and decreased binding to troponin.  The increase in 

cardiac contractility and relaxation occurs at the expense of an increase in myocardial 

energy demand (Houser et al. 2003).   

 

A characteristic feature of heart failure is the activation of the SNS coupled with 

blunting of the normal adrenergic effects on myocyte contractility.  Epinephrine is 

exceptionally cardiotoxic at levels found in the failing human heart, levels of which are 

elevated three-fold at rest, but also rise rapidly during exercise (Chidsey et al. 1962; 

Grassi et al. 1995).  These elevated levels are thought to result in receptor 

desensitisation, possibly as a cardioprotective mechanism, with reduced ɓ1 receptor 

density and uncoupling of ɓ2 receptors from downstream effector molecules with a 

resultant reduction in inotropic responsiveness (Bristow 1993).  However, the enhanced 

Figure 1.3.  Maladaptive mechanisms in heart failure include sympathetic (SNS) activation and 

RAAS activation.  In the traditional endocrine model of RAAS activation, renal-derived renin 

cleaves hepatic-derived angiotensinogen to generate circulating angiotensin I.  This is cleaved by 

ACE in the pulmonary circulation to generate the vasoconstrictor angiotensin II which stimulates 

adrenal aldosterone release.  However, tissue RAAS systems also exist (see section 1.4).  
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epinephrine levels promote apoptosis via ɓ receptors and hypertrophy via upregulated Ŭ 

receptors contributing to cell death and negative remodelling (Milano et al. 1994; 

Communal et al. 1998).  The augmented adrenergic drive may also precipitate 

myocardial ischaemia, ventricular dysrhythmia and sudden cardiac death. 

 

Relative renal hypoperfusion in heart failure results in renin secretion from the 

juxtaglomerular apparatus, with subsequent generation of Ang II and aldosterone, which 

promote systemic vasoconstriction and further salt and water retention as a protective 

mechanism to increase systemic blood pressure and hence renal perfusion pressure 

(Figure 1.3).  These effects may be deleterious both acutely and in the long-term, 

leading to oedema formation.  Furthermore, Ang II and aldosterone have direct effects 

on the heart, including cardiomyocyte necrosis (Tan et al. 1991), apoptosis (Leri et al. 

1998; Mano et al. 2004), hypertrophy (Sadoshima et al. 1993; Karmazyn et al. 2003) 

and myocardial fibrosis (Weber et al. 1991). 

 

In the compensated phase of CHF, ventricular remodelling - comprising changes in 

mass, volume, shape and composition - results in hypertrophy (pressure overloaded 

ventricle) and dilatation (volume overloaded) (Jacob et al. 1998; Francis 2001; Zipes et 

al. 2005).  When the haemodynamic stress on the failing heart is prolonged, however, 

myocardial contractility becomes further depressed, with the redevelopment of overt 

heart failure (Houser et al. 2000).  Remodelling at the cellular level is characterised by 

myocyte hypertrophy and elongation, changes in myocyte phenotype with re-expression 

of foetal genes, abnormalities in calcium handling, myocyte necrosis and apoptosis and 

myocardial fibrosis (Anversa et al. 1997; Olivetti et al. 1997; Houser et al. 2000). 

 

 



 

 51 

1.2.4 Central vs. peripheral abnormalities in chronic heart failure 

The mammalian heart is an obligate aerobic organ, consuming approximately 8-15 ml 

O2.min
-1

.100 g tissue at rest but rising to more than 70 ml O2.min
-1

.100 g tissue during 

vigorous exercise.  Molecular O2 itself is a double-edged sword: not only is it essential 

to maintain normal energy requirements, but is also central to the generation of ROS.  

For over 20 years, an óoxygen-wastingô contractile phenotype has been identified in the 

failing heart, suggestive of metabolic inefficiency (Horak et al. 1983; Buser et al. 1989; 

Sawyer et al. 2000), but the idea that the failing heart is energy-starved is decades old 

(Olson et al. 1951).  More recently, the use of positron emission tomography has 

confirmed such an increased inefficiency of energy utilisation in the failing human heart 

(Bengel et al. 2000; Taylor et al. 2001), to which impaired mitochondrial function 

seems a fundamental contributor in animals (Sabbah et al. 1992; Lesnefsky et al. 2001; 

Liu et al. 2001; Marin-Garcia et al. 2001; Casademont et al. 2002) and humans (Sharov 

et al. 2000). 

 

Figure 1.4.  ATP synthesising and utilising reactions in the cardiomyocyte. 
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1.2.4.1 Normal cardiac metabolism. 

Energy derived from adenosine triphosphate (ATP) hydrolysis provides the majority of 

the energetic requirement in the healthy adult human heart (Figure 1.4), with 

approximately two-thirds used for contractile work (hydrolysed by the actomyosin-

ATPase) and one-third used by ion pumps such as the sarcoplasmic reticulum Ca
2+

-

ATPase and the sarcolemmal Na
+
/K

+
-ATPase (Suga 1990).  In the healthy heart, ATP 

hydrolysis is matched to ATP re-synthesis, with the concentration of ATP, [ATP], kept 

relatively constant at approximately 10 mmol.L
-1

 even during periods of increased ATP 

turnover.  ATP-requiring processes are inhibited by the products of ATP hydrolysis: 

namely adenosine diphosphate (ADP) and inorganic phosphate (Pi).   

 

To understand this process further one must consider basic thermodynamics.  An 

increase in disorder of a system, entropy, is the driving force for a reaction in an isolated 

system such as the Universe.  In a closed system such as a cell, a reaction will occur 

spontaneously if the entropy of that system plus its surroundings increases.  An 

assessment of the entropy change in the surroundings (or Universe) caused by energy 

flow across the boundary of a closed system can be made under constant temperature 

and pressure, as it is equal to the flow of heat or enthalpy out of the closed system.  The 

Gibbs energy change, ȹG, is the quantitative measure of the driving force for this 

reaction and is defined by the Gibbs-Helmholtz equation: 

ȹG=ȹH ï TȹS 

ȹG = Gibbs energy change, ȹH = enthalpy change, T = temperature 

ȹS = entropy change of the system 

 

ȹG is at a minimum for a particular reaction when the mixture of reactants and products 

are at equilibrium, whereas increasing displacement of the reactants and products from 

equilibrium results in an increase in ȹG.  The ȹG required for ATP synthesis (also 

known as the phosphorylation potential) is obtained from the ȹG for ATP hydrolysis by 
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changing the sign.  Intracellular [ATP], [ADP] and [Pi] in normal ventricular tissue are 

approximately 10 mmol.L
-1

, <50 ɛmol.L
-1

 and <1 mmol.L
-1

, respectively.   

 

The heart uses energy reserve systems to maintain a high ȹG for ATP hydrolysis to 

drive ATPase reactions during variations in work output.  The primary energy reserve 

compound in the heart is phosphocreatine (PCr), which is present in concentrations 

twice that of ATP. The enzyme creatine kinase (CK) transfers the phosphoryl group 

between PCr and ADP at a rate 10-times faster than the rate of ATP synthesis by 

oxidative phosphorylation, maintaining [ATP] during conditions of acute stress, such as 

ischaemia, but also maintaining a high ȹG for ATP hydrolysis by maintaining low 

levels of ADP and Pi.  The enzyme adenylate kinase also functions to maintain high 

Figure 1.5.  Cartoon depiction of myocardial metabolism.  The major fuel substrates 

in the healthy adult heart are free fatty acids (60-90%) and pyruvate (10-40%).  Pyruvate 

dehydrogenase (PDH) - an irreversible step in pyruvate metabolism - is positively 

regulated by PDH phosphatase and negatively by PDH kinase.  Carnitine 

palmitoyltransferase I and II catalyse transfer of long chain fatty acyl CoA into the 

mitochondrial matrix and are key regulators of fatty acid metabolism. 
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levels of ATP by transferring phosphoryl groups amongst the adenine nucleotides: 

2ADP ­ ATP + AMP. 

