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Thesis Abstract 

Myocardial and skeletal muscle high energy phosphate metabolism is abnormal in heart 

failure, but the pathophysiology is not understood.  Plasma non-esterified fatty acids (NEFA) 

increase in heart failure due to increased sympathetic drive, and regulate the transcription of 

mitochondrial uncoupling protein-3 (UCP3), through peroxisome proliferator-activated 

receptor-α.  The aim of the work in this thesis was to determine whether cardiac PCr/ATP 

ratios and skeletal muscle PCr kinetics during exercise were related to cardiac and skeletal 

muscle UCP3 levels respectively, thus providing a mechanism for the apparent 

mitochondrial dysfunction observed in heart failure.  Patients having cardiac surgery 

underwent pre-operative testing, including cardiac and gastrocnemius 
31

P magnetic 

resonance spectroscopy.  Intra-operatively, ventricular, atrial and skeletal muscle biopsies 

were taken for measurement of mitochondrial protein levels by immunoblotting, along with 

mitochondrial function by tissue respiration rates.  Fasting plasma NEFA concentrations 

increased in patients with ventricular dysfunction and with New York Heart Association 

(NYHA) class.  Ventricular UCP3 levels increased and cardiac PCr/ATP decreased with 

NYHA class, however, demonstrated no relationship to each other.  In skeletal muscle, 

maximal rates of oxidative ATP synthesis (Qmax) related to functional capacity.  Skeletal 

muscle UCP3 levels increased with NYHA class but were unrelated to skeletal muscle Qmax.  

Tissue respiration experiments revealed no relationship between ventricular function and 

indices of mitochondrial coupling, furthermore, indices of mitochondrial coupling were 

unrelated to tissue UCP3 levels.  No evidence was found to support mitochondrial 

uncoupling, mediated through UCP3, as a cause of the abnormalities in cardiac and skeletal 

muscle high energy phosphate metabolism. 
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1.1. Background 

Despite optimal current therapy, heart failure is a progressive disease with a poor prognosis 

and an annual mortality of almost 40% from initial diagnosis (Cowie, Wood et al 2000).  

The implication of this observation is that the fundamental cellular and molecular 

mechanisms involved in the pathogenesis of the disease are not being addressed.  With 

improving survival rates following acute myocardial infarction, the prevalence of heart 

failure is likely to increase (Gajarsa and Kloner 2011).  The annual inpatient cost to the 

National Health Service was estimated to be in the region of £400 million in 2000/2001 

(British Heart Foundation 2010) and so improvements in treatment are likely to have a 

significant economic impact.  A greater understanding of the underlying pathophysiology of 

heart failure is required to enable future therapeutic advances. 

For many years it has been demonstrated that in heart failure there are abnormalities in 

energy metabolism, not just in the heart, but also in skeletal muscle.  Such abnormalities 

may underlie many of the symptoms associated with heart failure, but the underlying 

mechanisms are still elusive.  There is also evidence that the metabolic changes which occur 

in heart failure may be amenable to therapeutic manipulation, with improvements in cardiac 

function (Lee, Campbell et al 2005).  In particular, a great deal of interest is now directed at 

the mitochondrion, the source of most of the energy required for muscle contraction. 
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1.2. Heart Failure 

Heart failure denotes an inability of the heart to maintain adequate tissue perfusion, and has 

been defined by the European Society of Cardiology as “a clinical syndrome in which 

patients have the following features: symptoms typical of heart failure – breathless at rest or 

on exercise, fatigue, tiredness, ankle swelling; and signs typical of heart failure – 

tachycardia, tachypnoea, pulmonary rales, pleural effusion, raised jugular venous pressure, 

peripheral oedema, hepatomegaly; and objective evidence of a structural or functional 

abnormality of the heart at rest” (Dickstein, Cohen-Solal et al 2008). 

Epidemiology and aetiology of heart failure 

There are ~15 million patients with heart failure in Europe alone.  The prevalence of 

asymptomatic ventricular dysfunction is similar, resulting in ~4% of the population suffering 

from heart failure or asymptomatic ventricular dysfunction.  The prevalence of heart failure 

rises sharply at 75 years and is estimated to be 10-20% above this age.  In younger age 

groups, men are affected more commonly than women (secondary to coronary artery 

disease), in the elderly, men and women are affected approximately equally (Dickstein, 

Cohen-Solal et al 2008). 

Heart failure can be congenital or acquired.  A decrease in the ability of the heart to pump 

blood can arise from a variety of different mechanisms: damage or loss of heart muscle, 

acute or chronic ischaemia, increased vascular resistance, or the development of a 

tachydysrhythmia.  By far the most common (~70%) underlying cause of heart failure is 

coronary artery disease, which can result in damage or loss of myocardium through 

infarction, or impairment of muscle function through acute or chronic ischaemia.  Valve 
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disease and cardiomyopathies account for approximately 10% each of the remaining 

initiating diseases (Dickstein, Cohen-Solal et al 2008).   

Diagnosis 

Following clinical assessment of the presence or absence of the symptoms and signs of heart 

failure, the diagnosis of heart failure relies mainly on the objective evidence of cardiac 

dysfunction.  This is most commonly provided by echocardiography which is able to assess 

systolic and diastolic function, together with cardiac morphology which may assist in 

diagnosing the underlying cause.  Echocardiography can be used to measure the left 

ventricular ejection fraction – the proportion of blood in the ventricle at the end of diastole 

that is ejected from the ventricle during systole (stroke volume/end-diastolic volume).  The 

ejection fraction is altered by changes in ventricular preload and afterload, and so is not a 

true reflection of contractility; however, it is the most common clinically used index of 

ventricular systolic function and has prognostic significance (Dickstein, Cohen-Solal et al 

2008). 

It is now well understood that some patients have the symptoms and signs of heart failure 

with preserved ejection fractions (HFpEF) – or diastolic heart failure, and this may account 

for 50% of all heart failure patients (Paulus, Tschope et al 2007).   HFpEF is diagnosed 

when the following conditions are satisfied: signs or symptoms of heart failure, normal or 

mildly abnormal systolic function (ejection fraction (EF) >50 % and left ventricular end-

diastolic volume index <97 mL.m
-2

) and evidence of left ventricular diastolic dysfunction 

(LV end-diastolic pressure >16 mmHg, mean pulmonary capillary wedge pressure >12 

mmHg or non-invasively using echocardiography - tissue Doppler E/E’ >15) (Paulus, 

Tschope et al 2007). 
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Cardiac magnetic resonance imaging (CMR) is a highly accurate and reproducible method 

for assessing cardiac function (Longmore, Klipstein et al 1985).  Cine CMR images can be 

acquired in slices of known thickness from the base of the ventricle to the apex (see 

Methods), allowing assessment of cardiac volumes, mass and wall motion for which it has 

become the gold standard (Pennell 2003).  However, its use is limited by cost, availability 

and patient tolerance. 

Radionuclide ventriculography can provide an accurate measure of LVEF and is commonly 

used to assess myocardial perfusion in order to ascertain myocardial viability or ischaemia.  

It is of limited value however in assessing cardiac volumes, and more subtle aspects of 

systolic and/or diastolic function. 

Assessment and classification of severity 

The symptoms of heart failure do not correlate with the degree of cardiac dysfunction.  The 

severity of heart failure is most often classified using the New York Heart Association 

functional classification (Appendix 1), which has been shown to be clinically useful, and is 

employed in most randomised controlled trials (Dickstein, Cohen-Solal et al 2008). 

Exercise testing provides an objective measure of exercise capacity and exercise-related 

symptoms.  The six minute walk test (6MWT) is simple, reproducible and widely used 

(Crapo, Casaburi et al 2002).  The distance walked during six minutes has been shown to 

correlate with peak oxygen consumption in patients with LV systolic dysfunction (Zugck, 

Kruger et al 2000; Ingle, Goode et al 2006).  The gold standard measurement for the 

assessment of exercise capacity in heart failure is peak oxygen consumption during an 

incremental exercise test with respiratory gas analysis (Balady, Arena et al 2010), and this 

has been shown to provide prognostic information in heart failure (Cohn, Johnson et al 
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1993).  To perform accurate and reproducible measurements of peak oxygen consumption 

requires expertise and specialist equipment.  Its use is increasing however, and it may 

become a key investigation in the diagnosis and assessment of heart failure in the future. 

Prognosis 

Despite optimal current therapy, heart failure is a progressive disease with an annual 

mortality of 40% from initial diagnosis (Cowie, Wood et al 2000).  The reasons underlying 

heart failure progression are currently unclear, but the suggestion is that the current 

pharmacological strategy of neurohumoral antagonism is either incomplete, or that disease 

progression and remodelling occurs independently. 

Ventricular remodelling is a process whereby progressive eccentric hypertrophy of the heart 

occurs.  The underlying processes have not been fully elucidated but can be, at least 

temporarily, interrupted by neurohumoral antagonism (Yusuf, Pitt et al 1992).  The 

ventricular wall thickness increases in functional myocardium, as an adaptive response to 

increased work, and overall myocardial function can initially improve; however, fibrosis and 

collagen accumulation also occur, with decreases in capillary density.  As the hypertrophy 

progresses, the ventricle changes to a more spherical shape with activation of matrix 

metalloproteinases (MMP) and breakdown of the extra-cellular matrix, resulting in wall 

thinning and further contractile dysfunction (Mann, Bogaev et al 2010).  This final common 

pathway of wall thinning and dilatation has led to an appreciation that measuring ventricular 

volumes rather than the ejection fraction may have greater prognostic significance (Vasan, 

Larson et al 1997).  As well as geometric remodelling the myocardium undergoes changes in 

calcium handling, perfusion and substrate metabolism (see later sections).  All of these 

processes result in progression of heart failure.  
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1.3. Overview of muscle bioenergetics 

Muscle contraction, together with protein synthesis and the maintenance of ionic gradients, 

requires a source of energy.  This energy is provided by the breakdown of adenosine 

triphosphate (ATP) (Figure 1.1) to adenosine diphosphate (ADP) and inorganic phosphate 

(Pi, HPO4
2-

) as in the following reaction:   

 

                                  

 

This reaction is associated with a free energy change (ΔG) of -30.5 KJ.mol
-1

 (under standard 

conditions) (Ingwall 1999), and the energy released can be coupled to other reactions, such 

as cross bridge cycling in muscle, allowing them to proceed, when otherwise they would be 

thermodynamically unfavourable. 

 

 

 

Figure 1.1. The chemical structure of adenosine triphosphate. 
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The actual amount of energy available from ATP hydrolysis can be calculated by correcting 

the ΔG˚ (ΔG under standard conditions of temperature and concentration) for the actual 

concentrations of ATP, ADP and Pi:  

  

               
     

          
  

 

where R is the universal gas constant and T is the absolute temperature (Ingwall 1999). 

In the physiological situation where temperature varies very little, the energy released from 

the hydrolysis of ATP depends upon the concentrations of the reactants and products i.e. 

[ATP] / [ADP].[Pi], and this term is known as the “phosphorylation potential” (Kemp and 

Radda 1994). 

The energy required for myosin ATPase to function normally (the energy consuming 

component of muscle contraction), is almost as great (in terms of magnitude) as the 

physiological ΔG for ATP breakdown (Wolcott and Boyer 1974).  Consequently, decreases 

in [ATP] and increases in [ADP] and [Pi] will ultimately result in impaired myosin ATPase 

function and impaired force generation (Kammermeier, Schmidt et al 1982). 

Oxidative phosphorylation and ATP synthesis 

The mitochondrion is the organelle which synthesises the vast majority of ATP by oxidative 

phosphorylation.  This is the process by which electrons from reduced nicotine adenine 

dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), substances produced from 

the metabolism of carbohydrates and fats, are transferred through the electron transport chain 
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in a series of coupled reduction and oxidation (redox) reactions.  These reactions take place 

in the inner mitochondrial membrane and involve complexes 1-4 of the electron transport 

chain, with the electrons finally reducing oxygen to water.  Associated with these redox 

reactions at complexes 1, 3 and 4 is the extrusion of protons from the inside of the 

mitochondrial matrix to the inter-membrane space, with the establishment of an 

electrochemical proton gradient (Δp) across the inner-mitochondrial membrane.  The proton 

gradient is comprised of a membrane potential (Δψ) and a pH gradient (ΔpH) (Brown 1992). 

Protons are able to return, down the electrochemical gradient, to the matrix via either 

facilitated proton leak through the membrane, or via ATP synthase.  ATP synthase is the 

enzyme which couples the energy available from the proton translocation, to ATP synthesis 

within the matrix (Figure 1.2). 

As ATP and ADP are negatively charged ions at physiological pH, they are unable to freely 

cross the inner-mitochondrial membrane, resulting in a fixed purine pool within the matrix.  

It is necessary however for ATP to leave the matrix and be delivered to ATPases within the 

cytosol and similarly for the resulting ADP to be returned to the matrix for 

rephosphorylation back to ATP.  This exchange is accomplished by the adenine nucleotide 

transporter (ANT), the most abundant mitochondrial protein (Klingenberg 1979).  ANT 

shuttles ATP out of the matrix and ADP into the matrix in a ratio of 1:1.  The ANT operates 

in such a way that, within the matrix where ATP synthesis takes place, the ATP/ADP ratio is 

kept low (to promote ATP synthesis), and outside the matrix where ATP consumption takes 

place, the ATP/ADP ratio is high (to promote ATP breakdown). 

ADP and ATP transport in and out of the matrix is controlled to match the requirements of 

oxidative phosphorylation by the same mechanism driving the synthesis of ATP: the proton 
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gradient across the inner mitochondrial membrane.  This is able to control the ANT because 

of the charge difference between ATP
4-

 and ADP
3-

.  In order to maintain electroneutrality a 

proton is transferred across the inner-mitochondrial membrane with ATP.  Therefore, when 

the proton gradient Δp is low (as occurs in high rates of ATP synthesis), export of ATP and 

import of ADP is facilitated (Pfaff and Klingenberg 1968). 

 

Figure 1.2. Schematic diagram of the mitochondrial inner membrane showing the 

electron transport chain and adenine nucleotide transporter. 

IMS – inter-membrane space, MIM – mitochondrial inner membrane, Δψ – membrane 

potential, CI – CIV – complexes 1 – 4 of the electron transport chain, CV – complex 5 or 

ATP synthase, ANT – adenine nucleotide transporter, e
-
 - electrons, Q – coenzyme Q, C – 

cytochrome C, NADH – nicotine adenine dinucleotide (reduced), NAD
+
 – nicotine adenine 

dinucleotide (oxidised), FADH2 – flavin adenine dinucleotide (reduced), FADH
+
 – flavin 

adenine dinucleotide (oxidised), Pi – inorganic phosphate, ADP – adenosine diphosphate, 

ATP – adenosine triphosphate. 
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CK 

Creatine and adenylate kinase 

In muscle, the demand for ATP can vary suddenly and greatly, yet intracellular [ATP] 

remains remarkably constant.  This is achieved principally by two enzymes: creatine kinase 

and adenylate kinase. 

Creatine kinase catalyses the rapid and reversible transfer of a phosphate group from ATP to 

creatine (Cr) making phosphocreatine (PCr). 

 

                               

CK – creatine kinase 

 

Phosphocreatine (Figure 1.3) acts as a temporal and spatial energy buffer.  At the onset of 

muscle contraction in skeletal muscle, or an acute increase in cardiac work, PCr is quickly 

broken down, resulting in a rapid source of ATP.   

 

 

 

Figure 1.3.  The chemical structure of phosphocreatine. 
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AK 

The creatine kinase system can only support ATP concentrations for a very short time and so 

to maintain increased ATP consumption, glycolysis and oxidative phosphorylation must be 

increased.  Phosphocreatine also acts as a spatial energy shuttle, whereby sequences of CK 

catalysed reactions occur hand-in-hand to deliver ATP to sites of ATP consumption in the 

cytosol (Figure 1.4) (Neubauer 2007).  By operating in this way, creatine kinase plays a 

major role in the control of compartmental ADP concentration.  This is important in order to 

keep [ADP] high in the matrix to stimulate oxidative phosphorylation and to keep [ADP] 

low in the cytosol to preserve cytosolic ATPase function.  Thirdly, by controlling [ADP], 

CK has a role in preventing detrimental purine loss from the cell (see below) (Wallimann, 

Wyss et al 1992). 

Adenylate kinase also functions to support [ATP] by catalysing the transfer of a phosphate 

group, in this case from one ADP to another ADP, resulting in ATP and adenosine 

monophosphate (AMP): 

 

                               

AK – adenylate kinase. 

 

Using this reaction to support [ATP] is, however, not without cost.  AMP is further broken 

down to inositol monophosphate (IMP) which, along with AMP is dephosphorylated by 5'-

nucleotidase to adenine and inosine which are free to leave the cell.  In this way, use of the 

adenylate kinase system to support [ATP] leads to cellular purine loss (Wallimann, Wyss et 

al 1992). 
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Figure 1.4. The Creatine Kinase Shuttle. 

The enzyme creatine kinase acts as to deliver ATP to the cytosolic ATPases and ADP to the 

mitochondrial ATP synthase thereby maintaining optimal ΔG at both. 

ADP – adenosine diphosphate, ATP – adenosine triphosphate, PCr – phosphocreatine, Cr – 

creatine, CKmito – mitochondrial creatine kinase, CKMM – cytosolic muscle sub-type creatine 

kinase. 
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1.4. 
31

P Magnetic resonance spectroscopy 

31
P Magnetic resonance spectroscopy (MRS) is a non-invasive method for measuring the 

concentrations of phosphorus-containing metabolites within a tissue of interest in vivo.  

Whilst not without its limitations, the non-invasive nature of the method makes it possible to 

perform repeated measurement of the same tissue, enabling the effect of an intervention on 

energetic processes to be investigated, therefore making it a powerful technique.  
31

P MRS 

makes use of the odd number of protons within the phosphorus nucleus which give it a “non-

zero” nuclear spin and a magnetic moment.  Therefore, when exposed to an external 

magnetic field, the phosphorus nuclei will align within the field.  Radiofrequency (RF) 

pulses of the appropriate frequency applied to the sample will be absorbed by the nuclei 

which, upon termination of the RF pulse, will return to their equilibrium state in the 

magnetic field, accompanied by the release of energy.  The energy released can be 

represented graphically in the frequency domain as the free induction decay (FID).  Fourier 

transformation of the FID renders a spectrum – essentially a frequency/intensity plot 

(Hudsmith and Neubauer 2008). 

A number of different phosphorus-containing compounds can be resolved in tissue using 
31

P 

MRS.  This is possible because the electromagnetic effects of surrounding nuclei, and their 

orientation in space, results in PCr resonating at a slightly different frequency to that of γ-

ATP (γ refers to the third phosphate group of ATP), a phenomenon termed chemical shift 

(Figure 1.5) (Beer 2004).  The concentration of each metabolite within the tissue is 

proportional to the area under the respective peak.  Absolute quantification of metabolite 

concentrations is possible, but requires the use of internal or external references of known 

volume and concentration, and the application of correction factors for differences in coil 
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sensitivity and magnetic field between the reference and the sample (Bottomley 2009).  

These difficulties are avoided by expressing the metabolites as ratios of each other e.g. 

PCr/ATP. 

 

 

 

Figure 1.5. 
31

P Nuclear magnetic resonance spectrum acquired at 3 Tesla. 

A – Human myocardium.  B – Human gastrocnemius muscle. 

It is possible to resolve phosphocreatine (PCr) and three ATP peaks in both myocardium and 

skeletal muscle.  The inorganic phosphate (Pi) peak is obscured by 2,3 – diphosphoglycerate 

(2,3 – DPG) in myocardium arising from ventricular blood. 

PDE – phosphodiesters. 
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The main limitation of 
31

P MRS is the low concentration of phosphorus-containing 

metabolites in vivo,
 
resulting in low signal/noise ratios (SNR).  The SNR for 

31
P MRS is 

~2,000,000 times less than that achieved by 
1
H MRS of tissue water in the same volume at 

the same field strength (Bottomley 2009).  This results in 
31

P MRS having poorer spatial 

resolution and necessitates longer scan times.  Spectra with the quality of Figure 1.4.A can, 

however, be obtained at 3 Tesla in approximately half an hour (making it clinically feasible), 

from a volume of ~50 cm
3
 (i.e. without too much signal contamination from surrounding 

structures).  In the case of skeletal muscle, the requirement for small regions of interest is 

less because of the large size and relative homogeneity of the tissue.  Therefore the technique 

is generally not thought of as SNR-limited and it is possible to acquire spectra of reasonable 

quality in only 5 seconds, enabling accurate measurement of metabolites during exercise and 

recovery. 

There are further differences in the spectra that are obtained from the myocardium or from 

skeletal muscle.  Predominantly, this is due to contamination of the volume of interest 

(voxel) with blood within the heart, resulting in the Pi resonance being obscured by 2,3–

diphosphoglycerate (2,3–DPG) arising from red blood cells.  The blood contamination 

causes an artefactual lowering of the PCr/ATP ratio, as red blood cells contain ATP but not 

PCr.  A correction factor can, however, be applied to allow for this, determined by the size 

of the 2,3–DPG peaks (Neubauer, Krahe et al 1992). 
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The ability to resolve Pi in skeletal muscle enables estimation of the intracellular pH, as the 

chemical shift (position in the spectrum) of Pi is pH-dependant (Taylor, Bore et al 1983).  

Knowledge of the pH allows derivation of the free [ADP] by rearranging the creatine kinase 

equilibrium: 

 

       
         

          
 

ADP – adenosine diphosphate, ATP – adenosine triphosphate, Cr – creatine (found by 

subtracting PCr concentration from an assumed total creatine concentration of 42.5   

mmol.L
-1

), PCr – phosphocreatine, K – creatine kinase equilibrium constant (1.7 x10
6
 

L.mmol
-1

) (Kemp and Radda 1994). 
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1.5. Cardiac 
31

P MRS 

Using 
31

P MRS in humans with heart failure, it has been found that, regardless of the 

aetiology of the heart failure, the ratio of PCr/ATP is decreased (Shivu, Abozguia et al 2010; 

Conway, Allis et al 1991; de Roos, Doornbos et al 1992; Neubauer, Krahe et al 1992; 

Conway, Bottomley et al 1998; Beyerbacht, Lamb et al 2001).  The PCr/ATP ratio has also 

been shown to predict mortality in heart failure better than the left ventricular ejection 

fraction (EF) and the NYHA classification (Neubauer, Horn et al 1997).  The significance of 

a low PCr/ATP ratio is that, as [ATP] remains constant, [ADP] must increase, resulting in a 

decrease in the phosphorylation potential and ΔG.  There has, however, been much 

controversy in the literature over the temporal sequence of events, specifically whether 

energetic dysfunction precedes contractile dysfunction, or vice-versa (Vogt and Kubler 

1998). 

Dilated Cardiomyopathy 

Much of the human 
31

P MRS work investigating heart failure has used dilated 

cardiomyopathy (DCM) as a disease model.  DCM is a good choice for MRS studies as the 

myocardium is affected globally, which overcomes some of the problems with spatial 

localisation.  It has been found that the myocardial PCr/ATP ratio is lower in patients with 

DCM compared with controls (Hardy, Weiss et al 1991; de Roos, Doornbos et al 1992; 

Neubauer, Krahe et al 1992; Neubauer, Horn et al 1997) and correlates with heart failure 

severity measured by the New York Heart Association (NYHA) functional classification 

(Appendix 1), but not with ejection fraction (EF) (Neubauer, Krahe et al 1992).  One study 

did not show a decrease in PCr/ATP (de Roos, Doornbos et al 1992) but this may have been 
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as a result of large amounts of blood contamination in the voxel which is a potential problem 

with DCM patients as the ventricles are thin walled (Bottomley 2009). 