 

Almost all (98%) of the ATP resynthesis requirements of the human heart under aerobic 

conditions originates from oxidative phosphorylation (Figures 1.4-1.5 and section 

1.5.3), with the remaining fraction (2%) arising from glycolysis (Stanley et al. 2002).  

The substrates for oxidative phosphorylation are the reducing equivalents, nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2).  These in turn 

can be generated by either the ɓ-oxidation of fatty acids, glycolysis, the oxidation of 

pyruvate or the Krebs cycle.  At birth, the human heart switches from glucose as a 

substrate to fatty acid as the predominant substrate.  In the healthy human heart in the 

fed state, about 60ï90% of mitochondrial ATP generation comes from beta-oxidation of 

free fatty acids, and 10ï40% originates from pyruvate.  Free fatty acids are esterified by 

long-chain fatty acyl-CoA synthetase with coenzyme A to form long-chain fatty acyl-

CoA, which is transferred across the mitochondrial membranes by three carnitine 

dependent enzymes (CPT-I, CPT-II and carnitine acylcarnitine translocase) yielding 

long-chain acyl-CoA in the mitochondrial matrix for ɓ-oxidation.  Successive spirals 

through the ɓ-oxidation pathway then generates one acetyl-CoA and one 

NADH/FADH2 pair.   

 

Glucose and lactate are converted to pyruvate in the cytosol and subsequently oxidised 

to CO2 in the mitochondria.  The GLUT1 and GLUT4 isoforms of the glucose 

transporter family are responsible for glucose uptake into cardiomyocytes.  Glucose 

uptake depends on the cell transmembrane glucose gradient and density of glucose 

transporters.  Thereafter, glucose is locked within the cell by phosphorylation by 

hexokinase to form glucose 6-phosphate, and then either stored as glycogen or enters 
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the glycolytic pathway, which itself produces 2 NADH + 2ATP + pyruvate for each 

glucose molecule.  Lactate supplies approximately 50% of the pyruvate oxidised by the 

healthy heart at rest (Gertz et al. 1988), being taken up and rapidly oxidised by lactate 

dehydrogenase.  During exercise, lactate can become the predominant fuel for the heart 

(Gertz et al. 1988; Stanley et al. 2002). 

 

Pyruvate decarboxylation is the key irreversible step in carbohydrate metabolism and is 

under metabolic control.  This step is catalysed by pyruvate dehydrogenase (PDH) 

which is itself activated by phosphorylation.  PDH phosphorylation status is under 

complex control by a specific PDH kinase and by PDH phosphatase (Figure 1.5).  This 

enzyme complex, and thus pyruvate oxidation, is negatively regulated by free fatty acids 

and by the presence of acetyl CoA and NADH, whereas promotion of carbohydrate 

metabolism at the level of PDH results in less fatty acid oxidation via inhibition of CPT-

I through elevated malonyl-CoA levels. 

 

 

1.2.4.2 Cardiac muscle metabolic abnormalities in heart failure 

There is increasing evidence that cardiac substrate utilisation is critical for cardiac 

function (Stanley et al. 2002).  Indeed, defects in enzymes involved in fatty acid 

oxidation cause childhood cardiomyopathies (Kelly et al. 1994), and pharmacological 

inhibition of cardiac fatty acid import induces cardiac lipid accumulation and causes 

rapid death in peroxisome proliferator activator receptor Ŭ (PPARa)-knockout mice 

(Djouadi et al. 1998).  Transgenic mice that overexpress long-chain acyl-CoA 

synthetase and take up excess long chain fatty acids initially exhibit cardiac 

hypertrophy, followed by LV dysfunction and death (Chiu et al. 2001).  The 

hyperadrenergic state of CCF causes an increase in circulating free fatty acid 
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concentration paralleled by a 50% increase in myocardial lipid oxidation and a 60% 

reduction in carbohydrate oxidation (Paolisso et al. 1994).  Fatty acids inhibit pyruvate 

dehydrogenase (vide supra) resulting in reduced pyruvate oxidation and intracellular 

lactate accumulation.  Fatty acids generate more ATP per mol of substrate, but at the 

expense of a greater oxygen requirement per mol of ATP than either glucose or lactate 

(Nicholls et al. 2002), and also induce a proton leak across the inner mitochondrial 

membrane (Borst et al. 1962), increasing cardiac oxygen consumption for the same 

amount of cardiac external work in both the isolated (Challoner et al. 1966) and whole 

animal model (Mjos 1971), resulting in an even lower actual ratio of ATP:oxygen 

consumed than that predicted (Brand et al. 1994).   

 

Mitochondria form 40% of the dry weight of the heart, and primary mitochondrial 

defects result in diverse forms of cardiac dysfunction (Casademont et al. 2002).  A 

secondary decrease in PCr, ATP and mitochondrial function has long been observed in 

both the hypertrophied and failing heart (Schwartz et al. 1962; Wollenberger et al. 

1965; Chandler et al. 1967; Lindenmayer et al. 1968; Sanbe et al. 1995).  PCr decreases 

in the failing heart because of a mismatch in ATP supply and demand, followed by up 

to 60% loss of the total creatine pool and decreases in both muscle and alterations in the 

amounts of the different CK isoforms.  Myocardial creatine depletion and the decrease 

in the [PCr]/[ATP] ratio measured by NMR predicts CHF severity and prognosis 

(Conway et al. 1991; Neubauer et al. 1997; Nakae et al. 2003).  From human biopsy 

and 
31

P NMR studies in patients, [ATP] is 25-30% lower in CHF (Starling et al. 1998; 

Beer et al. 2002).  Animal models of CHF suggest the decline in [ATP] is 

approximately 0.35% per day and is caused by a loss of the total adenine nucleotide 

pool (Shen et al. 1999) with a resultant increase in [ADP], thereby lowering ȹGåATP.  A 

consequence of the rise in [ADP] is an increase in cytosolic [AMP] from the adenylate 
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kinase reaction (Shen et al. 1999) which itself is a ódouble-edged swordô.  High [AMP] 

activates AMP kinase (AMPK) leading to activation of the ñlow fuel warning systemò, 

switching off ATP consuming pathways such as fatty acid and sterol synthesis and 

activating ATP generating pathways such as fatty acid oxidation and enhanced glucose 

uptake (Hardie et al. 1997) and promoting mitochondrial biogenesis via increased 

PPARɔ- co-activator (PGC-1Ŭ) expression (Zong et al. 2002).  High [AMP] activates a 

specific cytosolic nucleotidase, which converts AMP to adenosine, and may lead to 

gradual reduction in the total adenine pool (Bak et al. 1994). 

 

In CHF, both morphological and metabolic mitochondrial abnormalities are present, 

with a loss of overall capacity for oxidative phosphorylation.  Such abnormalities in 

mitochondrial function are not confined to the myocardium.  Indeed, they may occur in 

diffuse cell types, where they may also lead to symptom progression (Minotti et al. 

1991; Harridge et al. 1996; Kong et al. 2001; Marin-Garcia et al. 2001). This may be 

especially true for skeletal muscle. 

 

 

1.2.4.3 Skeletal muscle metabolic abnormalities in heart failure 

The severe exertional handicap in CHF represents one of the best predictors of mortality 

(Clark et al. 1996), but is not explained by the limitations in central haemodynamic 

performance (Brown et al. 1954; Katsuki et al. 1995; McKelvie et al. 1995; Clark et al. 

1996).  In CHF, exercise limitation occurs in the absence of pulmonary congestion 

(Clark et al. 1996), correlates poorly with the degree of left ventricular dysfunction 

(Sullivan et al. 1995) and occurs well before the limits of cardiopulmonary reserve have 

been reached (Jondeau et al. 1992).  There is a lack of correlation between the peak rate 

of oxygen uptake (VO2) and LV filling pressures (Fink et al. 1986).  Conversely, it has 
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been long observed that successful improvement of the central haemodynamic 

correlates of CHF with vasodilators, inotropes or cardiac transplantation results only in 

a gradual improvement in patient exercise capacity over weeks or months (Maskin et al. 

1983; Drexler et al. 1989).   