In DCM, cardiac PCr/ATP ratio was found to be a better predictor of cardiovascular and all-

cause 5-year mortality than EF or NYHA class (Neubauer, Horn et al 1997), demonstrating 

that it is perhaps a more fundamental measure of the underlying pathology than functional 

measures. 

Hypertrophic cardiomyopathy and aortic stenosis 

In a similar way to DCM, cardiac hypertrophy is associated with decreased myocardial 

PCr/ATP ratio compared with controls (Shivu, Abozguia et al 2010; de Roos, Doornbos et al 

1992; Beyerbacht, Lamb et al 2001; Smith, Bottomley et al 2006).  However, an association 

with the severity of cardiac failure is less clear.  Again, an association with NYHA class was 

shown in one study (Neubauer, Horn et al 1997), and in another, PCr/ATP correlated with 

measures of diastolic function (early acceleration and early deceleration peaks corrected for 

cardiac output, measured by MRI) (Beyerbacht, Lamb et al 2001).  Both of these studies 

were in patients with aortic stenosis (AS).  Other investigators did not find a relationship 

between cardiac function and PCr/ATP (Smith, Bottomley et al 2006).  The metabolic 

changes in hypertrophy are not the same as those in dilated cardiomyopathy, and myocardial 

ischaemia is also present, particularly in sub-endocardial regions, so perhaps it is not 

surprising to see differences in the way PCr/ATP relates to disease progression.  PCr/ATP 

has been shown to recover to normal following aortic valve replacement in patients with AS, 

with corresponding improvement in diastolic function (Beyerbacht, Lamb et al 2001). 
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Coronary artery disease 

A number of studies have used 
31

P MRS to investigate phosphate metabolism in coronary 

artery disease (CAD) (Weiss, Bottomley et al 1990; Neubauer, Krahe et al 1992; Yabe, 

Mitsunami et al 1995; Beer, Sandstede et al 2000; Beer, Machann et al 2007).  CAD is not 

ideally suited to investigation with MRS due to its heterogeneous nature, with regions of 

myocardium potentially infarcted, stunned, hibernating, failing or normal, each potentially 

having different metabolic profiles.  Infarcted tissue is presumed to have a minimal PCr or 

ATP content.  Multi-voxel type MRS protocols are more suited to studying CAD as they 

have the potential to study different myocardial regions simultaneously. 

Two studies demonstrated normal cardiac PCr/ATP ratios at rest, which decreased in 

myocardium supplied by a stenotic vessel during hand-grip exercise (Weiss, Bottomley et al 

1990; Yabe, Mitsunami et al 1994).  In one study the defect resolved after revascularisation 

(Weiss, Bottomley et al 1990), in the other, it corresponded to reversible ischaemia 

demonstrated with 
201

Tl scintigraphy (Yabe, Mitsunami et al 1994).  A third study looked 

only at resting cardiac PCr/ATP in patients with coronary stenosis and found normal values 

(Neubauer, Krahe et al 1992), though the patients did not have clinical heart failure. 

More recently, multi-voxel techniques have been used to study different regions of 

myocardium (infarcted and non-infarcted) simultaneously, showing that PCr/ATP ratios 

were decreased not only in the infarcted region, but also in remote muscle at 6 months 

following revascularisation in patients with non-salvageable infarcted muscle (Beer, 

Machann et al 2007).  This implies that the “normal” or remote myocardium in patients who 

have either depressed ventricular function, or compensated remodelled function, has a low 

PCr/ATP ratio. 
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Other conditions 

The cardiac PCr/ATP ratio has also been studied in other conditions: type 1 diabetes mellitus 

(T1DM) (Shivu, Phan et al 2010), type 2 diabetes mellitus (T2DM) (Scheuermann-

Freestone, Madsen et al 2003), mitral regurgitation (Conway, Bottomley et al 1998) and 

heart failure with preserved ejection fraction (HFpEF) (Phan, Abozguia et al 2009).  In all 

cases, PCr/ATP was lower in patients than in controls.  In the mitral regurgitation study, the 

cardiac PCr/ATP was related to measures of disease severity and ventricular function 

(Conway, Bottomley et al 1998).  In both diabetes studies, subjects were asymptomatic and 

had normal ventricular function.  Moreover it was found that there was no relationship 

between PCr/ATP and the degree of coronary microvascular obstruction (Shivu, Phan et al 

2010), implying a metabolic rather than a perfusion cause for the decreased ratios.  Cardiac 

PCr/ATP also correlated negatively with plasma non-esterified fatty acids (NEFA) 

(Scheuermann-Freestone, Madsen et al 2003), perhaps suggesting a role for lipid metabolism 

in the generation of energetic impairment. 

To summarise, decreased cardiac PCr/ATP ratios have been found in cardiac dilation and 

volume overload (DCM and mitral regurgitation) and would appear to be related to disease 

severity, with lower ratios found in more severe disease.  Decreased cardiac PCr/ATP has 

also been demonstrated in hypertrophic and pressure overload conditions (HCM and AS), 

but its relationship to cardiac function in this setting is less clear, although it has been shown 

to relate to the NYHA functional classification.  Very few studies have attempted to show a 

mechanism underlying the decrease in cardiac PCr/ATP, although in CAD a clear potential 

mechanism (ischaemia) exists.  Patients with DM have decreased cardiac PCr/ATP which 

precedes impairment in LV function, suggesting that, at least in diabetic cardiomyopathy, 
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energetic failure may occur before, and therefore be part of, the pathogenesis of overt 

contractile failure.  There is further evidence of energetic abnormalities preceding cardiac 

dysfunction from animal studies, where the CK system has been manipulated (Tian, Christe 

et al 1997; Tian 1998; Wallis, Lygate et al 2005) or in adriamycin-induced cardiomyopathy 

(Maslov, Chacko et al 2010). 

 

1.6. Skeletal muscle 
31

P MRS 

31
P MRS has also been used to investigate skeletal muscle in patients with heart failure.  It is 

well established that heart failure is associated with a decrease in exercise capacity, with 

early fatigue and skeletal muscle weakness (Middlekauff 2010; Poole-Wilson and Ferrari 

1996).  The original hypothesis for this phenomenon was that it was related to the inability 

of the heart to augment the cardiac output during exercise, resulting in skeletal muscle 

hypoperfusion, but this view has been challenged by evidence that skeletal muscle metabolic 

derangement does not relate to blood flow, and hence substrate and oxygen delivery, 

measured directly (Massie, Conway et al 1987), and more recently with a combination of 
31

P 

MRS and near-infrared spectroscopy (NIRS) (Hanada, Okita et al 2000).  These studies 

suggest that there is an intrinsic energetic dysfunction of skeletal muscle in heart failure, 

possibly mitochondrial in nature.  In patients with heart failure, skeletal muscle MRS has 

shown increased PCr consumption and decreased pH during aerobic exercise (Massie, 

Conway et al 1987; Massie, Conway et al 1988; Kemp, Thompson et al 1996; Hanada, 

Okita et al 2000), a high resting [Pi] (Massie, Conway et al 1987) and prolonged PCr 

recovery times following exercise compared with controls (Kemps, Prompers et al 2010; 

Massie, Conway et al 1987; Massie, Conway et al 1988; Kemp, Thompson et al 1996; 
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Hanada, Okita et al 2000).  These findings are all indicative of a failure of oxidative ATP 

synthesis, but shed no light on the underlying cause of the defect.  To investigate this further, 

NIRS has been used in conjunction with MRS. 

Near-infrared spectroscopy 

NIRS makes use of the differential absorption of light in the near-infrared region, between 

oxy- and deoxyhaemoglobin.  Using two wavelengths, one at ~800 nm (the isobestic point) 

to determine total haemoglobin (Hb), and one at another wavelength, e.g. ~760 nm, to 

determine Hb or HbO2 (depending on the frequency), measurement of the oxygen saturation 

of a region of tissue underlying the sensor is possible (Madsen and Secher 1999).  The depth 

of tissue penetration is determined by the distance between the emitting and sensing diodes, 

and in this way, contamination of the signal by skin and subcutaneous tissue can be avoided 

(Hamaoka, McCully et al 2007).  Near-infrared light absorption is related to Hb 

concentration by Beer and Lambert’s law (Owen-Reece, Smith et al 1999).  As photon 

absorption is dependent on the “thickness” of the solution, NIRS absorption changes reflect 

the oxygenation in small vessels – arterioles, capillaries and venules, as photons are unable 

to traverse larger vessels (Mancini, Bolinger et al 1994).  As the arteriolar oxygen saturation 

(SaO2) remains constant (assuming no change in inspired oxygen concentration and 

pulmonary diffusion capacity), a NIRS signal change is proportional to the change in SO2 in 

the venules.  Regional SO2 therefore reflects the overall balance between oxygen supply and 

oxygen consumption and, following the termination of exercise in a muscle, the rate of 

change is related to oxygen delivery (and ongoing mitochondrial oxygen consumption). 

Studies using a combination of 
31

P MRS and NIRS to investigate PCr and SmO2 (muscle 

oxygen saturation) kinetics in heart failure have shown that muscle PCr re-synthesis times 
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and re-oxygenation times are both prolonged in heart failure patients compared with controls 

(Kemps, Prompers et al 2010; Hanada, Okita et al 2000).  Controversy exists, however, in 

how the two variables relate to each other.  Hananda et al examined cardiac patients and 

demonstrated a much greater increase in PCr re-synthesis time than re-oxygenation time in 

the heart failure group, and concluded that O2 delivery was therefore not limiting PCr re-

synthesis (Hanada, Okita et al 2000), whereas Kemps et al showed that re-oxygenation was 

much slower than PCr re-synthesis, and consequently concluded that O2 delivery was the 

limiting factor (Kemps, Prompers et al 2010).  This difference is probably explained by the 

use of different exercise protocols resulting in different end-exercise conditions, such as 

intracellular pH, which is well known to affect PCr recovery times (Jubrias, Crowther et al 

2003). 

The problem with the interpretation of NIRS data is that a delay in re-oxygenation could 

theoretically be attributable to excessive oxygen consumption (e.g. due to mitochondrial 

inefficiency), and not necessarily to inadequate oxygen supply.  Studies combining MRS and 

NIRS in heart failure are so far inconclusive in helping to determine whether skeletal muscle 

dysfunction is secondary to intrinsic mitochondrial dysfunction or a failure of O2 delivery. 

 

1.7. Metabolic substrate oxidation in heart failure 

Mitochondrial ATP production is fundamentally influenced by substrate metabolism, which 

changes in heart failure.  When the heart fails there are a number of neurohumoral responses 

that occur, including an increase in sympathetic drive, which results in increased adipose 

tissue lipolysis and increased plasma NEFA concentrations (Paolisso, Gambardella et al 

1994; Lommi, Kupari et al 1998).  Corresponding to this increase in plasma NEFA 
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concentration, an increase in myocardial lipid oxidation might be expected and has been 

found to occur in some studies (Paolisso, Gambardella et al 1994; Lommi, Kupari et al 

1998; Taylor, Wallhaus et al 2001), but not in others (Davila-Roman, Vedala et al 2002).  

Discrepancies of this kind are likely explained by the dynamic nature of the disease 

progression, with subjects having heart failure at different stages and being treated with 

different therapeutic agents. 

Studies in animal models have generally shown that gross changes in substrate metabolism 

occur relatively late in the disease process, at around the point of cardiac decompensation, 

and involve down-regulation of metabolic machinery for lipid oxidation and subsequently an 

increased reliance on glucose metabolism (Osorio, Stanley et al 2002; Chandler, Kerner et al 

2004; Lei, Lionetti et al 2004).  These changes have a theoretical benefit in the later stages 

of heart failure, as oxygen supply may become limited.  Glucose is a more efficient substrate 

in terms of oxygen usage (3.17 ATP per oxygen atom) compared with fatty acid (palmitate – 

2.80; oleate – 2.82 ATP per oxygen atom) (Ashrafian, Frenneaux et al 2007) and can 

generate ATP entirely anaerobically through substrate-level phosphorylation in glycolysis.  

Fatty acid oxidation may be associated with even greater oxygen cost due to uncoupling of 

oxidative phosphorylation (see later). 

Studies of mitochondrial respiration in human heart failure are relatively rare due to 

difficulties in obtaining tissue biopsies of sufficient size to isolate the required mitochondria.  

The problem of biopsy size has been partly overcome by the technique of muscle fibre 

permeabilisation (Kuznetsov, Veksler et al 2008).  Saponins are naturally occurring 

detergent-like substances that selectively “permeabilise” the cell membrane, leaving the 

organelles intact.  This occurs because of the difference in cholesterol content between the 
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sarcolemma and the membranes surrounding the internal organelles.  In this way, the 

mitochondria become accessible to compounds that would normally be unable to cross the 

cell membrane (e.g. ADP).  The advantages of this technique are that the mitochondria 

remain in an intact intracellular environment where their interaction with other organelles 

remains and, perhaps more importantly, much smaller quantities of tissue are required (~500 

mg of tissue necessary for mitochondrial isolation, but only ~5 mg required for the in-situ 

technique) (Kuznetsov, Veksler et al 2008).  The main disadvantage is that because 

functional ATPases remain in the cytosol, estimation of the amount of ATP formed per 

oxygen atom (P/O ratio) from a given amount of ADP is impossible, because the ADP is 

continually recycled by the ATPases. 

Sharov et al reported decreased oxygen consumption under ADP stimulation using the in-

situ method on human left ventricular biopsies from patients with end-stage cardiac failure 

undergoing transplantation, compared with unused donor normal hearts (Sharov, Todor et al 

2000).  A study on skeletal muscle (vastus lateralis) biopsies, comparing heart failure 

patients with normal sedentary and normal active controls, found similar maximal oxygen 

consumption between heart failure patients and sedentary controls, with only the active 

controls having higher maximal oxygen consumption; they did report differences in 

mitochondrial protein levels, with heart failure patients having less citrate synthase and 

creatine kinase, along with decreased lactate dehydrogenase activity (Mettauer, Zoll et al 

2001). 

Animal studies have also shown a decrease in mitochondrial respiration in heart failure 

compared with controls (Hoppel, Tandler et al 1982; Sanbe, Tanonaka et al 1993; Sharov, 

Goussev et al 1998) indicating mitochondrial dysfunction, but the underlying mitochondrial 
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defects are not clear.  Decreases in electron transport chain complex activity have been 

described but are not consistent.  Rapid pacing-induced cardiac failure in dogs demonstrated 

decreased activity in complexes 3 and 5 (ATP synthase) (Marin-Garcia, Goldenthal et al 

2001), whereas humans with dilated or ischaemic cardiomyopathy were shown to have 

decreased complex 1 activity (Scheubel, Tostlebe et al 2002) or, in dilated cardiomyopathy 

only, decreased complex 3 and 4 activity (Buchwald, Till et al 1990).  What is clear is that in 

heart failure there is mitochondrial dysfunction, which is borne out as an inability to harness 

the full chemical energy available from metabolic substrates. 
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1.8. Mitochondrial uncoupling protein-3 

Mitochondrial uncoupling proteins are members of the mitochondrial anion carrier protein 

family localised to the inner mitochondrial membrane.  The first uncoupling protein to be 

discovered, UCP1 or thermogenin, is highly expressed in brown adipose tissue (BAT), and 

was found to be responsible for non-shivering thermogenesis – the process where mammals 

generate body heat through mitochondrial uncoupling of oxidative phosphorylation, rather 

than through repeated skeletal muscle contraction (shivering) (Nicholls, Bernson et al 1978).  

As metabolism is inherently inefficient, the increase in metabolic rate caused by widespread 

mitochondrial uncoupling generates more heat than usual and increases body temperature.  

Since then, a further 4 uncoupling proteins have been discovered which have a high 

sequence homology to UCP1.  Mitochondrial uncoupling protein-3 (UCP3) is highly 

expressed in mitochondria in skeletal muscle and to a lesser extent in the heart (Bezaire, 

Seifert et al 2007).  Based on its relationship to UCP1, it is assumed that UCP3 also 

uncouples oxidative phosphorylation (Figure 1.6), although to what extent this occurs in vivo 

remains a point of controversy. 

Uncoupling proteins are thought to dissipate Δψ (mitochondrial membrane potential) by 

providing an alternative pathway for protons to re-enter the matrix, other than through ATP 

synthase.  Lowering the membrane potential allows NADH and FADH2 oxidation to proceed 

unchecked (with the generation of heat – as above in BAT).  As ATP synthesis is Δψ-

dependent (Nicholls 2004), the consequences of uncoupling in muscle would be a decrease 

in the capacity of oxidative phosphorylation to synthesise ATP and a decrease in ΔGATP, 

potentially resulting in contractile dysfunction as previously described. 
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Figure 1.6. Schematic diagram of the basic mechanism through which uncoupling 

proteins dissipate the mitochondrial membrane potential. 

IMS – inter-membrane space, MIM – mitochondrial inner membrane, Δψ – membrane 

potential, CI – CIV – complexes 1 – 4 of the electron transport chain, CV – complex 5 or 

ATP synthase, UCP – uncoupling protein, e
-
 - electrons, Q – coenzyme Q, C – cytochrome 

C, NADH – nicotine adenine dinucleotide (reduced), NAD
+
 – nicotine adenine dinucleotide 

(oxidised), FADH2 – flavin adenine dinucleotide (reduced), FADH
+
 – flavin adenine 

dinucleotide (oxidised), Pi – inorganic phosphate, ADP – adenosine diphosphate, ATP – 

adenosine triphosphate. 
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Does UCP3 uncouple oxidative phosphorylation? 

Genetic mutants provide a useful basis for investigating the function of a particular protein, 

and various experiments have been performed on mice with UCP3 “knocked-out” (KO, 

UCP3
-/-

).  It has been demonstrated that isolated mitochondria from these mice are better 

coupled (P/O ratio) than wild-type (WT) mice (Vidal-Puig, Grujic et al 2000) and the KO 

mice sustain a lesser temperature rise when given methylene dioxymetamphetamine 

(MDMA) compared with controls (Mills, Banks et al 2003).  Mice over-expressing UCP3 

have been shown to be hyperphagic and lean with increased resting oxygen consumption 

(Clapham, Arch et al 2000).  Mitochondria from diabetic (db/db) mice, a model of obesity 

and severe type 2 DM, demonstrated increased proton leak, which was inhibited by 

guanosine diphosphate (GDP, a UCP inhibitor) (Boudina, Sena et al 2007). 

Using the chronic infarction model of heart failure in rats, it has been demonstrated that 

cardiac UCP3 levels increase and are associated with less well coupled mitochondria (P/O 

ratio) and reduced cardiac efficiency (hydraulic power/O2 consumption) (Murray, Cole et al 

2008).  Hyperthyroid rat heart mitochondria also showed decreased coupling and efficiency, 

with increased UCP3 levels (Boehm, Jones et al 2001).  These findings all indicate that 

UCP3 is able to uncouple oxidative phosphorylation, at least in vitro. 

Attempting to show an uncoupling effect in humans in vivo, however, has been less 

successful.  Hesselink et al used a high fat diet to induce increased UCP3 expression (see 

later) and used serial skeletal muscle biopsies after ischaemic exercise to measure PCr 

recovery times; they found no evidence of uncoupling as PCr re-synthesis times between 

subjects and controls were not different, despite increases in tissue UCP3 levels (Hesselink, 

Greenhaff et al 2003).  There are a number of possible reasons why the results from this 
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study were not consistent with mitochondrial uncoupling.  There was no measurement of 

intracellular pH which was likely to be low following ischaemic exercise, and this can lead 

to unreliable PCr recovery rates (Jubrias, Crowther et al 2003), and secondly, at high rates of 

ATP synthesis (as immediately following exercise), the mitochondrial membrane potential 

or proton-motive force is low, and any effect of an uncoupler may be blunted.  As such, the 

evidence from the literature is generally supportive of UCP3 being able to uncouple 

oxidative phosphorylation and consequently decrease ATP synthesis. 

The regulation of UCP3 expression and function 

Uncoupling protein-3 expression has been shown reproducibly to increase in situations 

where fatty acid supply is increased: high fat diet (Hesselink, Greenhaff et al 2003), 

starvation (Cadenas, Buckingham et al 1999), β3 adrenoceptor agonism (Nakamura, Nagase 

et al 2001), exercise (Jiang, Zhang et al 2009), and heart failure (Murray, Cole et al 2008), 

and it has been shown that there is a relationship between plasma NEFA concentration and 

UCP3 levels in human heart (Murray, Anderson et al 2004).  These triggers for up-

regulation of UCP3 are modulated through peroxisome proliferator-activated receptor alpha 

(PPARα), a nuclear hormone receptor, which, upon ligand binding, up-regulates the 

expression of a number of proteins involved in lipid metabolism (Kersten, Desvergne et al 

2000).  Endogenous ligands for PPARα include fatty acids and their derivatives (Desvergne 

and Wahli 1999).  A synthetic specific PPARα agonist (WY-14,643) has been shown to 

increase UCP3 mRNA (Zungu, Young et al 2009) and protein levels (Murray, Panagia et al 

2005).  It has been demonstrated that a functional relationship exists between PPARα and the 

myogenic regulatory factor MyoD in the UCP3 promoter region which explains the 

specificity for muscle exhibited by UCP3 (Solanes, Pedraza et al 2003).  Thyroid hormones 
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have also been shown to increase UCP3 protein levels (Boehm, Jones et al 2001) and a 

thyroid response element has been found in the proximal UCP3 promoter region (Solanes, 

Pedraza et al 2005). 

Previous research has shown no relationship between UCP3 protein level and the degree of 

respiratory uncoupling, suggesting that specific activators are required (Boudina, Sena et al 

2007), and it has also been shown that UCP3 is not responsible for the well recognised 

phenomenon termed “basal proton leak” of mitochondria (Brand, Pakay et al 2005).  A 

variety of activators have been shown to induce UCP3-mediated uncoupling: superoxide 

(Echtay, Roussel et al 2002), lipid peroxidation products such as hydroxynonenol (Aguirre 

and Cadenas 2010) and fatty acids themselves (Echtay, Winkler et al 2001) have all been 

demonstrated to activate UCP3. 

Mitochondrial uncoupling protein-3 has a rapid turnover.  UCP3 messenger RNA expression 

was found to increase after 45 mins using exercise as the stimulus, with protein levels 

showing a more latent increase at 120 mins (Jiang, Zhang et al 2009).  The half-life for the 

protein is thought to be between 1 – 4 hrs, which is much faster than other mitochondrial 

proteins, for example ANT (Azzu, Jastroch et al 2010).  This rapid turnover is thought to 

enable the mitochondrion to respond quickly to changes in nutrient flux. 

The physiological role of UCP3 

Whilst the physiological role of UCP3 is still to be confirmed, two main hypotheses have 

currently emerged, with the central dogma being that UCP3 protects the mitochondrion from 

free-radical damage.  The first of these hypotheses, postulated by Schrauwen and colleagues 

(Schrauwen, Saris et al 2001) has UCP3 acting as a fatty acid anion exporter from the 

mitochondrial matrix with the net effect of reducing the membrane potential (ΔΨ; Figure 
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1.7).  In this way, excess fatty acids, in situations where supply exceeds the mitochondrial 

capacity to oxidise them, are exported from the matrix where they would otherwise be 

trapped by the proton gradient.  If they were to remain in the matrix the fatty acids would be 

susceptible to lipid peroxidation by electrons “leaking” from the electron transport chain.  

Lipid peroxides are known to be detrimental to the mitochondrion (Schrauwen, Saris et al 

2001).  A link between lipid metabolism and UCP3 clearly exists, given the PPARα-

mediated up-regulation of UCP3, and it has been demonstrated that physiological levels of 

UCP3 up-regulation in transgenic mice are associated with lower plasma NEFA 

concentrations and muscle triacylglycerol content, along with up-regulation of mitochondrial 

enzymes involved in lipid metabolism, all suggestive of an increased capacity for muscle to 

metabolise lipid (Bezaire, Spriet et al 2005).  The finding that treatment with etomoxir, a 

carnitine palmitoyl transferase-1 inhibitor, which therefore blocks fatty acyl-CoA entry into 

the mitochondrion, resulted in an increase of UCP3 at the protein level in humans also 

suggests that UCP3 is up-regulated when supply to the mitochondrion of non-esterified, non-

metabolisable fatty acids increases (Schrauwen, Hinderling et al 2002). 
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Figure 1.7. Schrauwen’s fatty acid exporter hypothesis. 

In situations where NEFA supply exceeds oxidative capacity NEFAs may become trapped as 

anions in the matrix by the proton gradient.  UCP3 acts as a NEFA exporter leading to fatty 

acid anions being protonated in the inter-membrane space and then returning to the matrix in 

their unionised form with the effect of lowering the proton gradient and increasing oxidative 

capacity.  This protects the mitochondrion from potentially damaging lipid peroxides 

(Schrauwen, Saris et al 2001). 

IMS – inter-membrane space, MIM – mitochondrial inner-membrane, Δψ – membrane 

potential, CI – CIV – complexes 1 – 4 of the electron transport chain, CV – complex 5 or 

ATP synthase, UCP – uncoupling protein, e
-
 - electrons, Q – coenzyme Q, C – cytochrome 

C, NADH – nicotine adenine dinucleotide (reduced), NAD
+
 – nicotine adenine dinucleotide 

(oxidised), FADH2 – flavin adenine dinucleotide (reduced), FADH
+
 – flavin adenine 

dinucleotide (oxidised), Pi – inorganic phosphate, ADP – adenosine diphosphate, ATP – 

adenosine triphosphate, NEFA
-
 - non-esterified fatty acid anion, HNEFA – non-esterified 

fatty acid. 
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A different proposal put forward by Brand suggests that mild uncoupling by UCP3 acts to 

mitigate reactive oxygen species (ROS) generation.  Complexes 1 and 3 of the electron 

transport chain are important sites of ROS generation (Brand 2010) and it has been shown 

that ROS generation is proportional to the membrane potential (Korshunov, Skulachev et al 

1997).  Mild uncoupling through UCP3, having the effect of lowering the membrane 

potential, would therefore decrease ROS generation at these sites.  Supportive evidence 

comes from UCP3 KO and under-expressing mice, which have higher levels of ROS 

production and oxidative damage (Vidal-Puig, Grujic et al 2000; Brand, Pamplona et al 

2002). 

Whichever hypothesis turns out to be correct, the central tenet is that UCP3 serves to protect 

mitochondria from free-radical induced damage either from ROS or lipid peroxides, and 

does so by lowering the membrane potential.  The downside of this mechanism is a decrease 

in the efficiency of ATP synthesis; however the magnitude of the uncoupling effect is 

greatest at high membrane potential in situations when ATP demand is low. 
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1.9. Statement of hypothesis and aims 

The hypothesis of this thesis is that, in heart failure, the increased plasma NEFA 

concentration resulting from adipose tissue lipolysis, leads to an increase in UCP3 levels in 

the heart and skeletal muscle via activation of PPARα.  The increase in UCP3 levels results 

in mitochondrial inefficiency, decreasing the capacity for ATP synthesis, and is manifested 

by abnormalities in cardiac and skeletal muscle high energy phosphate metabolism.  This 

hypothesis provides a unifying mechanism for the mitochondrial dysfunction observed in 

cardiac and skeletal muscle in heart failure (Figure 1.8). 

 

 

 

Figure 1.8. Schematic diagram of the hypothesis. 

β3 – β3 adrenoceptor, NEFA – non-esterified fatty acid, UCP3 – mitochondrial uncoupling 

protein-3, PPARα – peroxisome proliferator-activated receptor alpha, PCr – 

phosphocreatine, ATP – adenosine triphosphate. 
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The principle aim of this work is: 

1. To investigate whether increased ventricular UCP3 levels are associated with 

decreased cardiac PCr/ATP ratio in humans and, whether increased skeletal muscle 

UCP3 levels are associated with longer skeletal muscle PCr resynthesis times 

following exercise in humans. 

Also, to add support to the hypothesis outlined: 

2. To investigate whether plasma NEFA concentrations increase with increasing heart 

failure severity, and to determine how they relate to left ventricular volumes and 

ejection fraction in humans. 

3. To investigate whether increased plasma NEFA concentration is associated with 

increased UCP3 levels in atrial, ventricular and skeletal muscle tissue in humans. 

4. To investigate whether cardiac PCr/ATP ratio relates to heart failure severity, and to 

determine its relationship to left ventricular volumes and ejection fraction in humans. 

5. To investigate whether increased skeletal muscle PCr resynthesis time after exercise 

is related to heart failure severity and to determine how it relates to left ventricular 

volumes and ejection fraction in humans. 

6. To investigate whether increased UCP3 levels are associated with decreased 

mitochondrial coupling in atrial and skeletal muscle tissue from humans. 

7. To investigate whether atrial and skeletal muscle tissue respiration rate and 

mitochondrial protein level relate to heart failure severity, and to determine how they 

relate to left ventricular volumes and ejection fraction in humans. 
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Heart failure severity was graded by the NYHA classification and the 6MWT distance.  Left 

ventricular volumes and ejection fraction were measured by cardiac MRI at 3 Tesla.  Cardiac 

PCr/ATP ratio and skeletal muscle PCr resynthesis time were measured using 
31

P MRS at 3 

Tesla.  Tissue UCP3 levels were measured by immunoblotting from biopsies taken during 

cardiac surgery.  Mitochondrial respiration was measured using saponin-permeabilised 

whole tissue taken during cardiac surgery.  See Chapter 2 for full details of methods.  
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CHAPTER 2 

 

  

GENERAL METHODS  
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2.1. Patient selection 

After obtaining local ethics committee approval (Mid and South Buckinghamshire Research 

Ethics Committee), human subjects scheduled to undergo elective cardiac surgery were 

recruited.  Cardiac surgical patients were recruited in order that atrial, ventricular and 

skeletal muscle biopsies could be taken at the time of surgery.  Whilst endomyocardial 

biopsies can be obtained during cardiac catheterisation, it was felt that the biopsy size would 

be insufficient, as would patient numbers, preventing this from being a practicable approach 

to addressing the study aims. 

The study population was not limited to a particular surgical pathology in order to maximise 

the number of subjects recruited, recognising that recruitment of human subjects, particularly 

to a study with a relatively arduous experimental protocol, involving procedures such as 

prolonged periods of MRI scanning and the donation of cardiac tissue, can be difficult.  

Whilst this meant a heterogenous study population, comprising both coronary artery and 

valve disease, this was felt to be scientifically valid, because the energetic abnormalities 

occurring in heart failure (described in Chapter 1) are the same regardless of the underlying 

disease (Neubauer 2007) - the hypothesis described is aetiology independent, relating only to 

the result of heart failure or to the degree of ventricular dysfunction, and not to a specific 

underlying cause. 

No control group was included in the experimental design because obtaining control 

ventricular or atrial biopsies was not feasible.  Whilst previous human studies have utilised 

unused normal human donor hearts as a source of control tissue, there are concerns regarding 

the validity of “normal” samples from excised hearts, unsuitable for transplantation, which 

have been preserved on ice for a number of hours (Stanley, Recchia et al 2005).  



- 63 - 

 

Instead of a control group, patients were recruited with a full range of cardiac function, 

including those with systolic failure, diastolic failure, normal function or any combination.  

Using this approach meant that there was no specific heart failure group, but instead, 

regression analysis was used to determine associations between the degree of ventricular 

dysfunction (systolic or diastolic) and other variables.  Regression was considered to be 

more suitable than correlation in these data as clear “cause and effect” was present, for 

example, increased ventricular UCP3 was expected to result in decreased cardiac PCr/ATP 

ratio.  Correlation is unsuitable in this example as an increase in cardiac PCr/ATP ratio 

would not be expected to result in decreased ventricular UCP3 levels.  

Listed below are the exclusion criteria that were used together with the justification: 

 Uncontrolled hypertension (BP >180/110) – unsafe to exercise clinically unstable 

patients awaiting cardiac surgery in a remote location such as within the bore of the 

MRI scanner. 

 Age more than 85 or less than 18 – the effect of extremes of age on cardiac and 

skeletal muscle energetics is unknown. 

 Previous cardiac surgery – presence of sternal wires has an unknown effect on 

cardiac  
31

P MRS. 

 Alcohol/drug abuse – concerns over consent, compliance and pharmacodynamics. 

 Taking insulin, fibrates or thiazolidinediones – patients taking insulin were not 

included because of the potential for harm in managing the fasting period required in 

the protocol.  Patients on fibrates and thiazolidinediones were not included as these 

drugs are PPAR agonists. 
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 Clinically significant respiratory disease – confounding the assessment of heart 

failure severity, 6MWT and NYHA. 

 Peripheral vascular disease – known to have prolonged gastrocnemius PCr recovery 

times following exercise secondary to ischaemia. 

 Possibility of pregnancy – unknown effects of magnetic field on teratogenicity. 

 Contraindication to MRI – unable to complete the experimental protocol. 

 Refusing consent 

 

2.2. Sample size estimate 

There are four constituents required for hypothesis testing: the significance level (or Type 1 

error rate), the power (or Type 2 error rate; power = 1- Type 2 error rate), the critical region 

(the set of values of the test statistic for which the null hypothesis is rejected) and the sample 

size.  Knowledge of at least two constituents enables calculation of the others (provided the 

distribution of the test statistic is known).  The Type 1 and 2 error rates can be predefined, 

therefore allowing calculation of the minimum sample size required. 

Previous studies have demonstrated statistically significant correlations between plasma non-

esterified fatty acids and atrial UCP3 levels (r = 0.46, p = <0.001, n=39) (Murray, Anderson 

et al 2004), and between cardiac PCr/ATP ratio and plasma non-esterified fatty acids (r = -

0.59, p = <0.01, n=36) (Scheuermann-Freestone, Madsen et al 2003).  Based upon these 

studies, one might expect a correlation between UCP3 and PCr/ATP ratio of at least medium 

effect size, using Cohen’s suggestions regarding the magnitude of effect sizes (r > 0.1 – 

small effect, r > 0.3 – medium effect, r > 0.5 – large effect) (Cohen 1992). 
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The program GPower 3.1 (Dusseldorf, Germany) was used to calculate the sample size 

necessary to adequately power a simple linear regression model with a medium effect size of 

0.35, and setting α (the Type 1 error rate) at 0.05, 34 patients would be required to achieve a 

power of 0.8 (Figure 2.1).  The aim was therefore to study as close to 50 patients as possible 

within the available time period, to allow for subjects not being able to complete all tests, or 

for data acquisition failure. 

 

 

Figure 2.1. The relationship between sample size and power given the Type 1 error rate 

and effect size.  
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Figure 2.2.  Temporal sequence of study phases and experimental content. 

Visit 2 occured at a convenient time pre-operatively, determined by patient and MRI scanner 

availability.  Visit 3 occured at the time of scheduled surgery. 

 

 

 

 

1. Cardiothoracic outpatient clinic 

 Listed for surgery     

 Research discussed – information sheet given 

 

2. Pre-operative visit 

 Written consent obtained 

 Demographic/clinical data 

 MRI/MRS heart/gastrocnemius 

 Fasting antecubital fossa venous blood samples 

 NIRS gastrocnemius muscle 

 6 minute walk test 

 Transthoracic echocardiography 

 

3. Operative visit 

 Fasting radial artery blood samples 

 Atrial, ventricular and skeletal muscle biopsy collection for 

mitochondrial respiration and storage for Western blot analysis 
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2.3. Experimental protocols 

Figure 2.2 demonstrates the general outline of the experiments.  Peri-operative investigations 

were carried out at the Oxford Centre for Clinical Magnetic Resonance Research (OCMR), 

John Radcliffe Hospital, Oxford, UK.  Patients’ attendance for the pre-operative visit was 

dictated by their, and the 3T MRI scanner, availability.  This resulted in some patients being 

tested well in advance of surgery (40 days) and others the day before.  All pre-operative 

investigations were carried out at one visit. 

 

2.3.1. Anthropometrics, hormones and metabolites 

Body weight and composition 

After a fast of at least six hours (typically overnight), patients attended the OCMR where 

their weight and height were measured together with waist and hip circumferences.  Body 

composition analysis was performed using a bio-impedance method (Bodystat, Douglas, Isle 

of Man).  Variables estimated included lean body mass, body fat percentage and water 

content. 

Fasting blood samples 

Venous blood was taken from an antecubital fossa vein whilst fasted and immediately 

centrifuged at 4˚C.  The plasma was then frozen at -80˚C until batch analysis for glucose, 

insulin and glycerol.  Plasma for the measurement of non-esterified fatty acids was frozen 

after the addition of a lipoprotein lipase inhibitor (tetrahydrolipstatin, Xenical, Roche, 

Welwyn Garden City, UK) at a final concentration of 30μg/ml.  Plasma metabolites were 

measured using an ABX Pentra Clinical Chemistry bench-top analyser (Horiba ABX, 

Montpellier, France).  Enzyme-Linked ImmunoSorbent Assays (ELISA) were performed 
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with commercially available kits: insulin (Mercodia AB, Uppsala, Sweden) and glycerol 

(Cayman Chemical Company, Ann Arbor, MI, USA). 

Fasting arterial blood was taken at the operative visit prior to the induction of anaesthesia for 

measurement of NEFAs.  This was done so that biopsy and respiration data could be related 

to plasma NEFA concentration acquired at the same visit, rather than the NEFA 

concentration obtained at the pre-operative visit. 

 

2.3.2 
31

P magnetic resonance spectroscopy 

Cardiac 
31

P magnetic resonance spectroscopy 

Myocardial phosphorus metabolites were measured using a Siemens 3T Trio MR system 

(Erlangen, Germany).  The method used was as described previously by our group with an 

intra-subject variability of 20%, an inter-subject variability of 18% and an intra-observer 

variability of 5% (Tyler, Emmanuel et al 2009).  Subjects were positioned prone on a 
31

P 

heart/liver coil with the heart positioned over the centre of the coil.  A pilot scan was then 

run to ensure central location of the heart.  Cod liver oil capsules, located within the coil 

casing at fixed positions, were used to orientate the coil and map the excitation flip angle 

onto the cardiac images.  A sequence of spectroscopic inversion recovery acquisitions were 

acquired with various inversion times (TI) centred on a phenylphosphonic acid reference 

phantom located in the coil housing.  These data were fit to provide an estimate of the flip 

angle of the inversion pulse, which was compared with data acquired from a phantom so that 

the calculated excitation flip angle maps could be corrected for the effects of variable coil 

loading.  A series of images were then taken through the heart’s short axis which were ECG 

gated with a trigger delay of 400ms.  The 3D-chemical shift imaging (CSI) acquisition 
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protocol was set up so the highest resolution acquisition plane was parallel with the cardiac 

short axis, and three voxels were centred over the septum in a mid-ventricular slice (figure 

2.3).  See Appendix 2 for the details of the 3D-CSI sequence. 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. The MR console screen demonstrating the positioning of the CSI grid. 

Two saturation bands can be seen positioned over the anterior chest to remove potential 

skeletal muscle contamination of the myocardial voxels. 

 

Quantification of the spectral peaks 

Acquired data were loaded into home-written software in Matlab (version R2007b, The 

MathWorks, Natick, MA, USA) to allow co-registration of spectral data and the excitation 

flip angle with the short axis image data.  Spectra from 3 mid-ventricular septal voxels, 

selected on anatomical criteria, were then pre-processed and fitted using AMARES 

(Advanced Method of Accurate, Robust and Efficient Spectroscopic fitting) (Naressi, 
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Couturier et al 2001) within jMRUI (java Magnetic Resonance User Interface) software 

(Version 2.2).  The spectra from the 3 voxels were also summed, then fitted in the same way, 

improving the signal/noise ratio and the accuracy of the peak fitting.  Spectral peak integrals 

were corrected for the effects of radiofrequency saturation, actual flip angle and nuclear 

Overhauser effect (NOE) enhancement.  The ATP concentration was taken as being 

proportional to the average of its 3 spectral peaks and was corrected for blood contamination 

within the voxels by subtracting 11% of the 2,3-diphosphoglycerate (DPG) peak area 

(Neubauer, Krahe et al 1992). 

 

 

Figure 2.4. An example of a myocardial 
31

P spectrum summed from 3 mid-ventricular 

septal voxels. 

DPG – diphosphoglycerate, PCr – phosphocreatine, ATP – adenosine triphosphate. 
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Skeletal muscle 
31

P magnetic resonance spectroscopy 

Subjects were positioned supine in a 3T MRI scanner (Siemens Trio, Erlangen, Germany) 

with their right gastrocnemius muscle overlying a surface coil (Figure 2.5).  Strapping was 

applied above and below the right knee and across both shoulders in order to minimise 

movement during exercise. 

Exercise spectra were acquired by asking the patient to plantar flex the right foot against a 

foot pedal, which provided an adjustable resistance to flexion, at a frequency of 1Hz.  The 

frequency was dictated by use of a metronome (Boss DB-66, China).  Patients exercised 

until they were unable to continue or the PCr peak of the 
31

P spectrum decreased by 

approximately 50% (Figure 2.6).  Recovery spectra were obtained for at least 5 minutes after 

exercise.  Details of the MRS acquisition can be found in Appendix 3. 

Resistance to plantar flexion was standardised to patient lean body mass (LBM).  Based on 

previous studies (Scheuermann-Freestone, Madsen et al 2003), an initial work of 0.035 

W/kg (LBM) was performed.  This was then augmented by a stepped increase at rate +0.007 

W/kg (LBM) at the appropriate times during exercise (Figure 2.7). 
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Figure 2.5.  Photographs to show the set up for skeletal muscle 
31

P MRS. 

The upper image demonstrates the application of strapping to minimise movement.  The 

lower image is a more detailed view of the plantar-flexion ergometer. 
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2 min 

 

Figure 2.6. Skeletal muscle spectra at rest (lower spectrum) and at the end of exercise 

(upper spectrum). 

Note the decrease in PCr and the increase in Pi at the end of exercise. 

Pi – inorganic phosphate, PCr – phosphocreatine, ATP – adenosine triphosphate, ppm – 

parts per million. 

 

 

 

 

 

Figure 2.7. Outline of the exercise protocol used for gastrocnemius 
31

P MRS. 

1 min 5 min 4 min 

Repeat increase 

every minute 

until end 

0.035 W/kg Recovery +0.007 

W/kg 

Rest 
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Quantification of the spectral peaks 

Spectra were processed with jMRUI software (Version 2.2) and quantified using AMARES.  

The values obtained for the metabolites during the acquisition were corrected for NOE and 

saturation effects (Appendix 3).   

Resting 
31

P metabolite concentrations were obtained by summing the resting spectra to 

optimise the signal/noise ratio and thereby improve accuracy of fitting.  Intracellular pH was 

calculated from the chemical shift of the Pi peak (σ, ppm) using a modified form of the 

Henderson Hasselbalch equation: 

 

                                 

 

Analysis of PCr kinetics 

The rate of PCr hydrolysis at the onset of exercise is a measure of the cost in ATP of 

contraction and was calculated using a linear best fit.  The total PCr change divided by the 

exercise time (ΔPCr/t) was calculated as an overall measure of the failure of oxidative ATP 

synthesis to supply ATP for muscular contraction (the glycolytic contribution to ATP 

synthesis is small in this type of exercise protocol and was discounted).  Finally the recovery 

of PCr following cessation of exercise was fitted with an exponential function (1 – e
-kt

) in 

order to calculate time constants for the recovery of PCr (Figure 2.8).  To simplify the 

exponential curve fitting, PCr concentration was divided by the PCr concentration at the end 

of recovery, i.e. the final “end recovery” PCr concentration becomes 1, referred to as 
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“normalised PCr”.  The theoretical maximum rate of oxidative ATP synthesis (Qmax) was 

calculated from the end-exercise [ADP] and the initial rate of PCr resynthesis: 

 

             
  

       
 

  

V is the initial post-exercise rate of PCr resynthesis, KM is the [ADP] at which oxidative 

ATP synthesis is half maximal (25 μmol.L
-1

) and n is a Hill coefficient describing the 

relationship between V and [ADP] (2.2) (Trenell, Sue et al 2006). 

 

 

 

Figure 2.8. A graph of normalised PCr concentration against time, outlining the kinetic 

analysis. 

nPCr – normalised phosphocreatine.  
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2.3.3 Skeletal muscle near-infrared spectroscopy (NIRS) 

Patients repeated the exercise protocol as above for exactly the same length of time, except 

that on this occasion the exercise was performed outside the scan room as the NIRS 

equipment was not MRI compatible.  An INVOS 4100 oximeter (Somanetics, Troy, MI, 

USA) was used to acquire regional muscle oxygen saturations (rSmO2) at rest and during 

exercise.  The oximeter probe was placed medially around the belly of gastrocnemius.  The 

oximeter signal originates mostly from venular blood (Mancini, Bolinger et al 1994) and 

therefore provides a dynamic estimation of the mismatch between oxygen supply and 

demand.  Data recordings were made via a computer and saved as a text file for later analysis 

with Excel (Microsoft Corporation, Redmond, WA, USA). 

In a similar way to the above PCr kinetic analysis, the maximum rate of de-oxygenation was 

calculated, as was the mean overall de-oxygenation indexed to exercise time.  Re-

oxygenation following exercise cessation was fitted with a bi-exponential sigmoid function 

of the form: 

           
    

   . 

 

The constants A, B, C and D reflect the amount of change, the delay preceding the start of 

the second exponential phase, the general slope of the function and the initial starting point 

respectively (figure 2.9). 
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Figure 2.9. A graph of gastrocnemius tissue oxygenation plotted against time, outlining 

the kinetic analysis.  

rSmO2 – regional muscle oxygen saturation. 
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2.3.4. Cardiac function 

Cardiac volumes and mass 

Cardiac volumes were acquired using a Siemens 3T Trio MR system (Erlangen, Germany).  

Patients lay supine in the scanner, and from a series of pilot images, horizontal and vertical 

long axis Steady-State Free Precession (SSFP) cine images were acquired.  From these a 

stack of short axis SSFP cine slices were piloted from the base of the ventricles through to 

the apex.  Each slice was 7 mm thick and retro-gated to ensure capture of the whole cardiac 

cycle.  The slices were obtained during a breath-hold at the end of normal expiration to 

minimise the effects of ventilatory motion. 

The epicardial and endocardial borders of the left ventricle (LV) in the short axis images 

were then contoured manually at end-diastole, and the endocardial border at end-systole, 

within a post-processing software package (Argus - Siemens Medical Solutions, Erlangen, 

Germany) (figure 2.10).  Quantification of the LV cavity areas, and a known slice thickness 

enabled estimation of the LV end-systolic (ESV) and end-diastolic (EDV) volumes from 

which the stroke volume (SV) was calculated (SV = EDV-ESV).  Ejection fraction (EF) and 

cardiac output (CO) were also calculated (EF = SV/EDV, CO = SV x HR).  Myocardial 

mass was calculated by subtracting the endocardial volume from the epicardial volume 

giving the volume of myocardium.  Myocardial mass was calculated from the volume by 

assuming the specific gravity of the myocardium (1.05g/cm
3
). 