 

 

In healthy individuals, the addition of arm exercise to maximal leg exercise to increase 

the exercising muscle bulk, does not result in an increase in VO2, suggesting that 

cardiac output and oxygen delivery are maximal and that exercise capacity is therefore 

limited by cardiac output.  Conversely, in patients with CHF, the addition of arm 

exercise to maximal leg exercise does result in an increase in VO2, suggesting that the 

major determinant of exercise capacity in CHF is the ability of exercising muscle to 

extract oxygen rather than a limitation of oxygen supply (Jondeau et al. 1992).  This 

suggests that peripheral rather than central factors may be more important in 

determining exercise performance in CHF. 

 

 

An increase in the slope of the relation between ventilation and carbon dioxide 

production (VE/VCO2 slope) is also seen in CHF (Higginbotham et al. 1983; Franciosa et 

al. 1984).  However, several lines of evidence suggest that the abnormal ventilatory 

drive in CHF is not as a consequence of increased CO2-drive (Rubin et al. 1982; 

Franciosa et al. 1984; Clark et al. 1992) with a tendency to hyperventilation (Rajfer et 

al. 1987) with little or no change on arterial blood gases (Clark et al. 1994). 
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Non-pulmonary, peripheral causes are the likely explanation for the abnormal 

ventilation seen in CHF.  Increased peripheral vasoconstriction is observed in CHF, 

with increased activation of the sympathetic nervous system (vide supra) and RAAS, 

and decreased muscle blood flow during exercise (Lindsay et al. 1996), coupled with 

endothelial dysfunction (sec 1.4.3).  However, it is thought that abnormalities of skeletal 

muscle are the major determinant of both the symptoms and the abnormal ventilatory 

drive seen (Clark et al. 1996) ï the muscle hypothesis of CHF (Figure 1.6). 

 

Figure 1.6.  Muscle hypothesis of chronic heart failure (adapted from 

Coats & Clark 1994). 
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Several different abnormalities in skeletal muscle have been described in heart failure.  

There is generalised muscle atrophy coupled with reduced capillarisation (Lipkin et al. 

1988; Sullivan et al. 1990; Drexler et al. 1992).  Although there may be an overall 

change in capillary density (Drexler et al. 1992; De Sousa et al. 2000),  reductions in 

resting muscle blood flow, and in exercise-induced increases in muscle blood flow have 

also been observed (Sullivan et al. 1991; Lindsay et al. 1996), which may be as a result 

of decreased microvascular distensibility (Sorensen et al. 1999), reduced NO 

bioavailability and an increase in vasoconstrictor tone from RAAS and sympathetic 

overactivity (Drexler et al. 1988).  A shift from fatigue resistant muscle  to fatiguable 

type II fibre types occurs (Drexler et al. 1992), with the proportion of oxidative to 

glycolytic fibres being significantly correlated with VO2 max in CHF patients (Mancini 

et al. 1989). 

 

Intrinsic defects in metabolic function of skeletal muscle unrelated to oxygen supply 

may be responsible for the observed limitation in exercise capacity (Minotti et al. 1991; 

Harridge et al. 1996), making muscles less resistant to fatigue (Harridge et al. 1996) and 

resulting in decreased metabolic or mitochondrial efficiency (Massie et al. 1987; Massie 

et al. 1988; Mancini et al. 1994; Kemp et al. 1996).  The resultant impairment of muscle 

endurance performance correlates closely with both reduced functional capacity 

(Minotti et al. 1991) and maximal oxygen uptake (Harridge et al. 1996).  Compared to 

controls, oxidative capacity is reduced by 30% in CHF patients but "effective functional 

muscle mass" by up to 65% (Kemp et al. 1996).  Resting lower limb oxygen 

consumption is raised despite reduced muscle mass (Opasich et al. 1997), suggestive of  

a wasteful phenotype. 
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There is a reduction in the activity of oxidative enzymes (Sullivan et al. 1990; Opasich 

et al. 1996; Mettauer et al. 2001) and early reliance on anaerobic metabolism during 

exercise (Sullivan et al. 1991).  Abnormalities at the mitochondrial level may explain 

the observed increased lactate production (Sullivan et al. 1989; Opasich et al. 1997), the 

increased phosphocreatine (PCr) depletion and intracellular acidosis (Massie et al. 

1987; Mancini et al. 1994), and the decreased rate of ATP resynthesis (Mancini et al. 

1994; Clark et al. 1996).  The number, volume and effective surface area of 

mitochondria are reduced in CHF, irrespective of aetiology (Drexler et al. 1992).  A 

46% reduction in mitochondrial creatine kinase (mi-CK) content has been observed in 

patients with CHF (Hambrecht et al. 1999).  A similar reduction in mi-CK protein 

content was observed in animals with CHF, together with a marked reduction in 

mitochondrial oxidative capacity in both type I and type II muscle fibres, as well as a 

decrease in the control of mitochondrial respiration by mitochondrial kinases (adenylate 

kinase and mi-CK) in oxidative fibres  (De Sousa et al. 2000).   

 

Two reflex mechanisms may be responsible for non-central ventilatory drive in CHF:  

the muscle ergo- or metaboreflexes and the arterial chemoreflexes.  The ergoreflex 

system consists of intramuscular unmyelinated or small myelinated nerve endings 

sensitive to the metabolic state of exercising skeletal muscle which reflexly stimulate 

ventilation (Clark et al. 1996).  These ergoreflex afferents appear sensitive to local 

prostaglandin (Scott et al. 2002) and bradykinin (Scott et al. 2004) generation.  An 

overactivation of these neural afferents may reflexly increase sympathetic activity 

(Notarius et al. 2001), vasoconstriction (Hammond et al. 2000) and ventilatory drive 

(Piepoli et al. 1996) and is therefore implicated in the dyspnoea associated with CHF, 

and is responsive to exercise training (Piepoli et al. 1996).  Similarly, augmented 
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peripheral hypoxic and central CO2-sensitivity has been reported in CHF (Chua et al. 

1996). 

 

 

1.2.5 Treatments 

Treatments for CHF are aimed at symptomatic relief and improving prognosis, as well 

as reducing the risk of further exacerbation of disease by treating risk factors.  Drugs 

which target the neurohormonal maladaptations have shown clear long term benefits, 

with ACE inhibitors (ACEi) and selective ɓ1-adrenergic receptor antagonists (beta-

blockers) forming the cornerstones of therapy.  Treatment of patients with heart failure 

(mostly post MI) with ACEi significantly reduce mortality (CONSENSUS Trial Study 

Group 1987; SOLVD Investigators 1991; Pfeffer et al. 1992; AIRE Study Investigators 

1993; Kober et al. 1995).  Antagonism of the downstream effectors of the RAAS has 

also been effective in the treatment of heart failure, with Ang II type 1 receptor 

antagonists (ARBs) shown to be as effective as ACEi in the treatment of heart failure, 

reducing mortality and morbidity as well as hospitalisations (Pitt et al. 1997; Pitt et al. 

2000; Cohn et al. 2001; Granger et al. 2003), and with aldosterone antagonism also 

providing additional mortality benefit (Pitt et al. 1999; Pitt et al. 2003).   Selective beta-

blockade has been shown in randomised placebo-controlled trials to reduce mortality 

(CIBIS-II 1999; MERIT-HF 1999; Packer et al. 2002) and hospitalisation from heart 

failure (Packer et al. 2002). 

 

Other drug therapies such as loop diuretics and nitrovasodilators may provide 

symptomatic relief in heart failure.  Nitrovasodilators may be of specific mortality 

benefit in African-American patients with advanced heart failure (Taylor et al. 2004) 

and have been much publicised as specific pharmacogenomic or ethno-
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pharmacotherapeutic agents (Rahemtulla et al. 2005).  However, this trial was not 

randomised according to race, so it is far too early to draw any such conclusions.   

 

Mechanical therapies to improve cardiac output, which are reserved for severe heart 

failure that is refractory to maximal medical therapy, include cardiac resynchronisation 

therapy with bi- or tri-ventricular pacing to assist inter- and intra-ventricular systolic 

dyssynchrony (Abraham et al. 2002), and implantable ventricular assist devices in end-

stage heart failure as bridging therapy to cardiac transplantation (Rose et al. 2001).   