Prior to acquiring and analysing study subject data, an intensive two month training period 

was undertaken, described previously at the OCMR, to ensure acceptable inter-observer 

variation in volume and mass measurement (Karamitsos, Hudsmith et al 2007).  Briefly, the 

left ventricular volumes and masses of 10 normal volunteers were acquired and analysed by 
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two experienced operators and also by the trainee, initially, and after 2 months of training.  

Trainees were allowed to analyse scans independently if their measurements were within 

10% of the gold-standard measurements. 

 

 

Figure 2.10. Screen shot from the Argus post-processing software. 

The image on the left shows contouring of the epicardial (green) and endocardial (red) 

borders at end-diastole.  The right hand image shows the same slice at end-systole with the 

endocardial border contoured (red). 

 

Diastolic function 

Diastolic parameters were measured using transthoracic echocardiography (iE33 Philips 

Healthcare, Best, Netherlands).  Ventricular filling as trans-mitral peak velocity was 

measured along with septal and lateral mitral annulus motion using pulsed Doppler.  E/A 

ratios (the ratio of early to atrial transmitral peak velocity) were calculated, along with the 

E/E’ ratio (the ratio of early transmitral peak velocity to the corresponding peak mitral 
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annulus velocity (average of septal and lateral values)), with diastolic dysfunction defined as 

follows: 

(i) E/E’ > 15 

(ii) E/E’ 8 – 15 with E/A < 0.5 or LV mass index >122 g/m
2
 (women), >149 g/m

2
 

(men) or atrial fibrillation (Paulus, Tschope et al 2007) 

 

2.3.5. Functional capacity 

Six minute walk test 

The six minute walk test was performed on patients, as described by the American Thoracic 

Society (Crapo, Casaburi et al 2002).  Patients were advised beforehand to wear comfortable 

walking shoes, and they walked backwards and forwards along a 30 metre length of corridor 

for 6 minutes, attempting to achieve as much distance as they could.  Total distance covered 

was recorded along with Borg scores (Appendix 6) for dyspnoea and fatigue before and after 

walking.  Distance covered in the test provided an objective assessment of functional 

capacity (Crapo, Casaburi et al 2002).  This did not necessarily equate with heart failure 

severity as a proportion of patients had coronary artery (including left main stem) disease 

and/or severe aortic stenosis, and angina may have limited the distance covered or was itself 

manifested as breathlessness. 

New York Heart Association Functional Class 

A full symptomatic history was taken from the patients.  On the basis of reported symptoms, 

patients were grouped according to the NYHA functional classification (The Criteria 

Committee of the New York Heart Association 1928.)  As described in Chapter 1, many 
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clinical trials use this classification to categorise the severity of heart failure (Dickstein, 

Cohen-Solal et al 2008), and it has been shown previously to relate to cardiac PCr/ATP ratio 

in dilated cardiomyopathy, coronary artery disease (Neubauer, Krahe et al 1992) and aortic 

stenosis (Neubauer, Horn et al 1997), where left ventricular ejection fraction has not.  Again 

the NYHA grouping may not necessarily reflect heart failure severity in this cohort as the 

presence of angina may have resulted in functional limitation, however, whilst it is accepted 

that NYHA class is not specific to heart failure, it will be used in this thesis as one method of 

categorising the severity of heart failure. 

 

2.3.6. Biopsy collection 

During the planned operative procedure, the operating surgeon took tissue biopsies from the 

right atrium and skeletal muscle from pectoralis major.  Patients were anaesthetised 

according to local practice and the anaesthetic technique was not formally standardised but 

was similar in all patients.  Patients were induced with 10 μg.kg
-1 

fentanyl citrate and sodium 

thiopental titrated to loss of consciousness.  Muscle relaxation was achieved with 0.05 

mg.kg
-1

 pancuronium bromide.  Anaesthesia was maintained with isoflurane (1-2% v/v) off 

cardiopulmonary bypass, and with intravenous propofol 7 mg.kg
-1

.hr
-1

 during 

cardiopulmonary bypass.  Heparin (300 IU.kg
-1

) was given as an intravenous bolus prior to 

cardiopulmonary bypass or the commencement of off-pump coronary grafting. 

The biopsies were obtained by the operating surgeon.  Pectoralis major was obtained 

following sternotomy and immediately washed in physiological (0.9% w/v) saline to remove 

excess blood and then snap-frozen in liquid nitrogen and stored at -80˚C until Western blot 

analysis was carried out.  Right atrial appendage tissue was obtained at venous cannulation if 
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on pump, or after exposure of the heart, prior to the commencement of grafting, if off-pump.  

Again the tissue was immediately washed in physiological (0.9% w/v) saline and snap-

frozen in liquid nitrogen.  A sub-section of the atrial and skeletal muscle biopsies were 

divided into two parts; one was snap-frozen as above, the other was placed into ice-cold 

sodium lactate (Hartmann’s) solution and taken immediately for analysis of mitochondrial 

respiration (see below).  In most cases the surgeons also provided left ventricular myocardial 

biopsies.  The ventricular biopsies were taken from myocardium distant from evident scar 

within 5 minutes of the commencement of cardiopulmonary bypass in those patients 

undergoing surgery on-pump, and prior to the commencement of coronary grafting in the 

off-pump patients.  The biopsies were from the epicardium, taken using a scalpel, and 

consequently did not include the endomyocardium.  These, due to the small biopsy size, 

were not divided, only snap-frozen in liquid nitrogen for subsequent Western blotting 

analysis. 

 

2.3.7. Molecular biology 

Mitochondrial respiration experiments 

Mitochondrial respiration was measured using the saponin-permeabilisation technique 

described by Kuznetsov and colleagues (Kuznetsov, Veksler et al 2008).  Using a dissecting 

microscope and whilst submerged in ice-cold relaxing solution (10 mM EGTA, 3 mM 

MgSO4, 20 mM taurine, 0.5 mM dithiothreitol, 20 mM imidazole, 0.16 M 

morpholinepropanesulphate (MOPS) and 5 mM ATP), connective tissue and fat were 

carefully dissected away from the atrial and skeletal muscle biopsies.  The biopsies were 

then minced and bundles of muscle fibres were separated out (Figure 2.11).  The fibres were 
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skinned for 20 minutes in iced relaxing solution containing 100 μg/ml saponin.  Fibres were 

then transferred into iced KME solution (100 mM KCl, 50 mM MOPS and 0.5 mM EGTA) 

and washed for 20 minutes, changing the solution every 5 minutes in order to remove 

saponin and ATP. 

 

 

 

Respiration measurements were obtained using a Clarke electrode (Strathkelvin, North 

Lanarkshire, Scotland) at 30˚C in respiration medium (100 mM KCl, 50 mM MOPS, 1 mM 

EGTA, 5 mM KH2PO4, and 1 mg/mL bovine serum albumin).  Substrates were selected to 

enter the metabolic pathway at different locations, namely: glutamate 20 mM; pyruvate 5 

mM with malate 5 mM; and palmitoyl-CoA 40 μM with malate 5 mM and carnitine 5 mM.  

Measurements were taken with substrate alone, with the addition of ADP 100 nM, with 

oligomycin 2 μM (an ATP synthase inhibitor), and with the chemical uncoupler carbonyl 

cyanide p-trifluoromethoxyphenylhydrazone (FCCP) 20 μM.  Fibres were weighed prior to 

Figure 2.11. Photograph of the 

dissected skeletal muscle fibres, 

prior to saponin permeabilisation. 
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being placed into the electrode and respiration rates were indexed to wet weight (Figure 

2.12). 

 

 

Figure 2.12. Experimental tracing from a mitochondrial respiration experiment. 

Once a stable baseline was achieved, minced muscle fibres were added to respiration media 

in the electrode.  In this example glutamate 20 mM was added followed by ADP 100 nM, 

oligomycin 2 μM and FCCP 20 μM at the time points indicated.  Mitochondrial oxygen 

consumption was calculated from the gradients of the graph and indexed to fibre wet weight. 

ADP - adenosine diphosphate, FCCP - carbonyl cyanide p-

trifluoromethoxyphenylhydrazone 

 

  

Glutamate

ate 

ADP Oligomycin FCCP Fibres 
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Western blotting 

Samples were crushed under liquid nitrogen and then homogenised in lysis buffer (see 

Appendix 4 for details of buffers used).  Lysates were then boiled for 5 minutes and 

centrifuged at 7558 x g.  Lysate (10 μL) was decanted for spectrophotometric determination 

of protein concentration. 

Lysates were diluted with further lysis buffer to a final protein concentration of 75 μg in 50 

μL.  To 50 μL of this protein solution a further 25 μL of sample buffer was added.  The 

sample buffer included 10% (w/v) β-mercaptoethanol (BME) leaving a final BME 

concentration of 3.3% (w/v) and a protein concentration of 1 μg/μL in the solution ready for 

loading. 

Polyacrylamide gels were cast the night before to allow adequate time for setting.  Resolving 

gel consisted of: 30% acrylamide-bisacrylamide (w/v) (Sigma-Aldrich, Dorset, England) 

3.75 ml per gel, resolving gel buffer 3.13 ml per gel, ddH2O 2.5 ml per gel, 10% ammonium 

persulphate (w/v) 93.75 μL per gel and tetramethylethylenediamine 10 μL per gel.  Stacking 

gel consisted of: 30% acrylamide-bisacrylamide (w/v) (Sigma-Aldrich, Dorset, England) 

0.85 ml per gel, stacking gel buffer 1.25 ml per gel, ddH2O 1.9 ml per gel, 10% ammonium 

persulphate (w/v) 20 μL per gel and tetramethylethylenediamine 10 μL per gel.  Gels were 

1.5 mm thick and consisted of 15 wells.  

Protein (30 μg) was loaded into 13 lanes of the 12% (w/v) polyacrylamide gels.  The other 

two lanes were loaded with molecular weight marker (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) and molecular weight (rainbow) marker (Amersham – GE Healthcare, 

Bucks, UK).  The gels then underwent sodium dodecyl sulphate (SDS) electrophoresis at 

120 V until good separation of the protein was judged to have occurred by visualising the 
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separation of molecular weight (rainbow) marker.  The separated proteins were then 

transferred onto Immobilon-P membranes (Millipore, Watford, UK) using a semi-dry 

transfer apparatus (BioRad, Hemel Hempstead, UK) at a current of 0.07 A per gel for 1 hour.  

Ponceau staining was carried out to ensure even protein loading and transfer.  The 

membranes were blocked for 1 hour in Tris-buffered saline (pH 7.4) with 0.05% (v/v) 

Tween 20 (TBS-T) + 5% (w/v) fat-free powdered milk, then incubated overnight at 4˚C with 

the primary antibody (see Appendix 5 for details of primary antibody concentrations). 

The following morning the membranes were washed in TBS-T for 2 hours, changing the 

solution every 15 minutes.  The secondary antibody (Appendix 5) was then added and the 

membranes were incubated at room temperature for at least 1 hour, before washing with 

TBS-T for 1 hour, changing the solution every 10 minutes.  Finally, the membranes were 

treated with enhanced chemiluminescence (ECL)
 

detection solution (Amersham, GE 

Healthcare, Bucks, UK) and exposed to X-ray film.  Bands were quantified using 

commercially-available densitometry software (UN-SCAN-IT, Silk Scientific, Orem, UT, 

USA) (Figure 2.13).  Western blots were performed in duplicate on two separate occasions 

to corroborate results. 
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Figure 2.13. An exposed Western blot for UCP3 

Whole tissue was snap frozen in liquid nitrogen then crushed and homogenised in lysis 

buffer to make a solution with final protein concentration of 1.5 μg.μL
-1

.  30 μg protein from 

each sample was loaded into polyacrylamide gels for electrophoresis.  Seperated proteins 

were transfered onto Immobilon-P membranes before probing with primary and secondary 

antibodies.  Finally membranes were exposed to X-ray film before band quantification was 

performed using densitometry software to quantify pixel density and area.  The left hand 

lane contains molecular weight marker. 

UCP3 - uncoupling protein-3 

 

 

2.4. Statistical Analysis 

Variables or sub-groups of variables were assessed for normality using the Shapiro-Wilk test 

along with visual inspection of quantile-quantile plots.  Levene’s test was employed to 

confirm homogeneity of variance.  If necessary, variables were transformed to normality 

using appropriate transformations.  In the majority of cases the data were found to be 

positively skewed; in such cases log transformations produced acceptable normality and 

stability of variance.  If the variable could not be transformed to normality adequately, or 
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violated other assumptions required for parametric tests, appropriate non-parametric tests 

were employed.  Data are presented as means ± standard deviation for normally distributed, 

continuous variables; or medians and interquartile ranges for non-parametric data unless 

stated otherwise. 

Correlations between continuous, normally distributed variables were presented as Pearson’s 

correlation co-efficient (r), and associated p value (p).  Regression analysis is presented as 

the standardised beta (β) and associated p value (p).  Standardised beta refers to the amount 

of change of the outcome variable for a unit change in the predictor variable with the units 

being the standard deviation of the variable (Field 2009). 

Comparisons between two means of parametric data were performed using t-tests (paired as 

appropriate) and presented as t (degrees of freedom) and associated p value (p).  Multiple 

groups (in the case of NYHA class) were assessed using Jonkheere – Terpstra’s test as 

explained in the relevant chapters and are presented as JT with associated p value (p).  Due 

to the directional nature of the hypotheses, one-tailed significance testing was used and p < 

0.05 was taken as being statistically significant.  Missing data were excluded from analyses 

on a case-by-case basis and were not imputed using any method.  Statistical calculations 

were carried out in SPSS version 16.0 (SPSS Inc, IBM, Chicago, Il, USA).  
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CHAPTER 3 

 

 

 

PATIENT DEMOGRAPHICS AND 

ANTHROPOMETRICS 
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Sample statistics 

In total 47 patients were recruited into the study as a whole, 44 men and 3 women.  Figure 

3.1 summarises the recruitment pattern, data acquisition and analysis of the subjects. 

 

 

 

 

 

 

  
Included 

n = 47 

Cardiac MRS 

Acquired n = 46 

(Claustrophobia n = 1) 

CMR 

Acquired n = 46 

(Claustrophobia n = 1) 

TTE 

Acquired n = 42 

(Unavailable n = 5) 

NEFA (Pre-op) 

Acquired n = 47 

6MWT 

Acquired n = 46 

(Angina n = 1) 

Surgery performed 

n = 45 

(PCI n = 1) 

(Comorbidity n = 1) 

NEFA (Pre-op) 

Analysed n = 40 

(Defrosted n = 7) 

Cardiac MRS 

Analysed n = 45 

(Acquisition failure n = 1) 

NEFA (Op) 

Analysed n = 43 

(Defrosted n = 2) 

 

Figure 3.1. CONSORT-type flow diagram to describe the recruitment pattern and data 

acquisition of enrolled subjects. 

MRS – magnetic resonance spectroscopy, CMR – cardiac magnetic resonance imaging, 

NEFA – non-esterified fatty acid, TTE – trans-thoracic echocardiography, 6MWT – six-

minute walk test, PCI – percutaneous coronary intervention. 

 

CMR 

Analysed n = 46 

 

TTE 

Analysed n = 42 

6MWT 

Analysed n = 46 

Eligible to participate 

n = 209 

Refused consent 

n = 162 
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Table 3.1. Anthropometric data for the cohort. 

Variable Pre-operative (n = 47) 

Age (y) 65.8 ± 10.0 

Height (m) 1.71 ± 0.06 

Weight (kg) 82.6 ± 12.5 

BMI (kg.m
-2

) 28.1 ± 3.8 

Waist:Hip 0.99 ± 0.06 

Body fat content (%) 27.7 ± 5.8 

Lean body mass (kg) 59.6 ± 8.5 

Body water content (%) 55.9 ± 5.3 

Data are expressed as means ± SD.  BMI – body mass index. 

 

Cardiac pathology and medication 

Patients had four different surgical pathologies: coronary artery disease, aortic stenosis, 

aortic stenosis with coronary artery disease and mitral regurgitation (Figure 3.2).  The 

cardiovascular medication that the patients were taking is shown in Table 3.2.  Five patients 

were in rate-controlled atrial fibrillation (HR < 90/min), the remainder in sinus rhythm. 
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Figure 3.2. Analysis of surgical pathology in the recruited patients. 

 

Table 3.2. Table showing the numbers of patients taking each class of cardiac 

medication. 

Drug class n 

β-blockers 32 

ACEI/A2RB 27 

Thiazide diuretics 6 

Nitrates (oral) 8 

Loop diuretics 8 

Calcium channel blockers 5 

Digoxin 1 

ACEI – angiotensin converting enzyme inhibitors, A2RB – angiotensin 2 receptor blockers. 

 

 

Coronary Artery Disease (30) 

Aortic Stenosis (8) 

Aortic Stenosis with Coronary 

Artery Disease (5) 

Mitral Regurgitation (4) 
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Cardiac function 

The patient cohort represented a mixture of systolic and diastolic cardiac dysfunction (Figure 

3.3 and Table 3.3). 

 

Figure 3.3. Pie-chart to show the patient frequencies grouped according to NYHA 

functional class. 

NYHA – New York Heart Association functional classification. 

 

NYHA classification and 6MWT distance did not demonstrate a significant ordered 

relationship with each other (JT, p = 0.29) (Figure 3.4).  

NYHA 1 (5) 

NYHA 2 (23) 

NYHA 3 (19) 
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Figure 3.4. Scatter plot of six-minute walk test distance grouped according to NYHA 

class. 

The Jonckheere-Terpstra test was used for analysis, as NYHA groups are ordered and, as 

such, trends were expected in the medians of the groups. 

JT, p = 0.29 
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Table 3.3. Table showing baseline measures of cardiac function and haemodynamics. 

Variable Pre-operative n 

Heart Rate (min
-1

) 60 ± 14 47 

Systolic Blood Pressure (mmHg) 131 ± 22 47 

Diastolic Blood Pressure (mmHg) 74 ± 12 47 

Left Ventricular Ejection Fraction (%) 63 ± 13 46 

Left Ventricular End-Diastolic Volume (ml) 172 ± 65 46 

Left Ventricular Myocardial Mass (g) 204 ± 62 46 

Mitral inflow (E/A) 1.1 ± 0.4 42 

Mitral annulus motion (E/E') 9.8 ± 4.1 42 

New York Heart Association Functional Class 2 (1-3)  47 

PCr/ATP 

6MWT (m) 

1.55 ± 0.28 

426.1 ± 81.0 

45 

46 

Data are presented as means ± SD except NYHA class which is presented as median (IQR).  

E – early phase of ventricular filling, A – atrial component of ventricular filling, E' – tissue 

velocity during early phase of ventricular filling, PCr – phosphocreatine, ATP – adenosine 

triphosphate, 6MWT – six minute walk test. 

 

 

  



- 96 - 

 

Plasma metabolites 

Baseline fasting venous blood samples were taken pre-operatively to measure plasma 

metabolites and hormones; results are shown in Table 3.4.  There were five patients with 

type 2 diabetes; two were diet-controlled and three were taking metformin. 

 

Table 3.4. Table showing baseline pre-operative fasting plasma metabolite and 

hormone profiles. 

Metabolite/hormone Pre-operative n 

Non-esterified fatty acids (mmol.L
-1

) 0.42 ± 0.19 40 

Operative non-esterified fatty acids (mmol.L
-1

) 0.68 ± 0.29* 43 

Glycerol (mg.dL
-1

) 11.6 ± 5.6 40 

Glucose (mmol.L
-1

) 5.1 ± 1.6 40 

Insulin (mU.L
-1

) 7.8 ± 6.8 40 

Lactate (mmol.L
-1

) 0.9 ± 0.5 40 

Data are presented as means ± SD.  * p < 0.001 compared with pre-operative NEFA sample. 
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CHAPTER 4 

 

 

THE RELATIONSHIPS BETWEEN CARDIAC 

FUNCTION, PLASMA NON-ESTERIFIED FATTY 

ACIDS, CARDIAC ENERGETICS AND 

VENTRICULAR UNCOUPLING PROTEIN-3 LEVELS 
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4.1. Introduction 

Despite optimal current therapy, heart failure is associated with a high mortality and 

morbidity (Cowie, Wood et al 2000).  The implication is that the fundamental molecular and 

cellular mechanisms are not being addressed.  Over recent years there has been interest in 

pursuing metabolic interventions for heart failure, due to mounting evidence of changes in 

substrate metabolism and mitochondrial dysfunction, and some promise has been shown 

(Lee, Campbell et al 2005).  
31

Phosphorus magnetic resonance spectroscopy (
31

P MRS) is a 

useful non-invasive method for studying energetic abnormalities within the myocardium in 

vivo, and has been used to study heart failure in a variety of patient groups.  Regardless of 

the aetiology, it has repeatedly been shown that in heart failure there is a decrease in the ratio 

of myocardial PCr/ATP (Shivu, Abozguia et al 2010; Conway, Allis et al 1991; de Roos, 

Doornbos et al 1992; Neubauer, Krahe et al 1992; Conway, Bottomley et al 1998; 

Beyerbacht, Lamb et al 2001).  The cause and temporal sequence of this apparent 

abnormality in ATP synthesis or utilisation has been debated (Vogt and Kubler 1998), but is 

very likely multifactorial. 

However, it has been shown that plasma non-esterified fatty acid (NEFA) concentrations 

correlate negatively with myocardial PCr/ATP ratio in type 2 diabetic patients 

(Scheuermann-Freestone, Madsen et al 2003) and myocardial PCr/ATP is unrelated to the 

degree of microvascular obstruction in Type 1 diabetics (Shivu, Phan et al 2010) providing 

evidence for a metabolic cause for the decreased PCr/ATP ratio.  Plasma NEFA 

concentrations are elevated in heart failure secondary to an increased sympathetic drive and 

subsequent adipose tissue lipolysis.  As fatty acids are more reduced than glucose, the 

stoichiometry of lipid catabolism demands greater oxygen consumption for a given ATP 
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yield than carbohydrates (Ashrafian, Frenneaux et al 2007).  Increased plasma NEFA 

concentrations are also associated with an increase in the expression of mitochondrial 

uncoupling protein-3 (UCP3) (Murray, Anderson et al 2004), a member of the mitochondrial 

anion carrier protein superfamily.  Controversy remains as to what extent UCP3 truly 

uncouples oxidative metabolism in vivo, but even a mild uncoupling effect could provide a 

potential mechanism for the decrease in myocardial PCr/ATP ratio in heart failure. 

 

4.2. Aims 

The aim of this chapter was to investigate the hypothesis that myocardial PCr/ATP ratio 

would be negatively predicted by ventricular UCP3 levels, and that fasting plasma NEFA 

concentration and hence ventricular UCP3 levels would be related to the degree of 

ventricular dysfunction.  This hypothesis provides a potential process to decribe the well 

recognised, but mechanistically undetermined, decrease in myocardial PCr/ATP ratio in 

heart failure. 

 

4.3 Methods 

Having been recruited from the cardiothoracic surgery outpatient clinics, and following an 

overnight fast, the patients described in Chapter 3 attended the Oxford Centre for Clinical 

Magnetic Resonance Research (OCMR) at a convenient time before their scheduled surgery.  