 

Whilst traditional targets for therapeutic intervention (such as pre- and afterload, or 

salt/water balance) may be exhausted, future therapies might target the metabolic 

inefficiency of cardiac and skeletal muscles.  Indeed, some therapies may already be 

acting through this mechanism.  For instance, regular moderate exercise training 

improves exercise tolerance in CHF patients (Afzal et al. 1998; Tyni-Lenne et al. 1998) 

not through changes in limb blood flow (Hambrecht et al. 1997), but through 

improvements in muscle metabolism (Stratton et al. 1994; Brunotte et al. 1995) and 

metabolic efficiency (Kemp et al. 1996), including ultrastructural changes in 

mitochondria resulting in increased mitochondrial oxidative capacity (Hambrecht et al. 

1997).  ACE inhibition may work in a similar way (section 1.6). 

 

1.3   GENETIC ASSOCIATION STUDIES  

Genetic diseases are the extreme manifestation of genetic variation.  Common diseases, 

such as CHD, have a complex pathogenesis, arising from interaction between 

environment factors (risk) and common variation in multiple genes or gene-products ï 

the common disease-common variant theory (Lander 1996; Risch et al. 1996; Collins et 

al. 1997).  It has long been appreciated that there is common sequence variation in the 
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human genome and the extent of this variation has become appreciable recently with 

sequencing of the entire genome (Lander et al. 2001; Venter et al. 2001).  Common 

genetic variability allows for subtle variation in the expression or activity of the 

encoded protein which is compatible with health and explains subtle interindividual 

differences in phenotype or physiological responses (Hingorani 2001).  Without this 

genetic variability, a single environmental factor (e.g. smoking) would expect to have 

an identical effect in any two, otherwise matched, individuals, and response (or disease 

risk) would be directly proportional to the extent of the environmental stimulus 

(Stephens et al. 2003).  

 

Most stable variation in the human genome occurs in the form of single nucleotide 

polymorphisms (SNP).  Recent mapping of the human genome uncovered 1.42 million 

SNPs with an average frequency of one SNP every 1.9kb (Lander et al. 2001; 

Sachidanandam et al. 2001; Venter et al. 2001).  Individual genes vary markedly in 

their nucleotide diversity (Cargill et al. 1999), with 39% of genes containing 10 or more 

SNPs (Sachidanandam et al. 2001).  SNPs represent about 90% of the common 

variation in the genome, with sequence insertion/ deletion polymorphisms and variable 

repeat elements providing the rest (Altshuler et al. 2000; Sachidanandam et al. 2001).  

SNPs are stable, as the sequence variation arises through a single mutation event in the 

history of the population making the likelihood of recurrent mutation at the same site 

low.  Common SNPs, by definition, have a minor ñvariantò allele frequency greater than 

1% and may occur in coding and non-coding sequences.   

 

A major difficulty arises when trying to assess functionality of a common variant.  

Functional genetic polymorphism may result in phenotypic changes in gene transcript 

levels or gene product.  Initial estimates suggest that there are 22287 genes in the human 
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genome (www.sanger.ac.uk), with approximately 60000 SNPs occurring within exonic 

sequences (Sachidanandam et al. 2001).  Non-conservative coding SNPs (resulting in an 

amino acid change in the gene product and therefore change in structure or function of a 

protein), appear to have been selected against during human history, being found at a 

lower allele frequency than to be expected compared to conservative or synonymous 

SNPs (Cargill et al. 1999).  The majority of SNPs occur outside the coding regions of 

genes, and some of these will be within sequences with important regulatory function, 

such as the gene promoter, and such variation may be the key primary effect 

contributing to phenotypic variation in humans (Stranger et al. 2007).  Indeed 

phenotypic variability in mRNA transcript levels may represent an intermediate stage 

between common genetic variation and complex traits.  It was recently confirmed that 

there is a genetic contribution to this variability (Cheung et al. 2003). 

 

These functional gene polymorphisms account for much of the biological diversity in 

homeostatic systems. One hypothesis is that the disease-susceptibility alleles included in 

this variation have persisted at moderate frequency because they have been selectively 

neutral, at least until the recent emergence of technological advancements creating the 

environment required for disease manifestation (Doris 2002). 

 

In order to determine the genetic risk profile of a subject we must therefore use a 

polygenic strategy, and it is only by the simultaneous analysis of functional gene 

polymorphisms at several loci, or by stratifying by the presence of an environmental 

factor, that such an understanding can be obtained (gene-environment approach). 

 

Different tools are available in the study of common disease causing candidate genes.  

Linkage analysis can be a powerful tool in mapping disease genes (Lander et al. 1994).  
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In such an approach, the recombination fraction between two genetic loci is estimated 

using genotype data from collections of related individuals with family members who 

manifest a complex trait or disease (e.g. hypertension, CHD).  The recombination 

fraction is the probability that recombination (during meiosis) will take place between 2 

loci, ranging between 0 (no recombination ï loci are very close) and 0.5 (essentially 

random assortment because loci are far apart or on different chromosomes).  In linkage 

analysis, one locus is known (e.g. genotyped SNP) and the other is unobserved (the 

disease locus).  The test therefore examines the co-inheritance with the complex trait of 

several widely-distributed genetic markers, in order to infer the genomic position of the 

allele(s) contributing to that trait. 

 

Linkage disequilibrium (LD) refers to a non-random relationship between two alleles, 

typically because they are close together on a chromosome and less likely to be 

separated by gene recombination.  The degree of LD also reflects human population 

history as it is influenced by recombination, by the historical size and pattern of 

expansion and contraction of the population, by migration followed by admixture, by 

selection and by random drift.  A common standardised measure of LD is Dô (Lewontin 

1964).  Dô ranges between 0 (two loci are completely unlinked, e.g. different 

chromosomes) and 1 (the two loci are never seen separately). 

 

Gene association studies look for statistical association between common genetic 

variants and a complex trait.  Typically, case-control studies have been used to assess 

the impact of genetic variation in candidate genes on the presence of CHD (Hingorani 

2001; Stephens et al. 2003).  In such studies, the frequency of a genetic variant in 

unaffected controls is compared with that in a sample of unrelated cases.  This approach 

has potentially greater statistical power than linkage-based designs (Risch et al. 1996).  
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However, statistical power can be reduced by several factors including a lower 

frequency of the variant allele, genotyping error, phenotyping error (including locus 

heterogeneity) and strength of association between variant genotype and phenotype 

(genotype relative risk or effect size).  False positives may arise in this approach for 

several reasons: as a function of sample size, because the gene variant under study may 

not be directly functional but may be in LD with other SNPs or neighbouring variants 

which are functional, or because of population stratification or undetected ethnic 

admixture, both of which may alter allele frequencies (Montgomery et al. 2002; 

Montgomery et al. 2003). 

 

 

 

1.4 RENIN ANGIOTENSIN ALDOSTERONE SYSTEM (RAAS)  

 

The first chapter in the story of the RAAS was penned by Tigerstedt and Bergman at the 

end of the 19
th
 Century in their description of a pressor agent produced by the renal 

cortex (Tigerstedt et al. 1898) termed renin, and later identified as an aspartyl protease 

which cleaves the Ŭ2 globulin angiotensinogen to yield the decapeptide, angiotensin I 

(Ang I).  Subsequently elucidated, the endocrine RAAS was ascribed the sole function 

of maintaining circulatory homeostasis.  However, it has now become clear that local 

tissue RAAS also exist, where they have paracrine, autocrine and intracrine (óbetween 

cellsô and óintracellularô) roles.  
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1.4.1. Tissue ACE 

The RAAS and Kallikrein-Kinin System (KKS) are intimately enmeshed at the tissue 

level (Figure 1.7).  First isolated in 1956, the 158kDa zinc metalloproteinase 

Angiotensin I Converting Enzyme (ACE; kininase II) plays a pivotal role in both the 

RAAS and KKS:  it acts as a dipeptidyl carboxypeptidase, removing the C-terminal 

dipeptide from Ang I to form Ang II, from the vasodilator nonapeptide bradykinin (BK) 

to form BK(1-7), and from BK(1-7) to form BK(1-5).  Kinetic studies have shown that 

the preferred substrate for ACE is BK (Jaspard et al. 1993).   

 

ACE can exist in two forms: a somatic form containing two homologous zinc-binding 

catalytic domains arising from tandem gene duplication, and a truncated testicular form 

containing only the C-terminal catalytic domain which is critical to fertility.  ACE is 

anchored to the plasma membrane of cells by its C-terminus, which is subsequently 

cleaved by ACE secretase to yield circulating ACE (Wei et al. 1991).  The somatic ACE 

promoter has a typical TATA box, 3 Sp1 binding sites, 4 glucocorticoid response 

elements and an early growth response-1 (egr-1) factor response element.  Endothelial 

ACE mRNA is induced by steroids within 4 hours of treatment (Dasarathy et al. 1992).  

ACE gene expression is also upregulated by a variety of factors such as vascular 

endothelial growth factor (Saijonmaa et al. 2001) and atrial natriuretic peptide 

(Saijonmaa et al. 1998) via secondary messengers such as protein kinases, cyclic GMPs 

and MAP kinases.  Protein kinase C (PKC) activation upregulates ACE gene 

expression, possibly via egr-1, and may be a common pathway through which a variety 

of mechanisms (shear stress and hypoxia) can activate endothelial cells (Iwai et al. 

1987; Villard et al. 1998). 
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The ACE-related carboxymonopeptidase ACE2 is a homologue of ACE, discovered 

only recently (Donoghue et al. 2000; Tipnis et al. 2000).  It is an 89.6kDa endothelial-

bound enzyme whose expression appears limited to the heart and renal vasculature 

(Donoghue et al. 2000; Tipnis et al. 2000).  It has a single zinc-binding catalytic domain 

which shares 40% sequence homology with the ACE catalytic domains (Donoghue et 

al. 2000).  ACE2 can cleave Ang I to inactive Ang(1-9) (Donoghue et al. 2000; Vickers 

et al. 2002), can generate vasodilator Ang(1-7) from Ang II (Crackower et al. 2002; 

Vickers et al. 2002) and can also cleave kinin and opioid peptides (Vickers et al. 2002).  

The ACE2 knockout mouse has cardiac dysfunction, but the ACE/ACE2 double 

knockout has a normal cardiac phenotype (Crackower et al. 2002).  Therefore the ACE 

and ACE2 enzymes may counterregulate one another.  

 

Circulating ACE contributes less than 10% of total body ACE, and it is now recognised 

that the largest proportion of ACE is to be found in tissue compartments (Cushman et 

al. 1971).  Other RAAS components have also been identified in diverse tissues 

Figure 1.7.  The Renin-Angiotensin and Kallikrein -Kinin Systems 
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including those of the heart (Danser 1996; Neri Serneri et al. 1996), vasculature (Dzau 

1993), brain (Saavedra 1992; Hilbers et al. 1999), lung (Pieruzzi et al. 1995), kidney 

(Alhenc-Gelas et al. 1989; Harris et al. 1996; Zhuo et al. 1998) and pancreas (Sernia 

2001; Lam et al. 2002), as well as in adipose tissue (Jonsson et al. 1994; Schling et al. 

1999), and skeletal muscle (Reneland et al. 1994).   

 

In some situations, complete RAAS seem to exist: in others, local generation of some 

RAAS components is supplemented by the uptake of others from the circulation 

(Danser et al. 1999).  Local RAAS may influence the inflammatory process (Brull et al. 

2002).  Indeed macrophages contain an active RAAS (Eklund et al. 1987; Potter et al. 

1998; Sun et al. 2001) which here, as elsewhere, may drive synthesis of 

proinflammatory cytokines such as IL-6 (Schieffer et al. 2000; Keidar et al. 2001).  

Fibrotic responses in tissues such as heart (Weber et al. 2000; Sun et al. 2001), lung 

(Marshall et al. 2000) and kidney (Mezzano et al. 2001) are similarly RAAS-dependent.  

 

Several hundred thousand patient years of experience underscore the safety and efficacy 

of pharmacological ACE inhibition in CHF (CONSENSUS Trial Study Group 1987; 

Flather et al. 2000) and after myocardial infarction (Pfeffer et al. 1992).  ACEi reduce 

the generation of Ang II, reduce degradation of BK (Swartz et al. 1980) and mediate 

cross-talk between membrane-bound ACE and the bradykinin ɓ2 receptor (BDKRB2), 

leading to a reduction in BDKRB2 desensitisation, reduced receptor endocytosis and an 

increase in BK-receptor affinity (Minshall et al. 1997).  More recently, fundamental 

roles of ACEi in vascular disease modification, beyond circulatory homeostasis 

(Fonarow et al. 1992), have been confirmed by the Heart Outcome Prevention 

Evaluation (HOPE) study (Yusuf et al. 2000).  In this randomised controlled trial of 

9297 high risk patients with established atherosclerotic disease, the ACEi ramipril 
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significantly decreased the incidence of MI, stroke and death from cardiovascular 

causes, as well as the incidence of new-onset diabetes and diabetic complications. It 

also induced regression of, and inhibited development of, left ventricular hypertrophy 

(LVH).  Minor associated reductions in blood pressure (3/2 mmHg) explain, at most, 

only one-third of these benefits (Mancini et al. 2001; Sleight et al. 2001).  Such effects 

may be mediated through inhibition of tissue, rather than circulating, ACE activity.  

Similar benefits were later confirmed in a large multicentre, placebo-controlled trial of 

patients with CHD but without clinical heart failure (Fox et al. 2003). 

 

 

1.4.2. Receptors for angiotensin II and kinins 

 

Ang II acts via two different types of G-protein-coupled receptors (GPCRs) ï the Ang II 

type 1 (AT1R) and type 2 (AT2R) receptors.  Ang II is the effector peptide of the RAAS 

cascade, acting via the AT1R to cause potent vasoconstriction, renal salt and water 

retention via stimulated secretion of aldosterone, fibrosis, cell proliferation, 

inflammation and reactive oxygen species (ROS) generation.  The AT2R is thought to 

oppose the actions of the AT1R (Matsubara 1998). 

 

Kinins are a family of peptides, whose original functions in pain, inflammation and 

thrombosis have been extended to vasodilatation and metabolism (Scholkens 1996).  

Kinins are released from the precursor glycoproteins ólow molecular weightô or óhigh 

molecular weightô kininogen (LMWK and HMWK, respectively ï both coded by a 

single kininogen gene by alternative splicing) by serine proteases termed kallikreins.  

Plasma kallikrein catalyses the conversion of kininogens to BK (Arg
1
-Pro

2
-Pro

3
-Gly

4
-

Phe
5
-Ser

6
-Pro

7
-Phe

8
-Arg

9
) and tissue kallikreins catalyse the conversion of kininogens 
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to Lys-BK (also termed kallidin) which differs only by the addition of an N-terminal 

lysine (Lys
1
-Arg

2
-Pro

3
-Pro

4
-Gly

5
-Phe

6
-Ser

7
-Pro

8
-Phe

9
-Arg

10
).  The subsequent cleavage 

of the C-terminal arginine residue by carboxy-peptidase yields the active fragments des-

Arg
9
-BK and Lys-des-Arg

9
-BK. 

 

Intact kinins and their fragments act upon ɓ1 and ɓ2 G-protein coupled cell-surface 

receptors (termed BDKRB1 and BDKRB2, respectively), which share only 36% 

sequence homology and differ greatly in their expression and pharmacology (Regoli et 

al. 1997).  Thus, the constitutive BDKRB2 is expressed in diverse cell types including 

the endothelium, myocardium and skeletal muscle, and is responsive to intact kinin 

peptides (Faussner et al. 1999).  Conversely, the inducible BDKRB1 is activated by C-

terminal arginine-deficient kinin fragments (Faussner et al. 1999).  Kinin receptor 

activation leads to calcium-dependent nitric oxide (NOÅ) and prostaglandin release. 