A clinical history was taken and demographic and anthropometric data recorded as described 

in Chapter 2.  Patients then underwent cardiac 
31

P MRS and cardiac MRI cine imaging as 

described in Chapter 2.  Venous blood samples were acquired from an anticubital fossa vein, 

and the blood immediately cooled and centrifuged at 4ºC.  Plasma for the measurement of 
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NEFA concentration was frozen after the addition of a lipoprotein lipase inhibitor 

(tetrahydrolipstatin, Xenical, Roche, Welwyn Garden City, UK) at a final concentration of 

30 μg.ml
-1

 as described in Chapter 2.  Patients were then provided with a mixed meal.  Once 

refreshed, patients performed the six-minute walk test (6MWT) and underwent transthoracic 

echocardiography as described in Chapter 2, after which they were discharged home. 

On the day of surgery, and again following an overnight fast, immediately prior to 

anaesthetic induction, blood was taken from an arterial cannula for further measurement of 

plasma NEFA concentration, in order that a contemporaneous measure was available to 

relate to Western blot results.  During the operation, right atrial appendage tissue was 

obtained at venous cannulation if patients were having surgery under cardiopulmonary 

bypass (on-pump), or after exposure of the heart, prior to the commencement of grafting, if 

operated on without cardiopulmonary bypass (off-pump).  The tissue was immediately 

washed in physiological (0.9 % w/v) saline and snap-frozen in liquid nitrogen.  In most cases 

the surgeons also provided left ventricular biopsies.  The ventricular biopsies were taken 

from myocardium distant from evident scar, within 5 minutes of the commencement of 

cardiopulmonary bypass in those patients receiving their surgery on-pump, and prior to the 

commencement of coronary grafting in the off-pump patients.  The ventricular tissue was 

also snap-frozen in liquid nitrogen for later Western blot analysis to measure UCP3 levels. 

Ventricular dysfunction was said to be present if patients had systolic and/or diastolic 

ventricular impairment, defined previously in Chapter 2. 

 

 

 



- 101 - 

 

Statistical analysis 

Variables and sub-groups of variables were assessed for normality by Shapiro-Wilk tests and 

visual inspection of quantile-quantile plots and homogeneity of variance using Levene’s test 

(Field 2009).  Variables were transformed if necessary to render them normally distributed.  

In the majority of cases the data were found to be positively skewed; in such cases log 

transformations produced acceptable normality and stability of variance.  One-tailed 

statistical tests were used because of the directional nature of the hypotheses being tested.  

Regression analyses were performed to assess the degree to which one variable could be 

predicted from another, with standardised beta (β) and associated p value (p) reported.  

Standardised beta refers to the degree of change of the outcome variable for a unit change of 

the predictor, with units being standard deviations (Field 2009).  Standardised betas were 

categorised as small, medium and large effects as described by Cohen (small >0.1, medium 

>0.3, large >0.5) (Cohen 1992). 

NYHA groups were compared using the non-parametric Jonckheere-Terpstra test.  As group 

sizes were uneven, and there were only 5 patients in NYHA class one, the assumptions for 

analysis of variance were therefore not met and non-parametric methods were used.  The 

Jonckheere-Terpstra test was used as NYHA groups are ordered and, as such, trends were 

expected in the medians of the groups.  This was reported as JT and the p value. 

If a variable was divided into two groups, for example normal or abnormal ventricular 

function, and each group met parametric assumptions, independent t-tests were used to 

compare means, and were reported mean1 ± SEM1 vs mean2 ± SEM2, the value of the test 

statistic t (degrees of freedom) and the associated p value.  Missing data were excluded from 

analyses on a case-by-case basis and were not imputed using any method. 
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4.4. Results 

The patient cohort studied in this chapter is the one described in Chapter 3 (Figure 4.1).  One 

patient was unable to tolerate MRI cine imaging due to claustrophobia, so cardiac volumes 

and 
31

P MRS were not obtained.  The MRS data acquired from one patient was not 

quantifiable due to poor spectral quality (very low signal/noise ratio).  Two patients did not 

undergo surgery despite being initially listed for surgical management, therefore biopsies 

were not taken for myocardial UCP3 measurement, or pre-anaesthetic induction blood for 

plasma NEFA concentration.  The pre-operative plasma samples from 7 patients were 

accidently defrosted, along with 2 from the operative visit, and so were not analysed because 

of uncertainty over the veracity of results from those samples.  The operating surgeon 

declined to provide ventricular biopsies on 9 occasions and on 2 occasions the ventricular 

biopsies were too small to enable Western blotting analysis. 
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Plasma non-esterified fatty acids 

Fasting plasma NEFA concentrations were measured at the pre-operative visit and at the 

operative visit pre-anaesthetic induction.  The operative measurement was to relate biopsies 

taken at operation to a contemporaneous measurement of fasting plasma NEFA 

concentration.  The samples differed (paired samples, 2-tailed t test) from each other (0.42 ± 

0.19 vs 0.68 ± 0.29, t (35) = -5.73, p < 0.001) but correlated (r = 0.30, p < 0.05) (Figure 4.2).  

Pre-medication was recorded to assess whether this had any effect on operative plasma 

Figure 4.1. CONSORT-type flow diagram to describe the inclusion of subjects from 

the recruited cohort presented in Chapter 3. 

MRS – magnetic resonance spectroscopy, CMR – cardiac magnetic resonance imaging, 

NEFA – non-esterified fatty acid, TTE – trans-thoracic echocardiography, 6MWT – six-

minute walk test, PCI – percutaneous coronary intervention. 

Included 

n = 47 

Cardiac MRS 

Acquired n = 46 

(Claustrophobia n = 1) 

CMR 

Acquired n = 46 

(Claustrophobia n = 1) 

TTE 

Acquired n = 42 

(Unavailable 

n = 5) 

NEFA (Pre-op) 

Acquired n = 47 

6MWT 

Acquired n = 46 

(Angina n = 1) 

Surgery performed 

n = 45 

(PCI n = 1) 

(Comorbidity n = 1) 

NEFA (Pre-op) 

Analysed n = 40 

(Defrosted n = 7) 

Ventricular 

biopsy 

 Analysed n = 34 

(Too small n = 2) 

 

Ventricular 

biopsy 

n = 36 

(Surgical n = 9) 

 

Cardiac MRS 

Analysed n = 45 

(Acquisition failure 

n = 1) 

NEFA (Op) 

n = 43 

(Defrosted 

n = 2) 

 

CMR 

Analysed n = 46 

 

NEFA (Op) 

Analysed 

n = 43 

 

TTE 

Analysed n = 42 

 

6MWT 

Analysed 

 n = 46 

 

Atrial biopsy 

Analysed 

n = 45 
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NEFA concentration, as this was not controlled in the experimental protocol.  No difference 

(unpaired samples, 2-tailed t test) was found in NEFA concentration change between 

patients premedicated with oral temazepam and with intra-muscular papaveretum and 

hyoscine (0.11 ± 0.05 vs 0.22 ± 0.05, t (33) = -1.56, p = 0.13). 

 

 

Figure 4.2. Scatter-plot of operative plasma non-esterified fatty acid concentration 

plotted against pre-operative plasma non-esterified fatty acid concentration. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. 

r = 0.30, p < 0.05 
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Cardiac function and non-esterified fatty acids 

Left ventricular ejection fraction (LVEF) was a significant predictor of plasma non-esterified 

fatty acid concentration (β = -0.33, p < 0.05) (Figure 4.3) but diastolic function (E/E' mitral 

annulus tissue Doppler) was not (β = -0.05, p = 0.79) (data not shown).  There was no 

significant trend in NEFA concentrations grouped according to NYHA class (JT, p = 0.07) 

(Figure 4.4), however if patients were divided into two groups, one with ventricular 

dysfunction (systolic or diastolic – defined earlier), and one without, there was a significant 

difference in NEFA concentration between the two groups (0.35 ± 0.04 vs 0.48 ± 0.04 

mmol.L
-1

, t (37) = -2.3, p < 0.05) (Figure 4.5). 
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Figure 4.3. Scatter-plot of plasma non-esterified fatty acid concentration plotted 

against left ventricular ejection fraction. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. 

β = -0.33, p < 0.05 
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 Figure 4.4. Plasma non-esterified fatty acids grouped according to NYHA class. 

 Jonckheere-Terpstra, p = 0.07. 

NYHA – New York Heart Association. 
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Figure 4.5. Plasma non-esterified fatty acids grouped according to the absence or 

presence of ventricular dysfunction. 

Bars denote mean values, error bars SEM. 

* p = < 0.05 

   

* 
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Plasma non-esterified fatty acid concentrations were significantly increased in patients 

reporting dyspnoea at rest (0.65 ± 0.06 vs 0.39 ± 0.03 mmol.L
-1

, t (37) = 3.7, p < 0.001) 

(Figure 4.6), but were not predicted by 6MWT distance (β = 0.09, p = 0.61) (Figure 4.7). 

 

 
 

Figure 4.6. Plasma non-esterified fatty acid concentration grouped according to the 

absence or presence of dyspnoea at rest. 

Bars denote mean values, error bars SEM. 

* p < 0.001 

 

  

* 
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Figure 4.7. Scatter-plot of plasma non-esterified fatty acid concentration plotted 

against six-minute walk test distance. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. The 6MWT values were reversed and square-rooted to correct for 

negative skew in the data. 

β = 0.09, p = 0.61 

6MWT - six-minute walk test  
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Cardiac function and cardiac energetics 

Cardiac PCr/ATP ratio was not predicted by LVEF (β = 0.20, p = 0.11), diastolic function 

(E/E’ – β = 0.01, p = 0.49), left ventricular end-diastolic volume (LVEDV) (β = -0.04, p = 

0.41), left ventricular mass (LVM) (β = -0.12, p = 0.22), cardiac output (CO) (β = -0.13, p = 

0.20) or rate pressure product (RPP) (β = -0.10, p = 0.27) (data not shown). 

In terms of heart failure symptoms, cardiac PCr/ATP ratio grouped according to NYHA 

class demonstrated a significant linear trend (JT, p < 0.01) (Figure 4.8).  By contrast 

however, cardiac PCr/ATP was not predicted by 6MWT distance (β = 0.05, p = 0.38) 

(Figure 4.9).  If grouped according to the presence or absence of ventricular dysfunction 

(defined earlier), cardiac PCr/ATP ratio differed significantly (1.61 ± 0.05 vs 1.48 ± 0.06, t 

(43) = 1.7, p < 0.05) (Figure 4.10). 
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Figure 4.8. Cardiac PCr/ATP ratio grouped according to NYHA class. 

 Jonckheere-Terpstra, p < 0.01. 

NYHA – New York Heart Association, PCr – phosphocreatine, ATP – adenosine 

triphosphate. 
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Figure 4.9. Scatter-plot of cardiac PCr/ATP ratio plotted against six-minute walk test 

distance. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. The 6MWT values were reversed and square-rooted to correct for 

negative skew in the data. 

β = 0.05, p = 0.38 

6MWT - six-minute walk test  



- 114 - 

 

 
 

Figure 4.10. Cardiac PCr/ATP ratio grouped according to the absence or presence of 

ventricular dysfunction. 

Ventricular dysfunction was defined as a left ventricular ejection fraction of less than 55% 

and/or diastolic dysfunction (defined as (i) E/E’ > 15 or (ii) E/E’ 8 – 15 with E/A < 0.5 or 

LV mass index >122 g/m
2
 (women), >149 g/m

2
 (men) or atrial fibrillation (Paulus, Tschope 

et al 2007). 

Bars denote mean values, error bars SEM. 

* p < 0.05 

PCr – phosphocreatine, ATP – adenosine triphosphate 

 

* 
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Plasma metabolites and cardiac energetics 

Neither fasting plasma NEFA concentrations (β = -0.13, p = 0.22), nor fasting plasma 

glucose concentrations, (β = 0.21, p = 0.14) were predictive of cardiac PCr/ATP ratio (data 

not shown). 

Cardiac UCP3 protein levels and cardiac function 

Ventricular UCP3 levels, as measured by Western blotting, were not predicted by LVEF (β = 

-0.04, p = 0.42), LVEDV (β = 0.05, p = 0.38), LVM (β = -0.21, p = 0.12), CO (β = -0.10, p = 

0.29) or E/E’ (β = 0.13, p = 0.26) (data not shown).  Ventricular UCP3 levels grouped 

according to NYHA class demonstrated a significant tend (JT, p < 0.05) (Figure 4.11), but 

there was no difference in ventricular UCP3 levels between the groups with and without 

ventricular dysfunction (0.72 ± 1.2 vs 0.73 ± 1.2, t (32) = -0.08, p = 0.47). 

Atrial UCP3 levels were not predicted by LVEF (β = -0.06, p = 0.33), LVEDV (β = -0.04, p 

= 0.39), LVM (β = -0.12, p = 0.22), CO (β = -0.21, p = 0.09) or E/E’ (β = 0.19, p = 0.12) 

(data not shown).  There was no trend in atrial UCP3 grouped according to NYHA class (JT, 

p = 0.56), and no difference in atrial UCP3 levels if grouped according to normal or 

abnormal ventricular function (0.9 ± 0.07 vs 1.1 ± 0.08 a.u., t(41) = -1.4, p = 0.09). 
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Figure 4.11. Ventricular UCP3 grouped according to NYHA class. 

Jonckheere-Terpstra, p < 0.05 

UCP3 – uncoupling protein-3, NYHA – New York Heart Association, a.u. - arbitrary units 

 

Cardiac UCP3 level, fasting plasma NEFA concentrations and cardiac energetics 

Ventricular UCP3 levels were not predicted by plasma NEFA concentration (r = -0.09, p = 

0.32) and did not predict cardiac PCr/ATP ratio (r = -0.18, p = 0.15) (Figure 4.12).  Plasma 

NEFA concentration predicted atrial UCP3 levels significantly (β = 0.35, p < 0.05) (Figure 

4.13).  Atrial UCP3 levels were not predictive of cardiac PCr/ATP ratio (β = -0.12, p = 0.23) 
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(data not shown).  Atrial and ventricular UCP3 levels correlated with each other (r = 0.30, p 

< 0.05) (Figure 4.14). 

 
 

Figure 4.12. Scatter-plot of cardiac PCr/ATP ratio plotted against ventricular UCP3 

level. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. 

β = -0.18, p = 0.15 

UCP3 – mitochondrial uncoupling protein-3, PCr – phosphocreatine, ATP – adenosine 

triphosphate, a.u. - arbitrary units  
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Figure 4.13. Scatter-plot of atrial UCP3 level plotted against plasma non-esterified fatty 

acid concentration. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. 

β = 0.35, p < 0.05 

UCP3 – mitochondrial uncoupling protein-3, a.u. - arbitrary units 
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Figure 4.14. Scatter-plot of ventricular UCP3 level plotted against atrial UCP3 level. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. 

β = 0.30, p < 0.05 

UCP3 – mitochondrial uncoupling protein-3 

  



- 120 - 

 

4.4. Discussion 

The principal finding of this study was that ventricular UCP3 levels were not predictive of 

cardiac PCr/ATP ratio (Figure 4.12).  Cardiac PCr/ATP ratio was found to be lower in 

patients with ventricular dysfunction compared to patients without ventricular dysfunction 

(Figure 4.10) and correlated with heart failure severity grouped according to NYHA class 

(Figure 4.8) consistent with previous research (Neubauer, Krahe et al 1992). 

There are a number of possible reasons why this study failed to show an association between 

ventricular UCP3 levels and cardiac PCr/ATP ratio.  Firstly, it may be that the uncoupling 

effect of UCP3 in human myocardium is not great enough to affect the PCr/ATP ratio.  

Lowering the proton gradient by uncoupling oxidative phosphorylation makes ATP 

synthesis less efficient, but not necessarily inadequate for the prevailing workload, unless 

substrate (including oxygen) supply is limited.  This may be the case in very severe heart 

failure, but may not have been the case in the cohort studied here.  The reasons for studying 

cardiac surgical patients were explained in Chapter 2, but a consequence is that there were 

no patients with severe heart failure recruited into the study, as one of the aims of valvular 

surgery is to prevent the onset of heart failure, and patients with severe ischaemic 

cardiomyopathy are often not suitable for coronary artery bypass grafting due to lack of 

viable myocardium. 

Secondly, it has been shown previously, that absolute UCP3 protein levels are not related to 

the magnitude of the uncoupling effect, which is instead related to the presence or absence of 

UCP3 activators (Boudina, Sena et al 2007).  Known activators of UCP3 (superoxide, 

hydroxynonenol and intracellular fatty acids) were not measured in this study.  The plasma 
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concentration of non-esterified fatty acids was measured, but it is the concentration of fatty 

acids within the mitochondria which would be of relevance in this context. 

Thirdly, it may be that the effect of ventricular UCP3 on PCr/ATP ratio was smaller than the 

study was powered to detect – a type 2 statistical error.  Figure 4.12 demonstrates no 

emerging relationship between ventricular UCP3 and PCr/ATP ratio, suggesting therefore 

that this was not the case. 

The evidence that UCP3 levels increase in heart failure from this study is not convincing, 

despite some evidence that plasma NEFA concentrations were increased in patients with 

heart failure.  Neither ventricular nor atrial UCP3 levels were increased in those patients 

with ventricular dysfunction compared to those without.  Ventricular UCP3 levels increased 

with NYHA class but atrial UCP3 levels did not; the two correlating moderately with each 

other.  Plasma NEFA are ligands for peroxisome proliferator-activated receptor alpha 

(PPARα), a nuclear hormone receptor which controls the expression of, amongst other 

proteins, UCP3 (Desvergne and Wahli 1999).  If plasma NEFA concentrations increase in 

heart failure, then UCP3 levels should also increase if PPARα was the only controlling 

influence.  As increases in UCP3 levels did not occur, this suggests that control of UCP3 

levels does not rest solely with PPARα, and indeed, thyroid hormones have been shown to 

exert control over UCP3 levels, with a thyroid response element having been found in the 

proximal UCP3 gene promoter region (Solanes, Pedraza et al 2005).  Plasma NEFA 

concentration was a significant predictor of atrial UCP3 levels albeit with only a moderate 

effect (Figure 4.13) and was not predictive of ventricular UCP3 levels.  It is perhaps 

surprising to have found a relationship between fasting plasma NEFA concentration and 

UCP3 levels.  Plasma NEFA concentration is known to fluctuate rapidly in response to the 
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prevailing neurohumoral milieu (Frayn 1998), with changes in protein levels occurring much 

more slowly (Jiang, Zhang et al 2009).  It is therefore the underlying mean level of NEFA 

concentration, rather than a concentration taken at one particular time point, that is likely to 

relate to UCP3 protein level.  The finding that atrial UCP3 levels correlated with plasma 

NEFA concentration, however, is similar to Murray’s previous findings in human heart 

(Murray, Anderson et al 2004).  Cardiac UCP3 levels have been shown to be increased in 

chronically infarcted and failing rat heart compared with normal controls (Murray, Cole et al 

2008), but to date no other human studies have been performed to compare with the results 

of this study. 

Plasma NEFA concentration was shown to be increased in patients with ventricular 

dysfunction, and was predicted by LVEF, though not by the diastolic parameter E/E’.  This 

was despite most patients taking medication to antagonise the neurohumoral activation of 

heart failure.  These data are supportive of the hypothesis that the increased sympathetic tone 

associated with heart failure results in net adipose tissue lipolysis and increased plasma 

NEFA concentration (Paolisso, Gambardella et al 1994; Lommi, Kupari et al 1998). 

No association was found between plasma NEFA concentration and cardiac PCr/ATP ratio 

which differs from previous work in patients with type 2 diabetes mellitus (Scheuermann-

Freestone, Madsen et al 2003).  This may be because the plasma NEFA concentrations in 

this study were not as high, perhaps making it more difficult to reveal the underlying 

relationship between the variables. 

Cardiac PCr/ATP ratio was related to heart failure symptoms (NYHA class), but not to LV 

volumes, mass, ejection fraction or cardiac output.  This is consistent with previous work in 

dilated cardiomyopathy patients which also found a negative relationship between NYHA 



- 123 - 

 

class and PCr/ATP, but no relationship to LVEF (Neubauer, Krahe et al 1992).  It was also 

found in this study that cardiac PCr/ATP ratio was lower in those patients defined as having 

ventricular dysfunction (see methods) compared with those without.  Interestingly however, 

there was no relationship between 6MWT distance and cardiac PCr/ATP ratio.  The reason 

why PCr/ATP is related to NYHA class but not to 6MWT distance is not clear.  It could be 

that 6MWT distance was confounded by symptoms of angina, or by patients’ volitional 

effort. 

Associations between PCr/ATP and diastolic function have previously been demonstrated 

(Beyerbacht, Lamb et al 2001) which is contrary to the findings here.  Beyerbacht et al 

measured a number of diastolic parameters, with only one (early wave mean acceleration 

corrected for cardiac output) correlating to cardiac PCr/ATP ratio.  The diastolic parameter 

measured here was different (E/E’) which might explain the discrepant findings. 

It appears that resting cardiac PCr/ATP ratio is related to cardiac function, as suggested by 

this and other studies, but does not relate closely to other clinically used measures of 

ventricular performance.  Indeed, it has been shown previously that cardiac PCr/ATP ratio is 

a better predictor of mortality than LVEF or the NYHA classification, and may represent a 

more fundamental measure of myocardial health (Neubauer, Horn et al 1997).  The 

mechanisms underlying the decrease in cardiac PCr/ATP ratio in heart failure are not fully 

understood.  It is interesting that there were no obvious relationships between cardiac 

PCr/ATP and estimations of cardiac work (cardiac output and rate pressure product).  This 

implies that ATP consumption (ignoring changes in efficiency of ATP utilisation) is not a 

major factor in determining the overall cardiac PCr/ATP ratio and that oxygen delivery to 

the mitochondrion, or mitochondrial function itself, are of greater significance.  The finding 
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that the PCr/ATP ratio is not related to cardiac volume or mass implies also that changes in 

ATP utilisation, secondary to changes in chamber geometry and wall stress, do not have a 

significant effect on the cardiac PCr/ATP ratio.  Previous work has shown PCr/ATP ratio to 

be unrelated to myocardial microvascular perfusion (Shivu, Phan et al 2010), and to be 

normal at rest in coronary artery stenosis (Weiss, Bottomley et al 1990).  Therefore, it is 

perhaps most reflective of mitochondrial function, with a decreased ratio suggesting 

impairment of oxidative phosphorylation.  Such an impairment could occur at a multitude of 

sites within the metabolic pathways constituting oxidative phosphorylation, but it appears 

from this work that uncoupling of oxidative phosphorylation through an increase in UCP3 

levels within the heart, does not play a major role, at least in mild-to-moderate heart failure.  

It may be in severe heart failure, as oxygen delivery to myocardial mitochondria becomes 

limited, that uncoupled oxidative phosphorylation then exerts a significant influence on ATP 

synthesis, and the cardiac PCr/ATP ratio may then relate to UCP3 levels or activity.   

Limitations 

This study has a number of limitations.  Firstly, the study was designed as an observational 

study with no control group.  This was because it was considered not possible to obtain 

reliable control tissue.  The only option for obtaining normal control myocardial biopsies 

comes from unused normal donor hearts.  These are kept on ice for a number of hours whilst 

delivered to the transplant centre before the decision not to transplant is made.  The effect of 

the cold ischaemic time on UCP3 protein levels is unknown, but the half life of UCP3 is 

known to be relatively short for a mitochondrial protein (Azzu, Jastroch et al 2010).  The 

control hearts are also very unlikely to be age matched – the majority coming from young 

trauma victims as opposed to the older patients presenting for cardiac surgery.  However, 
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within the cohort studied it was possible to divide patients into those with ventricular 

dysfunction and those without ventricular dysfunction, based upon LVEF and E/E’. 

Secondly, in order to obtain myocardial tissue biopsies, the cohort studied was comprised of 

patients undergoing cardiac surgery.  Particularly in the case of valvular pathology, one of 

the aims of surgery is to prevent heart failure from occurring, so there were relatively few 

patients with severely impaired systolic function, as could have been the case if patients with 

dilated cardiomyopathy, for example, were studied.  On the other hand, the advantage of not 

selecting a group only comprising of patients with impaired ventricular function, was that 

there was a wide range of ventricular function in the cohort, making regression analyses 

more likely to be successful. 

One way in which this study classified heart failure severity was with the NYHA 

classification of functional capacity.  This is a subjective method of classifying the severity 

of heart failure, relying on patients’ reporting of symptoms.  The use of the NYHA 

classification, however, is a widely clinically accepted means to classify the severity of heart 

failure (Dickstein, Cohen-Solal et al 2008), and is consistent with much of the previous 

reported work examining the relationship between heart failure severity and cardiac 

PCr/ATP ratio (Neubauer, Krahe et al 1992; Neubauer, Horn et al 1997).  The 6MWT was 

used as a more objective method to assess functional capacity, albeit in the context of 

subjects with angina, but the most objective method of assessing heart failure, 

cardiopulmonary exercise testing, was not performed, partly because of concerns over 

exercising patients with left main coronary artery disease or critical aortic stenosis, and also 

because of the lack of local expertise in performing this test.  It was further felt that the 
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protocol was onerous enough on patients, and the addition of further arduous testing may 

have limited the number of patients willing to take part. 

It was decided to define systolic dysfunction as a left ventricular ejection fraction of less 

than 55%, and this is somewhat arbitrary.  This value was chosen because the normal range 

for ejection fraction, measured by MRI, used locally (OCMR, John Radcliffe Hospital, 

Oxford), is 57-81%. It can be argued that ejection fraction is not a completely representative 

measure of systolic function, and is not reflective of subtle systolic dysfunction which might 

involve changes in torsion, longitudinal shortening and strain rates, for example, but it is 

widely clinically used and has been shown to be prognosticlly important (Dickstein, Cohen-

Solal et al 2008). 

The patients studied in the cohort also had different diseases.  There is general consensus 

that the cardiac energetic abnormalities in heart failure appear to be similar regardless of the 

aetiology of the failure (Shivu, Abozguia et al 2010; Conway, Allis et al 1991; de Roos, 

Doornbos et al 1992; Neubauer, Krahe et al 1992; Conway, Bottomley et al 1998; 

Beyerbacht, Lamb et al 2001), therefore a study such as this, testing a unifying hypothesis, 

would need to include different aetiologies.  It may have been preferable to enrol equal 

numbers of patients into different groups comprising aortic stenosis, coronary artery disease 

and mitral regurgitation, each with sufficient numbers to be powered to detect effect sizes of 

moderate magnitude.  The paucity of local patients undergoing valve surgery meant that this 

approach was not feasible, and it was decided that, in order to enrol sufficient numbers 

within a reasonable time frame, all surgical pathology would be recruited and treated as a 

single group. 
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The ventricular biopsies taken were from the epicardial layer which may have a different 

metabolic profile to the endocardium.  It would have been preferable for full thickness 

biopsies to be taken from the ventricle, but the provision of ventricular biopsies was left to 

the judgement of the operating surgeon and the techniques with which they were familiar, in 

order to avoid exposing patients to undue risk. 

It was only possible to measure relative concentrations of phosphorus metabolites using 
31

P 

MRS.  A “normal” ratio of PCr/ATP therefore may be misleading if ATP concentration is 

decreased as well as PCr.  This does occur in heart failure, but is thought to be a relatively 

late phenomenon (Shen, Asai et al 1999; Beer, Seyfarth et al 2002) occurring at around the 

time of clinical decompensation, and therefore the patients in this cohort were assumed to 

have normal ATP concentrations. 

The hypothesised sequence of events, following the onset of ventricular dysfunction and 

tissue hypoperfusion, begins with an increase in sympathetic tone, but this was not directly 

measured in this study.  There is a well established relationship between ventricular function 

and plasma noradrenaline concentration (Thomas and Marks 1978; Francis, Goldsmith et al 

1982; Levine, Francis et al 1983), so it was felt unnecessary to repeat this. 

The measurement of plasma NEFA concentration is known to vary considerably, depending 

on the dietary state and prevailing sympathetic tone (Frayn 1998).  Plasma NEFA 

concentrations were always measured in fasted patients, and at the same point within the 

protocol, therefore trying to minimise diurnal or contextual variations.  Plasma NEFA 

concentrations measured on the day of surgery were again taken in the fasted state, although 

from arterial blood on this occasion.  These were only related to Western blot results from 

the biopsies taken on the same day and not to the pre-operative investigations carried out 
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previously, which were compared with the venous plasma NEFA concentration taken 

contemporaneously. 

The pre-operative investigations were necessarily carried out on a separate day to the biopsy 

collection.  This resulted in cardiac PCr/ATP being related to ventricular UCP3 levels, for 

example, measured at a different time.  This was unavoidable due to the time required to 

collect all necessary pre-operative data, and it was felt that disease progression would be 

minimal in the time between the pre-operative tests and the biopsies being taken.  It is 

possible, however, that on the day of surgery, patients’ anxiety levels were different, 

resulting in different degrees of sympathetic stimulation and hence UCP3 expression.  All 

patients received sedative premedication in order to limit pre-operative anxiety; however, 

plasma NEFA concentrations were higher in those samples taken immediately pre-

anaesthetic induction, compared with those samples taken at the pre-operative tests.  This 

finding does suggest increased sympathetic tone was present, as the samples were again 

taken in the fasting state.  The effect this may have had on changes in cardiac UCP3 levels is 

not known. 

Further research 

Future work is required to clarify a number of issues arising from this work.  Firstly, it is not 

clear from this work whether UCP3 levels increase in human myocardium in heart failure.  

This could be tested by comparing ventricular UCP3 levels from patients with normal 

ventricular function presenting for CABG surgery, in a similar way to this study, with 

ventricular UCP3 levels from patients with end-stage heart failure having cardiac 

transplantation surgery. 
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Secondly, the relationship between UCP3 levels and PCr/ATP ratio requires further 

exploration.  It would be interesting to upregulate UCP3 levels, which may be possible using 

a high fat diet (Hesselink, Greenhaff et al 2003), and measure the cardiac PCr/ATP ratio 

before and after the diet.  This would be difficult to do in humans because of the need to take 

repeated myocardial biopsies, to confirm increased UCP3 levels, but could be performed in 

animals.  The relationship to oxygen availability could be explored by rendering some 

animals hypoxic whilst measuring the PCr/ATP ratio, in order to ascertain whether UCP3 

levels influence PCr/ATP only under conditions of limited oxygen supply. 

It may be impossible to confirm a direct relationship between PCr/ATP ratio and UCP3 

because of the requirement to measure the activity of, instead of the amount of, UCP3 at the 

time of acquiring measurements of PCr and ATP concentration.  The effect that UCP3 has 

on mitochondrial respiration rates could be measured in vitro, however, and extrapolated to 

the in vivo situation. 

4.5. Conclusions 

No relationship was found between absolute ventricular UCP3 protein levels and cardiac 

PCr/ATP ratio in this cohort of mild-moderate human heart failure.  The concentrations of 

local UCP3 activators were not measured, however, so a decrease in PCr/ATP ratio in heart 

failure occurring through mitochondrial uncoupling via UCP3 cannot be entirely ruled out.  

Further work is required to ascertain the extent to which UCP3 uncouples oxidative 

phosphorylation in vivo, whether uncoupled oxidative phosphorylation decreases the cardiac 

PCr/ATP ratio, and whether cardiac UCP3 levels increase in human heart failure. 
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CHAPTER 5 

 

 

THE RELATIONSHIPS BETWEEN CARDIAC 

FUNCTION, SKELETAL MUSCLE ENERGETICS 

AND UNCOUPLING PROTEIN-3 LEVELS 
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5.1. Introduction 

Heart failure is associated with a decrease in exercise capacity characterised by early fatigue 

and skeletal muscle weakness (Middlekauff 2010; Poole-Wilson and Ferrari 1996).  

Originally it was thought that this related to the inability of the heart to augment cardiac 

output during exercise, resulting in skeletal muscle hypo-perfusion, but this view has been 

challenged by evidence that skeletal muscle metabolic abnormalities are not related to blood 

flow, measured directly (Massie, Conway et al 1987), and more recently with a combination 

of 
31

P MRS and near-infrared spectroscopy (NIRS) (Hanada, Okita et al 2000).  These 

studies suggest that there is an intrinsic mitochondrial dysfunction in skeletal muscle in heart 

failure.  Compared with controls, heart failure patients have increased muscle PCr 

consumption and decreased pH during aerobic exercise (Massie, Conway et al 1987; Massie, 

Conway et al 1988; Kemp, Thompson et al 1996; Hanada, Okita et al 2000), a high resting 

[Pi] (Massie, Conway et al 1987) and prolonged PCr recovery times following exercise 

(Kemps, Prompers et al 2010; Massie, Conway et al 1987; Massie, Conway et al 1988; 

Kemp, Thompson et al 1996; Hanada, Okita et al 2000).  These findings are indicative of a 

failure of oxidative ATP synthesis, but shed no light on the mechanism of the failure. 

Studies using a combination of 
31

P MRS and NIRS to investigate PCr and skeletal muscle 

oxygen saturation (SmO2) kinetics in heart failure have shown that muscle PCr re-synthesis 

times and reoxygenation times are both prolonged in heart failure patients compared with 

controls (Kemps, Prompers et al 2010; Hanada, Okita et al 2000).  One of the problems with 

the interpretation of NIRS data is that prolonged reoxygenation times could theoretically be 

attributable to excessive O2 consumption and mitochondrial inefficiency, not necessarily to 

inadequate O2 supply. 
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5.2. Aims 

The aim of this chapter was to investigate the hypothesis that gastrocnemius mitochondrial 

oxidative capacity would be negatively predicted by skeletal muscle UCP3 levels, and that 

skeletal muscle UCP3 levels would be related to the degree of ventricular dysfunction 

secondary to increased plasma NEFA concentration.  This hypothesis provides a potential 

process to describe the well recognised, but mechanistically undetermined, skeletal muscle 

mitochondrial dysfunction in heart failure.  Using 
31

P MRS in combination with NIRS, this 

chapter also aims to investigate whether any observed mitochondrial dysfunction originates 

from abnormalities in blood flow, and hence substrate supply, to gastrocnemius, or whether 

intrinsic mitochondrial dysfunction is more likely. 

 

5.3. Methods 

Having been recruited from the cardiothoracic surgery outpatient clinic, and following an 

overnight fast, the patients described in Chapter 3 attended the Oxford Centre for Clinical 

Magnetic Resonance Research (OCMR) at a convenient time before their scheduled surgery.  

A clinical history was taken and demographic and anthropometric data recorded as described 

in Chapter 2.  Patients then underwent skeletal muscle 
31

P MRS and cardiac MRI cine 

imaging as described in Chapter 2.  The order of tests was always skeletal muscle 
31

P MRS 

first, followed by cardiac MRI, in order that patients were rested before repeating the 

exercise protocol outside the MRI suite to measure SmO2 kinetics using near-infrared 

spectroscopy as described in Chapter 2. 

Venous blood samples were acquired from an anticubital fossa vein, and the blood 

immediately cooled and centrifuged at 4ºC.  Plasma for the measurement of NEFA 



- 133 - 

 

concentration was frozen after the addition of a lipoprotein lipase inhibitor 

(tetrahydrolipstatin, Xenical, Roche, Welwyn Garden City, UK) at a final concentration of 

30μg.ml
-1

 as described in Chapter 2.  Patients were then provided with a mixed meal.  Once 

refreshed, patients performed the six-minute walk test (6MWT) and underwent transthoracic 

echocardiography as described in Chapter 2, afterwhich they were discharged home. 

On the day of surgery, following an overnight fast, immediately prior to anaesthetic 

induction, blood was taken from an arterial cannula for further measurement of NEFA 

concentration, so that a contemporaneous measure was available to relate to Western blot 

results.  During the operation, a pectoralis major muscle biopsy was obtained following 

sternotomy, and immediately washed in physiological (0.9 % w/v) saline to remove excess 

blood, then snap-frozen in liquid nitrogen and stored at -80 ˚C until Western blot analysis 

was performed. 

Ventricular dysfunction was said to be present if patients had systolic and/or diastolic 

ventricular impairment which was defined previously in Chapter 2. 

Statistical analysis 

Variables and sub-groups of variables were assessed for normality by Shapiro-Wilk tests and 

visual inspection of quantile-quantile plots.  Homogeneity of variance was assessed using 

Levene’s tests (Field 2009).  Variables were transformed if necessary to render them 

normally distributed.  In the majority of cases, data were found to be positively skewed; in 

such cases log transformations produced acceptable normality and stability of variance.  

One-tailed statistical tests were used because of the directional nature of the hypothesis.  

Regression analyses were performed to assess the degree to which one variable could be 

predicted from another, with standardised beta (β) and associated p value (p) reported.  The 
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standardised beta is the amount of change of the outcome variable for a unit change in the 

predictor, in standard deviation units (Field 2009).  Standardised betas were categorised as 

small, medium and large effects as described by Cohen (small >0.1, medium >0.3, large 

>0.5) (Cohen 1992).  NYHA groups were compared using the non-parametric Jonckheere-

Terpstra test.  As group sizes were uneven, and there were only 5 patients in NYHA class 

one, the assumptions for analysis of variance were therefore not met and non-parametric 

methods were used.  The Jonckheere-Terpstra test was used as NYHA groups are ordered 

and, as such, trends were expected in the medians of the groups.  This was reported as JT 

and the p value. 

If a variable was divided into two groups, for example ventricular dysfunction and no 

dysfunction, and each group met parametric assumptions, independent t-tests were used to 

compare means and were reported mean1 ± SEM1 vs mean2 ± SEM2, the value of the test 

statistic t (degrees of freedom) and the associated p value.  If parametric assumptions were 

not met after transformations, then groups were compared using the Mann-Whitney U test.  

Missing data were excluded from analyses on a case-by-case basis and were not imputed 

using any method. 
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Figure 5.1. CONSORT-type flow diagram to describe the inclusion of subjects from 

the recruited cohort presented in Chapter 3. 

MRS – magnetic resonance spectroscopy, CMR – cardiac magnetic resonance imaging, 

NEFA – non-esterified fatty acid, TTE – trans-thoracic echocardiography, 6MWT – six-

minute walk test, NIRS – near-infrared spectroscopy, PCI – percutaneous coronary 

intervention. 
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5.4. Results 

The patient cohort was identical to that described in Chapter 3.  One patient was unable to 

tolerate MRI cine imaging due to claustrophobia, so cardiac volumes were not obtained.  

The MRS data acquired from two patients were unanalysable due to poor spectral quality 

(very low signal/noise ratio).  NIRS data was not acquired on 13 patients.  This was because 

the NIRS system was fully automated with no manual adjustment possible; and on these 

patients, signal quality was reported as too poor, presumably due to depth of subcutaneous 

tissue.  Two patients did not undergo surgery despite being initially listed for surgical 

management, therefore biopsies were not taken for skeletal muscle UCP3 measurement, or 

pre-anaesthetic induction blood for plasma NEFA concentration.  The pre-operative plasma 

samples from 7 patients were accidently defrosted, along with 2 from the operative visit, and 

so were not analysed because of uncertainty over the veracity of results from those samples.  

On one occasion the skeletal muscle biopsy was too small to enable Western blotting 

analysis.  Table 5.1 presents the resting and end-exercise 
31

P MRS data. 
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Table 5.1. Table of baseline and end-exercise muscle high energy phosphorus 

metabolites and pH. 

 Rest End-exercise 

PCr/ATP   3.87 ± 0.06 1.82 ± 0.10* 

Pi (mmol.L
-1

)     3.5 ± 0.2 13.4 ± 0.7* 

ADP (μmol.L
-1

)      20 ± 1    95 ± 6* 

PP (L.mmol
-1

) 142.1 ± 10.7   9.4 ± 1.3* 

pH   7.07 ± 0.004 6.98 ± 0.01* 

Exercise time (s)    475 ± 28 

Data are presented as mean ± SEM *p < 0.001 compared with resting value 

PCr – phosphocreatine, ATP – adenosine triphosphate, Pi – inorganic phosphate, ADP – 

adenosine diphosphate, PP – phosphorylation potential 

 

Skeletal muscle high energy phosphorus metabolites and cardiac function 

Resting gastrocnemius PCr/ATP ratio, [ADP] and [Pi] were not predicted by left ventricular 

ejection fraction (LVEF) or NYHA classification (data not shown).  Exercise duration was 

predicted by LVEF (β = 0.40, p < 0.01) (Figure 5.2) as was mean PCr consumption during 

exercise (β = -0.47, p < 0.001) (Figure 5.3), together with the initial rate of PCr consumption 

at the onset of exercise (β = -0.39, p < 0.01) (Figure 5.4). 
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Figure 5.2. Scatter-plot showing total exercise time plotted against left ventricular 

ejection fraction at rest. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. 

β = 0.40, p < 0.01  
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Figure 5.3. Scatter-plot showing mean skeletal muscle PCr consumption during 

exercise plotted against left ventricular ejection fraction. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  To transform the distribution of mean PCr consumption values to 

normal, logarithms (base 10) were taken.  

β = -0.47, p < 0.001 

PCr - phosphocreatine  
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Figure 5.4. Scatter-plot showing the initial rate of PCr consumption by skeletal muscle 

at the onset of exercise plotted against left ventricular ejection fraction. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  To transform the distribution of initial PCr consumption values to 

normal, logarithms (base 10) were taken. 

β = -0.39, p < 0.01 

 

Phosphocreatine recovery time was unrelated to LVEF (β = -0.24, p = 0.06) (data not shown) 

and did not increase with increasing heart failure symptoms (JT, p = 0.07) (data not shown).  
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The theoretical maximum rate of ATP synthesis (Qmax – derived from the end-exercise 

[ADP] and the PCr recovery rate) decreased with increasing heart failure symptoms (JT, p < 

0.05) (Figure 5.5). 

 

 
 

Figure 5.5. Skeletal muscle Qmax grouped according to NYHA class. 

Jonkheere-Terpstra, p < 0.05 

NYHA – New York Heart Association 

Qmax – the theoretical maximum rate of oxidative ATP synthesis 
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Resting skeletal muscle high energy phosphorus metabolite concentrations were not 

predicted by the E/E’ ratio (data not shown), neither were initial, nor mean PCr consumption 

during exercise, nor PCr recovery rate or Qmax (data not shown).  If patients were divided 

into groups according to the presence or absence of ventricular dysfunction, there was no 

difference between groups for resting high energy phosphorus metabolite concentrations, but 

exercise time was significantly less in those with ventricular dysfunction (533 ± 37 vs 414 ± 

39 s, t (43) = 2.2, p < 0.05), and initial (0.16 ± 0.03 vs 0.27 ± 0.03 mmol.L
-1

.s
-1

, t (43) = -2.1, 

p < 0.05) and mean PCr consumption (0.03 ± 0.002 vs 0.05 ± 0.004 mmol.L
-1

.s
-1

, t (43) = -

2.8, p < 0.05) were significantly greater in those with ventricular dysfunction (Table 5.2). 

The six-minute walk test (6MWT) distance was not predictive of resting high energy 

phosphorus metabolites, initial PCr consumption, mean PCr consumption and PCr recovery 

rate (data not shown), but was predictive of exercise time (β = 0.31, p < 0.05) (Figure 5.6) 

and Qmax (β = 0.39, p < 0.01) (Figure 5.7). 
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Table 5.2. Table of high energy phosphorus metabolites and pH, grouped by 

presence/absence of ventricular dysfunction. 

 Normal ventricular function 

(n = 23) 

Ventricular dysfunction 

(n = 22) 

Resting PCr/ATP 3.88 ± 0.10 3.85 ± 0.07 

Resting [ADP] (μmol.L
-1

) 20.3 ± 2.2 20.3 ± 1.6 

Resting [Pi] (mmol.L
-1

)   3.6 ± 0.2   3.6 ± 0.2 

Resting pH 7.07 ± 0.01 7.08 ± 0.01 

Exercise time (s)  533 ± 37  414 ± 39* 

Initial PCr consumption (mmol.L
-1

.s
-1

) 0.16 ± 0.03 0.27 ± 0.03* 

Mean PCr consumption (mmol.L
-1

.s
-1

) 0.03 ± 0.002 0.05 ± 0.004* 

τ PCr recovery (s) 43.9 ± 2.5 46.9 ± 3.3 

Qmax (mmol.L
-1

.s
-1

) 0.40 ± 0.03 0.35 ± 0.03 

Data are presented as mean ± SEM *p < 0.05 compared with resting value 

PCr – phosphocreatine, ATP – adenosine triphosphate, Pi – inorganic phosphate, ADP – 

adenosine diphosphate, τ – time constant, Qmax – theoretical maximum rate of ATP synthesis 
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Figure 5.6. Scatter-plot showing exercise time plotted against six-minute walk test 

distance. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  The 6MWT values were reversed and square-rooted (sqrt) to correct for 

negative skew in the data, hence there is a positive relationship between exercise time and 

6MWT distance. 

β = -0.31, p < 0.05 

6MWT – six-minute walk test  
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Figure 5.7. Scatter-plot showing Qmax plotted against six-minute walk test distance. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  The 6MWT values were reversed and square-rooted (sqrt) to correct for 

negative skew in the data, hence there is a positive relationship between Qmax and 6MWT 

distance. 

β = -0.31, p < 0.05 

Qmax – theorectical maximum rate of ATP synthesis, 6MWT – six-minute walk test  
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Skeletal muscle high energy phosphorus metabolites and fasting plasma NEFA 

concentrations 

Resting skeletal muscle PCr/ATP ratio (β = -0.37, p < 0.05) (Figure 5.8) and [ADP] (β = 

0.34, p < 0.05) (Figure 5.9) were predicted by fasting plasma NEFA concentration.  Fasting 

plasma NEFA concentrations predicted Qmax (β = -0.35, p < 0.05) (Figure 5.10), but not PCr 

resynthesis time (β = 0.15, p = 0.19), mean PCr consumption (β = -0.12, p = 0.24) or initial 

rate of PCr consumption (β = 0.08, p = 0.32) (data not shown). 

Skeletal muscle high energy phosphorus metabolites and uncoupling protein-3 levels 

Skeletal muscle UCP3 levels increased with worsening heart failure symptoms (JT, p < 0.05) 

(Figure 5.11) and were predicted by LVEF (β = -0.27, p < 0.05) (Figure 5.12), but not 

diastolic function (data not shown).  However, if grouped according to the presence or 

absence of ventricular dysfunction, there was no statistically significant difference in UCP3 

levels between those without, and those with, dysfunction (0.87 ± 0.14 vs 1.13 ± 0.16 (a.u.), t 

(42) = -1.2, p = 0.11).  Skeletal muscle UCP3 levels were not predicted by 6MWT distance 

(β = 0.03, p = 0.43) (data not shown). 