 

Animal studies have suggested that kinins have cardioprotective effects, including 

immediate protection of the myocardium from ischemia-reperfusion injuries (Yang et 

al. 1997; Zhang et al. 1997; Kitakaze et al. 1998; Su et al. 2000) and, in the longer-

term, a reduction in left ventricular hypertrophy (LVH) and prevention of heart failure  

(Linz et al. 1992; Linz et al. 1993; Ishigai et al. 1997; Liu et al. 1997).  Kinin receptor 

activation may also play a role in the modulation of atherosclerotic risk through 

promotion of microangiogenesis (Parenti et al. 2001), inhibition of vascular smooth 

muscle cell growth (Murakami et al. 1999), coronary vasodilatation (Su et al. 2000),  

increased local NO· synthesis (Kichuk et al. 1996), and anti-thrombotic actions 

(Schmaier 2000).  Reduced kinin degradation may therefore contribute to the beneficial 

effects of ACE inhibition on vascular risk, LVH and heart failure (Linz et al. 1995), but 

this is unproven in humans. 
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1.4.3. Nitric oxide (NOÅ) 

It was as early as 1867 that Brunton first reported the use of amyl nitrite for the relief of 

angina (Brunton 1908).  He also noted that glyceryl trinitrate (GTN, nitroglycerin) had a 

similar effect, but felt unable to work with this compound because of the terrible 

headaches it caused.  Over a century passed before there was more interest in nitrous 

compounds and their effects on the circulation.  In 1980, it was shown that endothelial 

cells were necessary for the acetyl choline-induced relaxation of rabbit aorta (Furchgott 

et al. 1980), but that the artery denuded of endothelium still responded to exogenous 

GTN.  The endogenous mediator of this effect was termed endothelium derived relaxing 

factor (EDRF) (Furchgott et al. 1980) and later proven to be NOÅ (Ignarro et al. 1987; 

Palmer et al. 1987).  

 

Figure 1.8.  Cartoon depiction of classical nitric  oxide (NOÅ) generation within endothelial cells 

by nitric oxide synthase (NOS).  NOÅ can diffuse across the plasma membrane to act on soluble 

guanylyl cyclase to form cGMP within adjacent smooth muscle cells to promote vasodilatation.  

NOS can become uncoupled by reactive oxygen species (ROS), low levels of BH4 or high levels of 

AMDA to generate further ROS.  See text for discussion. 
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NOÅ is a diffusible, lipophilic, highly reactive gaseous molecule with a short half life 

(<4 seconds in biological solutions).  It is rapidly oxidised to nitrite and then nitrate by 

oxygenated haemoglobin before being excreted into the urine (Moncada et al. 1993).  

NOÅ is synthesized from the amino acid L-arginine by different isoforms of nitric oxide 

synthase (NOS) (including constitutive neuronal type 1 isoform (nNOS, or NOS1), 

inducible type 2 isoform (iNOS or NOS2) and constitutive endothelial type 3 isoform 

(eNOS or NOS3)),  yielding L-citrulline as a byproduct (Figure 1.8).  Several co-factors 

are required for NOÅ biosynthesis, including nicotinamide adenine dinucleotide 

phosphate (NADPH), flavin mononucleotide (FMN), flavin adenine dinucleotide 

(FAD), tetrahydrobiopterin (BH4), and calmodulin.  NOS has two catalytic domains 

consisting of a C-terminal reductase where NADPH, FMN, and FAD bind, and an N-

terminal oxygenase domain where heme, BH4, oxygen and L-arginine bind. The 

catalytic mechanisms of NOS involve flavin-mediated electron transport from C-

terminalïbound NADPH to the N-terminal heme centre, where oxygen is reduced and 

incorporated into the guanidine group of L-arginine, yielding NOÅ and L-citrulline. 

 

An important physiological target of NOÅ is the heme protein soluble guanylyl cyclase.  

NOÅ diffuses across the endothelial cell membrane and activates guanylyl cyclase by 

interacting with its heme, generating cyclic guanosine-3ô,5-monophosphate (cGMP) 

from guanosine triphosphate (GTP).  As a second messenger, cGMP mediates many of 

the biological effects of NOÅ including the control of vascular tone and platelet 

function.  Subcellular NOÅ signal transduction is complex, involving cGMP-dependent 

protein kinases (PKGs) and cGMP-stimulated and cGMP-inhibited cyclic nucleotide 

phosphodiesterases (cGsPDE and cGiPDE, respectively).  PKG-dependent signal 

transduction involves the phosphorylation of various targets, whereas cGsPDE- and 

cGiPDE-dependent pathways involve decreases or increases (respectively) in cAMP 
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levels.  In addition, NOÅ has other molecular targets which include metal and thiol-

centred proteins and DNA, supporting additional reactions with key enzymes or ion 

channels.  NOÅ also interacts with enzymes of the mitochondrial respiratory chain 

(Brown et al. 1994; Cleeter et al. 1994). 

 

Impaired synthesis or bioavailability of NOÅ may underlie the endothelial dysfunction 

seen in individuals with cardiovascular risk factors but without clinical CHD (smokers, 

hypertensives, hypercholesterolaemics), and may predispose to the development of 

atherosclerosis (Calver et al. 1992; Chowienczyk et al. 1992; Celermajer et al. 1993; 

Cooke et al. 1997).  NOÅ bioavailability can be reduced by several factors, including a 

reduction in cofactors for NOS, for example reduced BH4 as seen early in endothelial 

dysfunction, diabetes and hypercholesterolaemia.   

 

Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of NOS which has 

been found to be increased in atherosclerotic disease, hypertension, diabetes and chronic 

renal failure.  ADMA is formed from L-arginine by the protein methylase-I and 

subsequently metabolised by dimethylarginine dimethylaminohydrolase (DDAH) to 

produce citrulline (Vallance et al. 1992).   

 

There are also important interactions between NOÅ and ROS.  Superoxide (O2Å
-
) can 

react with equimolar concentrations of NOÅ to form peroxynitrite (ONOO
-
), thus 

reducing the bioavailability of NOÅ.  Peroxynitrite at high concentrations is highly toxic 

producing protein nitration and oxidation and irreversible inhibition of mitochondrial 

electron transport (Beckman et al. 1990; Radi et al. 1994).  NOS can also become a 

potent generator of ROS (Figure 1.8): in relative substrate (L-arginine) or cofactor 

(BH4) deficiency, NOS can become óuncoupledô, generating O2Å
-
 and peroxynitrite 
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(Mayer et al. 1997; Xia et al. 1997).  Peroxynitrite itself can directly or indirectly (by 

rapidly metabolising BH4 to BH2) uncouple NOS, thereby perpetuating ROS 

generation (Zou et al. 2002). 

 

It has become increasingly apparent that NOÅ has divergent roles.  The effects of NOÅ 

depends on several factors including the cellular source and targets of NOÅ as well as 

target cell redox/antioxidant status, the amount of NOÅ released or studied, stimuli such 

as coronary flow rate and heart rate or co-existing neurohumoral stimuli , or the presence 

of immune activation or disease (Shah et al. 2000).  For example, NOÅ has positive and 

negative inotropic responses at low and high concentrations, respectively (Mohan et al. 

1996) and a similar biphasic response is seen with respect to apoptosis (Kim et al. 

1999).  Exposure to bacterial lipopolysaccharide (LPS) or cytokines such as TNFŬ 

results in increased vascular iNOS expression and the resultant NOÅ has bactericidal, 

antiviral and leukostatic effects.  Endotoxaemia rapidly results in hypotension, with 

dysregulation of vasomotor tone and myocardial depression, and excess NOÅ generation 

is directly implicated in the pathogenesis of septic shock in both animals and humans 

(Petros et al. 1991). 

 

NOÅ has also been implicated in the development of LVH and heart failure.  