Skeletal muscle UCP3 levels were not predicted by fasting plasma NEFA concentration (r = 

0.11, p = 0.26) (data not shown).  Skeletal muscle UCP3 levels did not predict resting high 

energy phosphorus metabolites, initial rate of PCr hydrolysis (β = 0.04, p = 0.38), mean PCr 

consumption (β = 0.13, p = 0.18) (Figure 5.13), PCr recovery rate (β = 0.15, p = 0.17) 

(Figure 5.14) or Qmax (β = -0.06, p = 0.34) (Figure 5.15). 
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Figure 5.8. Scatter-plot showing resting skeletal muscle PCr/ATP ratio plotted against 

fasting plasma non-esterified fatty acid concentration. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. 

β = -0.37, p < 0.05 

PCr – phosphocreatine, ATP – adenosine triphosphate 
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Figure 5.9. Scatter-plot showing resting skeletal muscle ADP concentration plotted 

against fasting plasma non-esterified fatty acid concentration. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. 

β = 0.34, p < 0.05 

ADP – adenosine diphosphate  
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Figure 5.10. Scatter-plot showing skeletal muscle Qmax plotted against fasting plasma 

non-esterified fatty acid concentration. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. 

β = -0.35, p < 0.05 

Qmax – the theoretical maximum rate of oxidative ATP synthesis (see Chapter 2). 
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Figure 5.11. Skeletal muscle UCP3 grouped according to NYHA class. 

Jonckheere-Terpstra, p < 0.05 

NYHA – New York Heart Association 

UCP3 – uncoupling protein-3 
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Figure 5.12. Scatter-plot showing skeletal muscle UCP3 level plotted against left 

ventricular ejection fraction. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. 

β = -0.27, p < 0.05 

UCP3 – uncoupling protein-3 
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Figure 5.13. Scatter-plot showing mean PCr consumption during exercise plotted 

against skeletal muscle UCP3 levels. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  To transform the distribution of mean PCr consumption values to 

normal, logarithms (base 10) were taken.  

β = 0.13, p = 0.18 

PCr – phosphocreatine, UCP3 – mitochondrial uncoupling protein-3  
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Figure 5.14. Scatter-plot showing skeletal muscle PCr recovery rate plotted against 

skeletal  muscle UCP3 levels. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  To transform the distribution of PCr recovery time constants to normal, 

logarithms (base 10) were taken. 

β = 0.15, p = 0.17 

PCr – phosphocreatine, UCP3 – mitochondrial uncoupling protein-3 
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Figure 5.15. Scatter-plot showing skeletal muscle Qmax plotted against skeletal muscle 

UCP3 levels. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. 

β = -0.06, p = 0.34 

Qmax – the theoretical maximum rate of oxidative ATP synthesis (see Chapter 2), UCP3 - 

mitochondrial uncoupling protein-3. 
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Skeletal muscle oxygenation and cardiac function 

Mean muscle oxygen consumption (ΔSmO2/Δt), the maximal rate of muscle deoxygenation 

and muscle reoxygenation rate following exercise, were not predicted by LVEF, end-

diastolic volume or E/E’ ratio (data not shown).  There was no relationship between mean 

muscle oxygen consumption, maximal rate of muscle deoxygenation, muscle reoxygenation 

rate and NYHA class (data not shown).  There was no difference in mean muscle oxygen 

consumption (0.04 ± 0.01 vs 0.05 ± 0.01 %.s
-1

, t (32) = -0.58, p = 0.28), maximal rate of 

muscle deoxygenation (0.66 ± 0.06 vs 0.81 ± 0.11 %.s
-1

, t (33) = -1.12, p = 0.13) and muscle 

reoxygenation rate (statistical significance assessed using Mann-Whitney U test, as unable to 

transform both groups to statistical normality) (M-W, p = 0.35) if the patients were divided 

into those without, or with, ventricular dysfunction.  The 6MWT distance was predictive of 

mean oxygen consumption during exercise (β = -0.41, p < 0.01) (Figure 5.16) and the rate of 

reoxygenation following exercise (β = -0.33, p < 0.05) (Figure 5.17), but not maximal rate of 

deoxygenation (β = -0.12, p = 0.25) (data not shown). 
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Figure 5.16. Scatter-plot showing skeletal muscle mean oxygen consumption plotted 

against six-minute walk test distance. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  To transform the distribution of mean oxygen consumption to normal, 

logarithms (base 10) were taken.  The 6MWT values were reversed and square-rooted (sqrt) 

to correct for negative skew in the data, hence there is a negative relationship between mean 

muscle oxygen consumption and 6MWT distance. 

β = 0.41, p < 0.01 

6MWT – six-minute walk test  
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Figure 5.17. Scatter-plot showing skeletal muscle reoxygenation rate following exercise 

plotted against six-minute walk test distance. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  To transform the distribution of reoxygenation time constants to normal, 

logarithms (base 10) were taken.  The 6MWT values were reversed and square-rooted (sqrt) 

to correct for negative skew in the data, hence there is a negative relationship between 

muscle reoxygenation rate and 6MWT distance. 

β = 0.33, p < 0.05 

6MWT – six-minute walk test  
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Skeletal muscle oxygenation and phosphorus metabolites during exercise 

Skeletal muscle oxygenation was a strong predictor of [PCr] kinetics: mean oxygen and PCr 

consumption (β = 0.60, p < 0.001) (Figure 5.18), maximal oxygen consumption and initial 

rate of PCr hydrolysis (β = 0.35, p < 0.05) (Figure 5.19) and time constants of reoxygenation 

and PCr resynthesis (β = 0.62, p < 0.001) (Figure 5.20).  The differences between the time 

constants of reoxygenation and PCr resynthesis demonstrated heteroscedasticity, that is as 

the magnitude of the time constants increased so did the difference between them (Figure 

5.21).  The differences between the time constants of skeletal muscle reoxygenation and PCr 

resynthesis were related to heart failure symptoms (JT, p < 0.01) (Figure 5.22) and 6MWT 

distance (β = 0.33, p < 0.05) (Figure 5.23) but not to LVEF (β = -0.15, p = 0.19), EDV (β = 

0.05, p = 0.38) or E/E’ (β = 0.17, p = 0.18) (data not shown). 

Skeletal muscle oxygenation during exercise and UCP3 levels 

Skeletal muscle UCP3 levels were not predictive of the maximal rate of muscle 

deoxygenation (β = -0.11, p = 0.28), mean skeletal muscle oxygen consumption during 

exercise (β = 0.27, p = 0.07), or the reoxygenation time constant (β = 0.17, p = 0.17) (data 

not shown). 
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 Figure 5.18. Scatter-plot showing mean PCr consumption and mean oxygenation 

change during exercise plotted against each other. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  To transform the distributions of mean PCr consumption and mean 

oxygenation change to normal, logarithms (base 10) were taken. 

β = 0.60, p < 0.001 

PCr – phosphocreatine 
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Figure 5.19. Scatter-plot showing initial PCr consumption and the maximal 

deoxygenation rate during exercise plotted against each other. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  To transform the distribution of initial PCr consumption to normal, 

logarithms (base 10) were taken. 

β = 0.35, p < 0.05 

PCr – phosphocreatine 
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Figure 5.20. Scatter-plot showing time constants of skeletal muscle reoxygenation and 

PCr resynthesis following exercise plotted against each other. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  To transform the distributions of PCr and oxygenation recovery time 

constants to normal, logarithms (base 10) were taken. 

β = 0.62, p < 0.001 

PCr – phosphocreatine 
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Figure 5.21. Scatter-plot showing the difference between the time constants of PCr 

resynthesis and skeletal muscle reoxygenation plotted against mean recovery time 

constant. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  To transform the distribution of difference between recovery time 

constants and mean recovery time constant to normal, logarithms (base 10) were taken. 

β = 0.64, p < 0.001 

PCr – phosphcreatine  
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Figure 5.22. Scatter-plot of the differences between the skeletal muscle reoxygenation 

and PCr resynthesis time constants, grouped according to NYHA class. 

JT, p < 0.01 

NYHA – New York Heart Association 

PCr – phosphcreatine  
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Figure 5.23. Scatter-plot of the differences between the time-constants of skeletal 

muscle PCr resynthesis and re-oxygenation following exercise, plotted against six-

minute walk test distance. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  To transform the distribution of difference between recovery time 

constants to normal, logarithms (base 10) were taken.  The 6MWT values were reversed and 

square-rooted (sqrt) to correct for negative skew in the data, hence there is a negative 

relationship between the time-constant differences and 6MWT distance. 

β = 0.33, p < 0.05 

PCr – phosphcreatine, 6MWT – six-minute walk test  
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5.5. Discussion 

The aim of this study was to investigate relationships between heart failure severity and 

impaired skeletal muscle energy metabolism and skeletal muscle oxygenation, and their 

relationship with skeletal muscle UCP3 levels.  It was found that patients with ventricular 

dysfunction were able to perform the exercise protocol for less time and had greater skeletal 

muscle PCr consumption during exercise.  Functional capacity was found to be related to 

Qmax, and left ventricular ejection fraction (LVEF) was negatively predictive of skeletal 

muscle UCP3 levels, which also related to the NYHA class of the patients.  However, 

skeletal muscle UCP3 levels were not found to be predictive of high energy phosphorus 

metabolite concentrations or 
31

P MRS measures of mitochondrial function. 

Left ventricular ejection fraction negatively predicted initial skeletal muscle PCr 

consumption at the onset of exercise, which was also greater in those with ventricular 

dysfunction compared with those without ventricular dysfunction.  The consumption of PCr 

by muscle at the onset of exercise reflects the ATP requirement for the work done, as the 

initial ATP requirement is met by PCr hydrolysis (Kemp, Thompson et al 1994).  The 

exercise protocol is standardized to lean body mass (LBM), consequently the work done is 

related to the patient’s muscle mass.  Therefore, these results demonstrate that lower LVEF 

is associated with decreased efficiency of ATP utilization in skeletal muscle.  This could be 

explained by changes in muscle fibre-type (Crow and Kushmerick 1982), known to occur in 

heart failure (Mancini, Coyle et al 1989), or by decreases in mitochondrial number within 

the same fibre-type, or alternatively, by any mechanism whereby a given change in muscle 

fibre length requires greater cross bridge cycling to occur.  Kemp and colleagues 

demonstrated increased PCr hydrolysis at the onset of exercise in heart failure patients 
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compared with controls (Kemp, Thompson et al 1996), but concluded that this was due to a 

decrease in muscle mass, as the experimenters used an exercise protocol that was the same 

for all subjects, and not indexed to LBM.  The results from this study suggest that the 

observed increase in PCr hydrolysis is due to an impairment of ATP utilization. 

Mean PCr consumption during exercise, which can be interpreted as the overall shortfall of 

oxidative ATP synthesis (ignoring the small glycolytic component), was also related to 

LVEF and the presence/absence of ventricular dysfunction.  This is consistent with previous 

findings that patients with heart failure have greater PCr consumption during exercise 

(Massie, Conway et al 1987; Massie, Conway et al 1988; Kemp, Thompson et al 1996; 

Hanada, Okita et al 2000). 

Previous studies have suggested a decrease in the mitochondrial capacity to synthesise ATP 

in heart failure, by demonstrating increased PCr recovery times and/or decreased Qmax  

(Kemps, Prompers et al 2010; Massie, Conway et al 1987; Massie, Conway et al 1988; 

Kemp, Thompson et al 1996; Hanada, Okita et al 2000).  In this study, measures of 

functional capacity were found to relate to Qmax, with 6MWT distance being moderately 

predictive, and a relationship demonstrated with the NYHA functional classification.  In 

these results however, it may be the case that it is the oxidative capacity of skeletal muscle 

that is determining the 6MWT performance and reported functional limitation, rather than 

being viewed as increased heart failure severity resulting in decreased skeletal muscle 

oxidative capacity.  The proposal that heart failure symptoms may at least in part originate 

from skeletal muscle myopathy is not novel (Poole-Wilson and Buller 1988), and the present 

results support this concept. 
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The combination of NIRS and 
31

P MRS was used in this study to assess skeletal muscle 

oxygenation changes along with ATP synthesis and utilisation, as has been employed 

previously in heart failure patients with conflicting results (Kemps, Prompers et al 2010; 

Hanada, Okita et al 2000).  In the present study it was found that skeletal muscle PCr 

recovery and muscle reoxygenation were related to each other, but there was a dissociation 

between reoxygenation and PCr resynthesis kinetics as recovery following exercise became 

more impaired, and this dissociation was associated with NYHA classification i.e. subjects 

with worse heart failure symptoms had a greater difference between their reoxygenation and 

PCr resynthesis kinetics, and with 6MWT distance.  The implication of this observation is 

that blood flow and hence oxygen delivery may have been relatively preserved in these 

patients, and the impairment in oxidative ATP synthesis is secondary to intrinsic 

mitochondrial dysfunction rather than a failure of oxygen delivery.  This again highlights the 

haemodynamic paradox of heart failure, that measures of central haemodynamics and blood 

flow are unrelated to the symptoms of the condition (Franciosa, Park et al 1981; Massie, 

Conway et al 1988).  However, NIRS is not a direct measurement of blood flow and relies 

on a number of assumptions which make such a conclusion tentative.  In this study it was not 

possible to acquire NIRS data simultaneously with 
31

P MRS data, necessitating the exercise 

to be repeated.  This was always done at least two hours apart to ensure no residual fatigue 

and always in the same order and under the same conditions for each patient.  Any error 

introduced by not collecting the data simultaneously was therefore minimised. 

Having shown that the plasma NEFA concentration is related to ventricular function 

(Chapter 4) it was also shown in this study that it is associated with decreased resting 

skeletal muscle PCr/ATP ratio, higher resting [ADP] and decreased skeletal muscle Qmax.  It 
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is not possible to assert that increased NEFA concentrations have caused these abnormalities 

in high energy metabolism, as they may both be independently related to heart failure 

severity, for example; however, these findings are consistent with the stated hypothesis that 

increased NEFA concentrations bring about mitochondrial dysfunction through an increased 

expression of UCP3 in skeletal muscle.  However, no association was found between fasting 

plasma NEFA concentration and skeletal muscle UCP3 levels and, indeed, there were no 

relationships between skeletal muscle UCP3 levels and any of the MRS measures of high 

energy phosphate metabolism at rest, during or recovering from exercise.  As discussed in 

Chapter 4, it is perhaps not surprising that plasma NEFA concentration was unrelated to 

UCP3 levels, because plasma NEFA concentration is known to fluctuate rapidly in response 

to the prevailing neurohumoral milieu (Frayn 1998), with changes in protein levels occurring 

more slowly (Jiang, Zhang et al 2009).  It is therefore the underlying mean level of NEFA 

concentration, rather than a concentration taken at one particular time point, that is more 

likely to relate to UCP3 protein level. 

The skeletal muscle biopsies were, however, taken from a different muscle than the muscle 

on which NIRS and 
31

P MRS were performed, and this may explain the negative findings.  

The skeletal muscle expression of UCP3 is fibre-type dependant (Hesselink, Keizer et al 

2001) and the fibre-type composition of the two muscles could perhaps have been different.  

The patient population, however, is that of relatively elderly, sedentary people with cardiac 

disease, who are not athletically trained.  Therefore the fibre-type expression between 

gastrocnemius/soleus (NIRS/MRS) and pectoralis major (UCP3 levels) is not likely to be 

dissimilar secondary to a specific training effect impacting fibre-type expression.  The 

human skeletal muscle fibre-type composition of gastrocnemius and parasternal intercostal 
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muscle has also been shown to be similar (Gollnick, Sjödin et al 1974; Mizuno and Secher 

1989).  It would though have been preferable to have acquired gastrocnemius biopsies with 

which to compare with MRS/NIRS data.  This may have been possible from the patients 

having saphenous vein harvested as a coronary artery bypass graft, but more difficult from 

those not having coronary artery bypass grafting.  It was felt that, as the proposed 

mechanism was not specific to a particular muscle group, and would be expected to occur 

throughout all skeletal muscle, it was preferable to avoid the inclusion of a separate invasive 

muscle biopsy, and instead, use the readily accessible pectoralis major muscle as a metabolic 

surrogate for gastrocnemius. 

The finding that UCP3 levels were not related to PCr recovery rate following exercise is 

consistent with the previous findings of Hesselink and colleagues (Hesselink, Greenhaff et al 

2003).  It has also been shown that the proton leak mediated through UCP3 is not a basal, 

but an inducible leak, and the resulting effect is related to the degree of activation, rather 

than the absolute protein level (Boudina, Sena et al 2007).  Known activators of UCP3 

(superoxide, hydroxynonenol and fatty acids) were not measured in this study.  The plasma 

concentration of non-esterified fatty acids was measured, but it is the concentration of fatty 

acids within the mitochondria which would be of relevance in this context.  Furthermore, the 

effect that proton leak has on ATP synthesis may be dependant on the membrane potential 

(ΔΨ).  At times when the membrane potential is low, i.e. at high rates of ATP synthesis 

during, or immediately after, exercise, the effects of proton leak may be limited (Nicholls 

2004).  No relationship was demonstrable, however, between resting skeletal muscle 

PCr/ATP ratio (high ΔΨ) and skeletal muscle UCP3 levels. 
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It was found that skeletal muscle UCP3 levels were related to LVEF, increasing with poorer 

systolic function, although the effect size was small, and it is far from certain that this would 

result in a clinically important effect. 

Limitations 

The main limitation to this study is that, as discussed above, a different muscle was biopsied 

for UCP3 immunoblotting to the one from which MRS/NIRS measurements were taken.  

The reasons underlying this methodological decision were discussed above. 

Secondly, it was not possible to acquire NIRS data simultaneously with 
31

P MRS data, due 

to the incompatibility of the NIRS equipment with the high magnetic field in the MRI 

scanner.  This necessitated the exercise experiment to be repeated.  The two bouts were 

always done at least two hours apart to ensure no residual fatigue, and always in the same 

order and under the same conditions for each patient.  Any error introduced by not collecting 

the data simultaneously was therefore minimised. 

This study used, amongst other methods, the NYHA classification of functional capacity to 

classify the severity of heart failure.  As discussed previously in Chpater 4 this is a 

subjective method of classifying the severity of heart failure.  The use of the NYHA 

classification, however, is a widely, clinically accepted, means to classify the severity of 

heart failure (Dickstein, Cohen-Solal et al 2008).  The 6MWT was used as a more objective 

method to assess functional capacity, albeit in the context of subjects with angina.  

Cardiopulmonary exercise testing, the most objective measure of functional capacity, was 

not performed, partly because of concerns over exercising patients with left main coronary 

artery disease or critical aortic stenosis.  It was also felt that the protocol was onerous on 



- 171 - 

 

patients as it was, and the addition of further arduous testing may have limited the number of 

willing paticipants. 

Systolic dysfunction was defined as a left ventricular ejection fraction of less than 55%, and 

this is somewhat arbitrary.  This value was chosen because the normal range for ejection 

fraction, measured by MRI, used locally (OCMR, John Radcliffe Hospital, Oxford), is 57-

81%.  Ejection fraction is not a completely representative measure of systolic function, and 

is not reflective of subtle systolic dysfunction possibly involving changes in torsion, 

longitudinal shortening and/or strain rates, but it is widely clinically used, and has been 

shown to be prognostically important (Dickstein, Cohen-Solal et al 2008). 

The patients studied in the cohort had different diseases.  It is not known whether the skeletal 

muscle energetic abnormalities are similar regardless of the underlying cause of cardiac 

failure.  The reason behind including all patients presenting for cardiac surgery rather than 

limiting recruitment to a particular surgical pathology was to maximise the number of 

subjects enrolled, furthermore the hypothesis being tested was not specific to a particular 

aetiology, therefore it was felt valid to include patients with different aetiologies. 

The hypothesised sequence of events, following ventricular dysfunction, begins with an 

increase in sympathetic tone, but this was not directly measured in this study.  There is a 

well established relationship between ventricular function and plasma noradrenaline 

concentration (Thomas and Marks 1978; Francis, Goldsmith et al 1982; Levine, Francis et al 

1983), so it was felt unnecessary to repeat this. 

Plasma NEFA concentration is known to fluctuate depending on the dietary state and 

prevailing sympathetic tone (Frayn 1998) as discussed previously.  In this study plasma 

NEFA concentration was always measured in the fasting state and at the same point within 
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the protocol, thereby minimising diurnal or contextual variation.  Plasma NEFA 

concentrations measured on the day of surgery were again taken in the fasted state, although 

from arterial blood on this occasion.  These were only related to Western blot results from 

the biopsies taken on the same day and not to the pre-operative investigations carried out 

previously, which were compared with the venous NEFA concentration taken 

contemporaneously. 

The pre-operative investigations were carried out separately from the biopsy collection.  The 

result of this was that skeletal muscle high energy phosphates and oxygenation were related 

to skeletal muscle UCP3 levels measured at a different time.  This was unavoidable due to 

the time required to collect all necessary pre-operative data, and it was felt that disease 

progression would be minimal in the time between the pre-operative tests and the biopsies 

being taken.  As discussed in the previous chapter, it is possible that the patients’ anxiety 

levels concerning impending major surgery were different, resulting in differing degrees of 

sympathetic stimulation and hence UCP3 expression.  All patients received sedative 

premedication in order to limit pre-operative anxiety; however, as demonstrated in Chapter 

4, plasma NEFA concentrations were higher in those samples taken immediately pre-

anaesthetic induction, compared with those samples taken at the pre-operative tests.  This 

finding does suggest increased sympathetic tone was present, as the samples were again 

taken in the fasting state.  Similarly, any effect this may have had on changes in skeletal 

muscle UCP3 levels is not known. 

Further research 

Further work is required to clarify a number of issues resulting from this work.  It is not 

known whether the changes in skeletal muscle energy metabolism are the same in patients 
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with heart failure arising from different aetiologies.  The metabolic changes taking place in 

the periphery may be different in heart failure with preserved ejection fraction (diastolic 

heart failure) compared with heart failure with reduced ejection fraction (systolic heart 

failure).  This could be investigated by studying three groups: one with normal age matched 

controls, one with dilated cardiomyopathy patients who have predominantly systolic heart 

failure with low ejection fractions, and a third group comprising patients with predominantly 

diastolic heart failure - aortic stenotics or hypertensives for example.  Muscle biopsies could 

be taken for direct assessment of mitochondrial function and immunoblotting for protein 

measurements, although needle biopsies may be too small to perform all desired 

experiments. 

Further work is required to clarify the in vivo uncoupling effect of UCP3.  Are protein copy 

numbers important or is the effect related to the concentrations of specific activators? The 

relationship of the mitochondrial inner-membrane potential to the uncoupling effect also 

needs to be confirmed.  These experiments are difficult to perform in vivo, but further in 

vitro work may be able to address these issues. 

 

5.6. Conclusions 

No relationship was found between skeletal muscle UCP3 levels and skeletal muscle high 

energy phosphate concentrations, or their kinetics during exercise.  UCP3 levels increased 

modestly with decreasing ejection fraction and were related to NYHA class.  Patients with 

ventricular dysfunction had increased PCr consumption during exercise and were able to 

exercise for less time than those with normal ventricular function.  Skeletal muscle Qmax was 

related to functional capacity, suggesting that exercise limitation in heart failure may 
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originate from the periphery.  Indirect measurements of blood flow, using NIRS, were 

relatively preserved in patients, compared with PCr recovery rates, suggesting an intrinsic 

skeletal muscle mitochondrial myopathy in heart failure.  Evidence for an impairment of 

skeletal muscle ATP utilisation in cardiac dysfunction has also been found, suggesting that 

mitochondrial dysfunction is not the only energetic abnormality in skeletal muscle in heart 

failure.  
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6.1. Introduction 

The work described in Chapters 4 and 5 investigated relationships between the degree of 

cardiac dysfunction and 
31

P MRS measurements of mitochondrial function (i.e. cardiac 

PCr/ATP ratio (Chapter 3), and skeletal muscle PCr recovery times and Qmax (Chapter 4)).  