Endogeneous NOÅ has a small baseline inotropic effect in the human heart in vivo which 

is lost in patients with heart failure (Cotton et al. 2001).  eNOS and nNOS are 

constitutively expressed in the human heart, but the expression pattern may change in 

heart failure, with an increase in cytokine-induced calcium-insensitive iNOS expression 

(de Belder et al. 1993; Drexler et al. 1998).  Cardiac eNOS and iNOS gene expression 

correlates positively with indices of cardiac performance in heart failure and negatively 

with the severity of LV dysfunction (Heymes et al. 1999).  However, cardiac iNOS 
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expression in the failing heart has also been implicated in blunting ɓ-adrenoceptor 

responsiveness in vitro (Hare et al. 1998) and in vivo (Drexler et al. 1998) .  Paracrine 

NOÅ release from the coronary microvasculature enhances myocardial relaxation and 

diastolic LV function and reduces myocardial oxygen consumption (Shah et al. 2000).  

In animal models of LVH, NOÅ-dependent LV relaxation is markedly impaired 

independent of coronary flow (MacCarthy et al. 2000).  This may be due to a significant 

increase in superoxide generated by NADPH oxidase which can be acutely reversed by 

administration of antioxidants (MacCarthy et al. 2001).  The precise spatial and 

temporal expression patterns of the NOS isoforms and relationship to cardiac failure 

remains controversial at present (Drexler 1999; Shah et al. 2000). 

 

 

 

 

 

1.5 MITOCHONDRIA  

 

1.5.1 Overview 

The endosymbiosis hypothesis suggests that mitochondria are organelles derived from 

ancient protobacteria about 1500 million years ago (Lang et al. 1997).  Mitochondria 

play a critical role in survival of the óhostô cell; they house energy-yielding oxidative 

reactions, metabolise amino acids, fatty acids and ketone bodies, and are central in 

calcium homeostasis, oxidative stress and the process of programmed cell death or 

apoptosis.   
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The mitochondrion (Figure 1.9) consists of an outer membrane and an inner membrane 

which define the intermembranous space and the inner matrix (Graff et al. 1999).  The 

inner membrane is a sophisticated energy-transducing membrane and is folded into 

cristae, increasing its surface area.  All energy-transducing membranes contain two 

types of proton pump.  In the case of the mitochondrion, it contains óprimary pumpsô 

known as the electron transport chain (ETC) which consist of four complexes 

(numbered I to IV) that catalyse the transfer of electrons from substrates to the final 

acceptor, molecular oxygen (Figure 1.9).  These are coupled to highly evolutionary-

conserved ósecondaryô pumps termed ATP synthase (F1.Fo-ATPase or complex V) 

which are seen as óknob-likeô structures on the matrix side of the inner membrane on 

electron microscopy, consisting of a proton channel (Fo subunit) and an ATP synthase 

(F1 subunit).  If the secondary pump were in isolation, it would hydrolyse ATP to ADP 

and Pi.   

 

The mitochondrial matrix contains 2-10 copies of a 16,569 base pair circular molecule 

of double stranded DNA (mitochondrial or mtDNA) which is distinct from nuclear 

DNA.  Human mtDNA encodes 37 genes:  22 encoding transfer RNAs, 2 ribosomal 

RNAs and 13 polypeptides which are components of the ETC or ATP synthase. The 

ETC complexes contain at least 70 nuclear-encoded peptides, which are synthesised 

within the cell cytoplasm and targeted to the mitochondrion using specific import 

pathways. 
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Figure 1.9.  Cross section through a mitochondrion, showing the inner and outer membranes.  A section of inner membrane has been magnified to show the complexes of 

the electron transport chain which generate an electrochemical gradient by transporting protons (H
+
) out of the matrix during a series of redox reactions depicted.  H

+ 
re-

enters the matrix through FOF1-ATPase down this gradient, providing energy for generation of ATP.  ATP exits the matrix through the ADP/ATP translocator. 
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1.5.2 Mitochondrial metabolism (reviewed in (Nicholls et al. 2002) 

Oxidative phosphorylation is the process by which oxidation of the reducing equivalents 

NADH, FADH and succinate is coupled to the generation of ATP in the mitochondrion 

(Figure 1.9).  NADH, FADH and succinate (derived from the oxidation of fuel 

substrate) transfer electrons into the respiratory chain (ETC) and ultimately to O2.  The 

ensuing series of redox reactions releases free-energy which is used to translocate 

protons (H
+
) at complexes I, III and IV, out of the mitochondrial matrix and into the 

intermembranous space.  The outer membrane contains proteins, termed porins, which 

render it freely permeable to molecules up to 10kDa in weight.  The inner membrane is 

permeable only to gases such as O2 and carbon dioxide (CO2) and certain lipophilic 

compounds (discussed later).  Hence the translocation of H
+
 across the inner membrane 

results in an electrochemical gradient (ȹɛH+) or proton motive force (PMF, ȹP) which 

drives the ATP synthase to synthesise ATP from ADP and Pi.  This process has been 

termed the chemiosmotic theory of energy transduction (Mitchell et al. 1967).  ȹP 

consists of two components: a H
+
 gradient (pH gradient or ȹpH) and a gradient due to 

the electrical potential generated between the matrix and intermembranous space (ȹɣm).  

In the mitochondrion, the ȹpH component is small, only 0.5pH units, and ȹɣm 

approximates ȹP. 

 

The ETC can be thought of as a óproton circuitô analogous to an electrical circuit 

(Nicholls et al. 2002) (Figure 1.10).  Both circuits have generators of a potential 

difference (expressed in volts) used to perform useful work.  The current flowing (I) is 

defined by Ohmôs Law, V = I x R, where R is the resistance of the circuit (inverse of 

conductance).  Both circuits can be shorted and the potential falls if the current drawn 

increases.  A typical ȹɣm achieved is 200mV, equivalent to a charge of 300000V.cm
-1

 

across the inner membrane.  Ionophores are lipophilic compounds which possess a 
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hydrophilic core, able to carry or shield charge within.  They can therefore enter a 

charged lipid bilayer, such as the inner membrane, and act as mobile charge carriers or 

channel formers and are used to study membrane properties. 

 

Protonphores, or uncouplers, are molecules which can insert into lipid bilayers.  They 

contain extensive ˊ-orbital rings, which allow them to dissociate their proton charge, 

facilitating proton cycling across the inner mitochondrial membrane, increasing proton 

conductance and collapsing ȹɣm. The rate of proton flow can be estimated from the 

respiration rate of mitochondria measured, for example, with an oxygen electrode.   

 

 

Figure 1.10.  The mitochondrial proton circuit is analogous to an electrical 

circuit (after Nicholls and Ferguson 2002).  Voltage (V) is equivalent to proton 

motive force (ȹp); current (I) is equivalent to proton flux (JH+); conductance, 

resistance and short circuits can be derived. 
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Classically, five states of respiration are recognised in isolated mitochondria according 

to the availability of substrate, ADP and O2, presented in Figure 1.11.  Maximal 

respiration occurs (state 3) under optimal conditions when substrate, ADP and O2 are all 

available. That any respiration occurs during state 4 is due to the inherent óproton leakô 

of the inner membrane, whereby any leak of protons is counterbalanced by proton 

extrusion by the respiratory chain (see chapter 1.7.1).  Protonphore uncouplers can 

initialise rapid respiration, similar to state 3, by collapsing ȹɣm, driving futile 

respiration.  In this situation, glycolytically formed ATP is further depleted by reversal 

of the ATP synthase.  The respiratory control ratio is defined as state 3 (or uncoupled) 

divided by state 4 respiration (absence of uncoupler) and is related to the integrity or 

efficiency of the mitochondria.   

 

 

1.5.3 Measuring mitochondrial membrane potential in living intact cells 

Traditionally, respiration was measured in isolated mitochondria using an oxygen 

(Clark) electrode (Nicholls et al. 2002), but studying mitochondrial function in intact 

cells remained problematic until recently (Griffiths 2000; Duchen et al. 2003).  The 

explosion of knowledge in this area has been aided by the development of fluorescent 

dyes and fluorescence technologies, which have been used to measure ȹɣm, 

intramitochondrial calcium, redox state, ROS generation, apoptosis and mitochondrial 

distribution and movement within cells. 
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Lipophilic cationic compounds will concentrate within mitochondria, which are more 

negatively charged than the surrounding cytoplasm, according to Nernstian principles 

(Emaus et al. 1986; Duchen et al. 2003):   

[C] i/[C]o = e
-Fȹɣm/RT

 

where [C]i is the concentration of cations inside and [C]o is the concentration of cations 

outside the mitochondria, R is the gas constant, T is the temperature in degrees Kelvin 

Figure 1.11.  States of respiration in isolated mitochondria.  Changes are related to 

changes in membrane potential (Nicholls 2002). 
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and F is the Faraday constant.  This characteristic has been exploited to develop 

fluorescent lipophilic cationic dyes which will concentrate within mitochondria 

according to the magnitude of ȹɣm.  At very low probe concentrations, fluorescence 

intensity is proportional to dye concentration.  However, some important problems 

exist.  Firstly, as dye concentration within a compartment increases, the fluorescence 

fails to increase because of the phenomenon of ñquenchingò: the dye is thought to form 

multimers, with energy transferred between molecules rather than expressed as 

fluorescence (Duchen et al. 2003).  Secondly, the dye will concentrate in the cell 

cytoplasm according to the plasma membrane potential (ȹɣp) and then within 

mitochondria according to ȹɣm.  Thirdly, an ideal fluorescent dye would not bind to any 

mitochondrial component, but be free to move according to changes in ȹɣm.  This 

binding would cause apparent deviation from Nernstian behaviour and would lead to 

enhanced mitochondrial accumulation (Rottenberg 1984; LaNoue et al. 1986).  Lastly, 

almost all of these fluorescent probes are photosensitising agents and prolonged laser 

illumination can cause phototoxicity leading to mitochondrial oxidative damage and 

depolarisation (Duchen et al. 2003). 

 

Many of the dyes first used were developed during a systematic search for dyes which 

would enable measurement of ȹɣ in neurones (Cohen et al. 1978).  Several types of dye 

are now available for study including rhodamines (Farkas et al. 1989; Duchen et al. 

1998; Floryk et al. 1999; Diaz et al. 2000; Ward et al. 2000), rosamines, and 
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carbocyanine derivatives.  Two of these fluorescent probes are discussed in greater 

detail below. 

 

1.5.3.1. TMRM  

The rhodamine derivatives TMRE (tetramethylrhodamine ethyl ester) and TMRM 

(tetramethylrhodamine methyl ester) have been used extensively to measure ȹɣm in 

living cells (Duchen et al. 1998; Antonicka et al. 1999; Floryk et al. 1999; Scaduto et 

al. 1999; Collins et al. 2000; Diaz et al. 2000; Ward et al. 2000; Krieger et al. 2002; 

Michelakis et al. 2002; Michelakis et al. 2002).  Both dyes equilibriate rapidly 

according to the magnitude of ȹɣm. However, TMRM demonstrates much less 

mitochondrial toxicity and less mitochondrial binding than TMRE at the same dose 

(Scaduto et al. 1999).  TMRM fluorescence demonstrates red spectral shift on 

accumulation in mitochondria, with maximal mitochondrial red fluorescence at 573nm 

(Scaduto et al. 1999).  The chemical structure and excitation/emission spectra of 

TMRM is shown in Figure 1.12. 

 

Figure 1.12.  Chemical structure and excitation/emission spectra for TMRM 
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1.5.3.2.  JC-1 

JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide, Figure 

1.13) is a carbocyanine derivative, which has been used widely to measure ȹɣm (Reers 

et al. 1991; Smiley et al. 1991; Cossarizza et al. 1993; Di Lisa et al. 1995; Cossarizza et 

al. 1996; Nuydens et al. 1999; Mathur et al. 2000; Minners et al. 2001; Michelakis et al. 

2002; Michelakis et al. 2002).  It exhibits dual fluorescence:  at low concentrations, JC-

1 exists as a monomer which fluoresces green (peak fluorescence 527nm); at higher 

concentration (>0.1M in solution or upon mitochondrial concentration), it forms so-

called ñJ-aggregatesò which exhibit red ñresonance fluorescenceò at a peak of 590nm.  

The ratio of red/green fluorescence has been used for potentiometric assessment of ȹɣm 

(Reers et al. 1991; Michelakis et al. 2002) and has been found to be more reliable than 

several other compounds, such as DiOC6, Rhodamine 123 and CMXRos, being less 

Figure 1.13.  Chemical structure and excitation/emission spectra for JC-1 
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sensitive to changes in ȹɣp (Salvioli et al. 1997; Mathur et al. 2000).  J-aggregates are 

slow to disperse and therefore JC-1 does not give a dynamic representation of ȹɣm 

(Smiley et al. 1991) 

 

 

1.5.4 Defects in mitochondrial metabolism 

Mutations in mtDNA result in neurological, myopathic and cardiomyopathic 

abnormalities (Graff et al. 1999).  Not only is mtDNA highly susceptible to damage 

because it lacks protective histones and effective DNA repair mechanisms, but it also 

resides within an environment prone to ROS generation (Shigenaga et al. 1994; Graff et 

al. 1999; Ide et al. 2001).  mtDNA is almost exclusively inherited from the mother, but 

typically several allelic forms are inherited.  Each mitochondrion contains 2-10 copies 

of mtDNA, and each cell can contain up to 10
4
 mitochondria.  Heteroplasmy (the 

coexistence of more than one type of mtDNA within a cell, tissue, or organism) explains 

why there is variation in which cells within a tissue, or which tissues within an 

individual, are affected by a mtDNA mutation, and also the variable penetrance.  The 

propensity for the CNS or myocardium to be affected probably reflects the high 

metabolic demand within these tissues and possibly also higher oxidative stress within 

these tissues (two-hit phenomenon).   

 

Oxidative damage to mtDNA, mitochondrial protein and lipid accumulates as a function 

of age.  A decrease in respiratory rate of mitochondria isolated from ageing tissues is 

also seen, allied with a generalised decline in ETC complex and cytochrome c oxidase 

activity, perpetuating further oxidative damage.  These processes are thought to be a 

major determinant in the decline of organ function attributable to ageing (Shigenaga et 

al. 1994). 
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1.5.5 ACE and mitochondria 

A handful of studies have localised components of the RAAS in mitochondria, mostly 

in relation to aldosterone biosynthesis which is highly energy dependent.  Ang II and 

potassium regulate the synthesis and secretion of aldosterone from adrenal mitochondria 

via calcium.  Physiological concentrations of Ang II induce oscillating cytoplasmic 

calcium signals (Quinn et al. 1988; Kramer 1990), associated with parallel 

mitochondrial calcium and NAD(P)H oscillations (Pralong et al. 1994; Rohacs et al. 

1997).  This activates mitochondrial respiration and the generated ATP is used to drive 

aldosterone biosynthesis (Xu et al. 1991; Kowluru et al. 1995).  Extra-adrenal 

production of aldosterone has been found in the heart (Young et al. 2000), vasculature 

(Hatakeyama et al. 1994) and brain (Gomez-Sanchez et al. 1997), and the mechanism of 

production and secretion are presumed at present to be the same as in adrenal 

glomerulosa cells.  Most of the components of the RAAS have been located in adrenal 

cells (Hilbers et al. 1999; Mazzocchi et al. 2000).  Interestingly, biochemically active 

renin has been found within adrenal mitochondria, located in inclusion bodies of high 

electron density (Peters et al. 1996) and targeted to mitochondria rather than the 

cytoplasm by alternative transcription and splicing of the renin gene (Clausmeyer et al. 

1999).  Ang II droplets have also been immunolocalised within rat brain, liver, and 

adrenal mitochondria (Erdmann et al. 1996).  

 

In a study of the effects of ACE inhibition on ageing, enalapril was added to the 

drinking water of CF1 mice shortly after weaning until death (approximately 24 

months(Ferder et al. 1993).  Enalapril treatment was associated with longevity, lower 

cardiac weight, lower myocardial and glomerular sclerosis and, interestingly, an 

increase in the number of mitochondria in cardiomyocytes and hepatocytes.  In a further 

study, Ferder et al again found a protective effect of enalapril on cardiac mitochondrial 


















































































































































































































































































































































































































































































































































































