However, PCr/ATP ratios are only indirect measures of mitochondrial function.  In order to 

explore the concept of mitochondrial dysfunction more precisely, and to quantify 

mitochondrial coupling, it is necessary to measure mitochondrial respiration directly. 

Uncoupling of mitochondria in heart failure has been suggested by a number of studies.  For 

example, human left ventricular biopsies from patients with end-stage cardiac failure 

undergoing transplantation, compared with unused normal donor hearts, had decreased 

oxygen consumption under ADP stimulation and decreased respiratory control ratios (RCR – 

the ratio of state 3 respiration, the respiratory rate in the presence of substrate and ADP, to 

state 4 respiration, the respiratory rate following the conversion of all added ADP to ATP), 

indicating uncoupling (Sharov, Todor et al 2000).  However, a study on skeletal muscle 

(vastus lateralis) biopsies comparing heart failure patients with normal sedentary and normal 

active controls found similar maximal oxygen consumption in heart failure patients and 

sedentary controls, with only the active controls having higher maximal oxygen 

consumption (Mettauer, Zoll et al 2001).  Using an acute myocardial infarction model in 

dogs, P/O ratios (the ratio of the amount of ATP synthesised from a known amount of ADP 

to the amount of oxygen consumed) were decreased, indicating mitochondrial uncoupling, 

and UCP3 protein levels were increased in mitochondria isolated from the non-infarcted 

ventricular wall (Almsherqi, McLachlan et al 2006).  Similarly, the infarcted failing rat heart 
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has increased UCP3 levels and decreased P/O ratios, again indicating mitochondrial 

uncoupling, possibly mediated by UCP3 (Murray, Cole et al 2008). 

 

6.2. Aims 

The aims of the present study were to explore the relationship between heart failure severity 

and atrial and skeletal muscle mitochondrial respiration rates and, in particular, to look for 

direct evidence of mitochondrial uncoupling.  It was hypothesised that mitochondrial 

coupling would be related to UCP3 levels, and that these variables would both relate to the 

severity of ventricular dysfunction.  Because it is not possible to measure P/O ratios in 

permeabilised muscle biopsies (see Chapter 1), uncoupling was implied by either increased 

respiration rates in the presence of substrate alone, increased oligomycin-inhibited 

respiration rates, or decreased RCR.  The manner in which mitochondrial respiration rates 

were related to cardiac and skeletal muscle 
31

P MRS results was also studied, particularly as 

the decreased cardiac PCr/ATP ratio in heart failure is thought to be reflective of 

mitochondrial dysfunction. 

 

6.3. Methods 

Having been recruited from the cardiothoracic surgery outpatient clinic, and following an 

overnight fast, patients (n = 18) attended the Oxford Centre for Clinical Magnetic Resonance 

Research (OCMR) at a convenient time before their scheduled surgery.  A clinical history 

was taken and demographic and anthropometric data recorded as described in Chapter 2. 

Patients then underwent skeletal muscle and cardiac 
31

P MRS and cardiac MRI cine imaging 

as described in Chapter 2.  The order of tests was always skeletal muscle 
31

P MRS first, 



- 178 - 

 

followed by cardiac MRI, in order that patients were rested before repeating the exercise 

protocol outside the MRI suite to measure skeletal muscle oxygen saturation SmO2 using 

near-infrared spectroscopy, as described in Chapter 2.  Patients were then provided with a 

light lunch.  Once refreshed, patients performed the six-minute walk test (6MWT) and 

underwent transthoracic echocardiography as described in Chapter 2, afterwhich they were 

discharged. 

During the scheduled operation, pectoralis major muscle was biopsied following sternotomy 

and right atrial appendage tissue was obtained at venous cannulation if surgery was 

performed using cardio-pulmonary bypass, or after exposure of the heart, prior to the 

commencement of grafting, if surgery was performed without cardio-pulmonary bypass.  

The tissue was immediately washed in physiological (0.9 % w/v) saline and divided into two 

parts; one was snap-frozen in liquid nitrogen, then stored at -80˚C for future Western blot 

analysis, the other was placed into ice cold sodium lactate (Hartmann’s) solution and taken 

immediately for analysis of mitochondrial respiration as described in Chapter 2. 

Ventricular dysfunction was said to be present if patients had systolic and/or diastolic 

ventricular impairment as defined in Chapter 2. 

Statistical analysis 

Variables and sub-groups of variables were assessed for normality by Shapiro-Wilk tests and 

visual inspection of quantile-quantile plots.  Homogeneity of variance was assessed using 

Levene’s tests (Field 2009).  Variables were transformed if necessary to render them 

normally distributed.  In the majority of cases the data were found to be positively skewed; 

in such cases log transformations produced acceptable normality and stability of variance. 
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Regression analyses were performed to assess the degree to which one variable could be 

predicted from another, with standardised beta (β) and associated p value (p) reported.  

Standardised beta is the degree of change of the outcome variable for unit change of the 

predictor in standard deviation units (Field 2009).  One-tailed statistical tests were used, 

unless indicated, because of the directional nature of the hypothesis.  Because of the low 

number of subjects in this study, NYHA groups were compared by combining classes 1 and 

2 (class 1 comprised only one subject); and comparing the combination with class 3 patients.  

Groups were then compared using the non-parametric Mann-Whitney U test.  When subjects 

were divided according to the presence or absence of ventricular dysfunction, parametric 

assumptions were not met, so the non-parametric Mann-Whitney U test was used and 

reported as MW and the p value.  Missing data were excluded from analyses on a case-by-

case basis and were not imputed using any method.  
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Figure 6.1. CONSORT-type flow diagram to describe the inclusion of subjects from the 

recruited cohort presented in Chapter 3. 

MRS – magnetic resonance spectroscopy, CMR – cardiac magnetic resonance imaging, TTE – 

trans-thoracic echocardiography, 6MWT – six-minute walk test, NIRS – near-infrared 

spectroscopy, SM – skeletal muscle, blot – immunoblotting, GLUT4 – glucose transporter-4, pyr 

– pyruvate, glu – glutamate, palm – palmitate. 
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6.4. Results 

Seventeen patients had successful mitochondrial respiration measurements performed on 

atrial biopsies; electrode failure prevented the experiments from being performed on one set 

of atrial and skeletal muscle biopsies.  The number of successful skeletal muscle 

experiments varied because occasionally the skeletal muscle biopsy consisted of a large 

proportion of fat and connective tissue and consequently too few muscle fibres on which to 

perform complete respiration experiments.  The final skeletal muscle numbers were 

therefore: 15 subjects for skeletal muscle pyruvate oxidation, and 12 subjects for skeletal 

muscle glutamate and palmitate oxidation. 

The patient cohort for this study was a subsection of the one described in Chapter 3.  There 

were 15 men and 2 women.  Respiration rates for various substrates are shown in Table 6.1 

for atrial biopsies and Table 6.2 for skeletal muscle biopsies. 

 

Table 6.1. Atrial oxidation rates for the substrates tested 

O2 consumption  

(nmol/min/mg (ww)) 

Substrate + ADP + Oligomycin + FCCP RCR 

Glutamate (n = 17) 0.29 ± 0.09 0.41 ± 0.16 0.37 ± 0.18 0.57 ± 0.30 1.4 ± 0.5 

Pyruvate (n = 17) 0.47 ± 0.21 0.56 ± 0.20 0.50 ± 0.18 0.82 ± 0.28 1.2 ± 0.1 

Palmitate (n = 17) 0.43 ± 0.20 0.57 ± 0.19 0.52 ± 0.13 0.73 ± 0.19 1.3 ± 0.2 

 Data are expressed as means ± SD. 

ww – wet weight, ADP – adenosine diphosphate, FCCP - carbonyl cyanide p-

(trifluoromethoxy)phenylhydrazone, RCR – respiratory control ratio.  
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Table 6.2. Skeletal muscle oxidation rates for the substrates tested 

O2 consumption  

(nmol/min/mg (ww)) 

Substrate + ADP + Oligomycin + FCCP RCR 

Glutamate (n = 12) 0.21 ± 0.11 0.28 ± 0.16 0.27 ± 0.14 0.40 ± 0.24 1.4 ± 0.4 

Pyruvate (n = 15) 0.31 ± 0.15 0.42 ± 0.20 0.40 ± 0.15 0.76 ± 0.34 1.6 ± 0.4 

Palmitate (n = 12) 0.33 ± 0.14 0.38 ± 0.12 0.34 ± 0.10 0.45 ± 0.15 1.2 ± 0.2 

 Data are expressed as means ± SD 

ww – wet weight, ADP – adenosine diphosphate, FCCP - carbonyl cyanide p-

(trifluoromethoxy)phenylhydrazone, RCR - respiratory control ratio. 

 

Mitochondrial respiration and cardiac function 

Mitochondrial respiration rates with any substrate, from either atria or skeletal muscle, were 

not predicted by left ventricular ejection fraction (LVEF), left-ventricular end-diastolic 

volume (LV-EDV), E/E’ ratio or six-minute walk test (6MWT) distance (data not shown).  

Comparisons between patients in NYHA class 1 and 2, and NYHA class 3, revealed no 

significant differences in respiration rates with any substrate or intervention (Table 6.3 and 

Table 6.4). There were no differences in respiration rate between those with ventricular 

dysfunction and those with normal ventricular function (defined earlier) (Table 6.5 and 

Table 6.6).  
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Table 6.3. Atrial mitochondrial respiration grouped according to NYHA class. 

O2 consumption NYHA 1 + 2 (n = 11) 

(nmol/min/mg (ww))  

NYHA 3 (n = 6) 

(nmol/min/mg (ww)) 

p value 

(2 – tailed) 

Glu 0.31 (0.24 - 0.33) 0.26 (0.24 - 0.31) 0.46 

Glu + ADP 0.41 (0.29 - 0.63) 0.34 (0.29 - 0.48) 0.69 

Glu + ADP + Oligo 0.33 (0.26 - 0.54) 0.31 (0.24 - 0.41) 0.53 

Glu + ADP + Oligo + FCCP 0.62 (0.38 - 0.70) 0.41 (0.35 - 0.71) 0.46 

Pyr 0.44 (0.30 - 0.70) 0.45 (0.27 - 0.65) 0.69 

Pyr + ADP 0.50 (0.40 - 0.78) 0.56 (0.36 - 0.78) 0.69 

Pyr + ADP + Oligo 0.42 (0.40 - 0.72) 0.52 (0.32 - 0.67) 0.84 

Pyr + ADP + Oligo + FCCP 0.81 (0.74 - 0.94) 0.84 (0.55 - 1.00) 0.76 

Palm 0.50 (0.30 - 0.63) 0.38 (0.31 - 0.69) 0.84 

Palm + ADP 0.50 (0.39 - 0.69) 0.53 (0.38 - 0.76) 0.99 

Palm + ADP + Oligo 0.57 (0.46 - 0.55) 0.49 (0.36 - 0.64) 0.92 

Palm + ADP + Oligo + FCCP 0.73 (0.56 - 0.94) 0.72 (0.52 - 0.92) 0.88 

Data are presented as medians (IQR). 

NYHA – New York Heart Association, Glu – glutamate, ADP – adenosine diphosphate, 

Oligo – oligomycin, FCCP - carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone, Pyr – 

pyruvate, Palm – palmitate, ww – wet weight.  
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Table 6.4. Skeletal muscle mitochondrial respiration grouped according to NYHA 

class. 

O2 consumption NYHA 1 + 2 

(nmol/min/mg (ww)) (n) 

NYHA 3 

(nmol/min/mg (ww)) (n) 

p value 

(2 – tailed) 

Glu 0.18 (0.16 - 0.29) (8) 0.16 (0.07 - 0.28) (4) 0.40 

Glu + ADP 0.27 (0.18 - 0.37) (8) 0.23 (0.08 - 0.44) (4) 0.61 

Glu + ADP + Oligo 0.25 (0.19 - 0.40) (8) 0.21 (0.07 - 0.45) (4) 0.73 

Glu + ADP + Oligo + FCCP 0.42 (0.19 - 0.58) (8) 0.35 (0.13 - 0.72) (4) 0.99 

Pyr 0.28 (0.22 - 0.39) (10) 0.29 (0.17 - 0.40) (5) 0.91 

Pyr + ADP 0.42 (0.33 - 0.58) (10) 0.40 (0.31 - 0.50) (5) 0.75 

Pyr + ADP + Oligo 0.37 (0.29 - 0.48) (10) 0.36 (0.30 - 0.48) (5) 0.75 

Pyr + ADP + Oligo + FCCP 0.75 (0.50 - 1.00) (10)  0.67 (0.51 - 1.09) (5) 0.91 

Palm 0.31 (0.18 - 0.46) (8) 0.35 (0.23 - 0.42) (4) 0.88 

Palm + ADP 0.43 (0.23 - 0.51) (8) 0.38 (0.30 - 0.40) (4) 0.54 

Palm + ADP + Oligo 0.36 (0.23 - 0.46) (8) 0.34 (0.28 - 0.37) (4) 0.76 

Palm + ADP + Oligo + FCCP 0.46 (0.34 - 0.64) (8) 0.39 (0.34 - 0.48) (4) 0.54 

Data are presented as medians (IQR). 

Medians compared using Mann-Witney U test. 

NYHA – New York Heart Association, Glu – glutamate, ADP – adenosine diphosphate, 

Oligo – oligomycin, FCCP - carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone, Pyr – 

pyruvate, Palm – palmitate, ww – wet weight. 
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Table 6.5. Atrial mitochondrial respiration grouped according to the presence or 

absence of ventricular dysfunction. 

O2 consumption Normal ventricular 

function ( n = 10) 

(nmol/min/mg (ww)) 

Ventricular dysfunction 

(n = 7) 

(nmol/min/mg (ww)) 

p value 

(2 – tailed) 

Glu 0.28 (0.23 - 0.36) 0.31 (0.26 - 0.32) 0.63 

Glu + ADP 0.33 (0.28 - 0.54) 0.43 (0.33 - 0.51) 0.52 

Glu + ADP + Oligo 0.29 (0.24 - 0.48) 0.35 (0.29 - 0.45) 0.52 

Glu + ADP + Oligo + FCCP 0.42 (0.30 - 0.68) 0.63 (0.41 - 0.98) 0.13 

Pyr 0.52 (0.30 - 0.72) 0.31 (0.28 - 0.52) 0.21 

Pyr + ADP 0.63 (0.41 - 0.81) 0.43 (0.40 - 0.58) 0.14 

Pyr + ADP + Oligo 0.55 (0.37 - 0.73) 0.40 (0.34 - 0.49) 0.24 

Pyr + ADP + Oligo + FCCP 0.92 (0.80 - 1.04) 0.70 (0.58 - 0.78) 0.02* 

Palm 0.44 (0.31 - 0.64) 0.38 (0.29 - 0.51) 0.50 

Palm + ADP 0.60 (0.36 - 0.70) 0.55 (0.39 - 0.66) 0.85 

Palm + ADP + Oligo 0.51 (0.44 - 0.61) 0.49 (0.38 - 0.55) 0.63 

Palm + ADP + Oligo + FCCP 0.68 (0.53 - 0.92) 0.80 (0.56 - 0.96) 0.70 

Data are presented as medians (IQR).  Medians compared using Mann-Witney U test. 

* p < 0.05   

Glu – glutamate, ADP – adenosine diphosphate, Oligo – oligomycin, FCCP - carbonyl 

cyanide p-(trifluoromethoxy)phenylhydrazone, Pyr – pyruvate, Palm – palmitate, ww – wet 

weight. 
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Table 6.6. Skeletal muscle mitochondrial respiration grouped according to the presence 

or absence of ventricular dysfunction. 

O2 consumption Normal ventricular 

function 

(nmol/min/mg (ww)) (n) 

Ventricular dysfunction 

(nmol/min/mg (ww)) (n) 

p value 

(2 – tailed) 

Glu 0.17 (0.13 - 0.22) (7) 0.24 (0.12 - 0.38) (5) 0.29 

Glu + ADP 0.24 (0.17 - 0.38) (7) 0.34 (0.13 - 0.49) (5) 0.57 

Glu + ADP + Oligo 0.22 (0.13 - 0.33) (7) 0.29 (0.15 - 0.46) (5) 0.47 

Glu + ADP + Oligo + FCCP 0.33 (0.12 - 0.55) (7) 0.50 (0.19 - 0.65) (5) 0.57 

Pyr 0.27 (0.17 - 0.39) (9) 0.32 (0.25 - 0.37) (6) 0.71 

Pyr + ADP 0.40 (0.33 - 0.54) (9) 0.45 (0.33 - 0.47) (6) 0.79 

Pyr + ADP + Oligo 0.36 (0.28 - 0.54) (9) 0.39 (0.31 - 0.44) (6) 0.87 

Pyr + ADP + Oligo + FCCP 0.69 (0.52 - 0.99) (9) 0.71 (0.50 - 1.00) (6) 0.79 

Palm 0.27 (0.19 - 0.42) (7) 0.43 (0.24 - 0.46) (5) 0.46 

Palm + ADP 0.37 (0.27 - 0.47) (7) 0.39 (0.28 - 0.51) (5) 0.77 

Palm + ADP + Oligo 0.33 (0.27 - 0.38) (7) 0.35 (0.25 - 0.46) (5) 0.66 

Palm + ADP + Oligo + FCCP 0.42 (0.32 - 0.64) (7) 0.41 (0.38 - 0.54) (5) 0.77 

Data are presented as medians (IQR). 

Medians compared using Mann-Witney U test. 

Glu – glutamate, ADP – adenosine diphosphate, Oligo – oligomycin, FCCP - carbonyl 

cyanide p-(trifluoromethoxy)phenylhydrazone, Pyr – pyruvate, Palm – palmitate, ww – wet 

weight. 
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Mitochondrial respiration and 
31

P magnetic resonance spectroscopy data 

Cardiac PCr/ATP ratio was not predicted by atrial mitochondrial respiration rates using any 

substrate or inhibitor (data not shown).  Skeletal muscle mitochondrial respiration rates did 

not predict resting high energy phosphorus metabolites or phosphocreatine kinetic data (data 

not shown). 

Mitochondrial proteins and cardiac function 

Left ventricular ejection fraction did not predict atrial or skeletal muscle levels of citrate 

synthase (CS), adenine nucleotide transporter (ANT), α-ketoglutarate dehydrogenase 

(αKGD), medium chain acyl-CoA dehydrogenase (MCAD), glucose transporter-4 (GLUT4), 

or electron transport chain (ETC) complexes 1-5 (data not shown).  Left-ventricular end-

diastolic volume was found to predict atrial αKGD levels (β = 0.56, p < 0.01) (Figure 6.2), 

atrial ANT levels (β = 0.69, p < 0.001) (Figure 6.3), atrial ETC complex 1 (β = 0.55, p < 

0.01) (Figure 6.4), complex 2 (β = 0.60, p < 0.01) (Figure 6.5) and complex 3 (β = 0.63, p < 

0.01) (Figure 6.6) and atrial CS levels (β = 0.50, p < 0.05) (Figure 6.6).  Left-ventricular 

end-diastolic volume did not predict GLUT4 (β = 0.28, p = 0.14), MCAD (β = 0.39, p = 

0.05) or ETC complex 4 (β = 0.17, p = 0.25) and complex 5 (β = 0.32, p = 0.10).  The 

diastolic parameter E/E’ was not predictive of atrial or skeletal muscle levels of αKGD, 

ANT, GLUT4, MCAD, CS or ETC complexes, nor was 6MWT distance (data not shown).  

There were no differences in atrial levels of αKGD, ANT, GLUT4, MCAD, CS or ETC 

complexes, if patients were divided into groups according to NYHA class (Table 6.7), or 

according to the presence or absence of ventricular dysfunction (Table 6.8).  Patients with 

ventricular dysfunction had decreased levels of skeletal muscle αKGD, ANT and MCAD 

levels, compared with patients without ventricular dysfunction (Table 6.9), however there 
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were no differences in skeletal muscle mitochondrial protein levels if patients were divided 

in NYHA groups (Table 6.10). 

 

 
 

Figure 6.2. Scatter-plot showing atrial α-ketoglutarate dehydrogenase level plotted 

against left ventricular end-diastolic volume. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  Values of left ventricular end-diastolic volume had a positively skewed 

distribution.  These were successfully transformed to statistical normality by taking 

logarithms (base 10). 

β = 0.56, p < 0.01 aKGD – α-ketoglutarate dehydrogenase 
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Figure 6.3. Scatter-plot showing the atrial adenine nucleotide transporter level plotted 

against left ventricular end-diastolic volume. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  Values of left ventricular end-diastolic volume had a positively skewed 

distribution.  These were successfully transformed to statistical normality by taking 

logarithms (base 10). 

β = 0.69, p < 0.001 

ANT – adenine nucleotide transporter  
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Figure 6.4. Scatter-plot showing atrial electron transport chain complex 1 level plotted 

against left ventricular end-diastolic volume. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  Values of left ventricular end-diastolic volume had a positively skewed 

distribution.  These were successfully transformed to statistical normality by taking 

logarithms (base 10). 

β = 0.55, p < 0.01 

ETC C1 – electron transport chain complex-1 
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Figure 6.5. Scatter-plot showing atrial electron transport chain complex 2 level plotted 

against left ventricular end-diastolic volume. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  Values of left ventricular end-diastolic volume had a positively skewed 

distribution.  These were successfully transformed to statistical normality by taking 

logarithms (base 10). 

β = 0.60, p < 0.01 

ETC C2 – electron transport chain complex-2 
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Figure 6.6. Scatter-plot showing atrial electron transport chain complex 3 level plotted 

against left ventricular end-diastolic volume. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  Values of left ventricular end-diastolic volume had a positively skewed 

distribution.  These were successfully transformed to statistical normality by taking 

logarithms (base 10). 

β = 0.63, p < 0.01 

ETC C3 – electron transport chain complex-3 

 



- 193 - 

 

Table 6.7. Atrial mitochondrial proteins grouped according to NYHA class. 

 NYHA 1 + 2 (n = 12) 

(a.u.) 

NYHA 3 (n = 6) 

(a.u.) 

p value 

(2 – tailed) 

Citrate synthase 1.20 (0.68 - 1.49) 0.82 (0.73 - 1.17) 0.26 

αKGD 1.05 (0.70 - 1.20) 1.13 (0.86 - 1.31) 0.51 

ANT 1.00 (0.88 - 1.17) 1.16 (1.01 - 1.37) 0.19 

GLUT4 1.00 (0.77 - 1.31) 0.93 (0.78 - 1.11) 0.84 

MCAD 1.03 (0.88 - 1.21) 1.03 (0.82 - 1.34) 1.00 

ETC C1 1.11 (0.85 - 1.24) 0.98 (0.75 - 1.20) 0.59 

ETC C2 0.88 (0.83 - 1.21) 0.78 (0.63 - 1.34) 0.45 

ETC C3 1.06 (0.82 - 1.23) 1.00 (0.86 - 1.14) 0.62 

ETC C4 1.03 (0.93 - 1.25) 0.89 (0.73 - 1.05) 0.11 

ETC C5 1.01 (0.68 - 1.27) 1.00 (0.89 - 1.31) 0.64 

Data are presented as medians (IQR).  Medians compared using Mann-Witney U test. 

NYHA – New York Heart Association, αKGD – alpha-ketoglutarate dehydrogenase, ANT – 

adenine nucleotide translocase, GLUT4 – glucose transporter-4, MCAD – medium chain 

acyl-CoA dehydrogenase, ETC C – electron transport chain complex. 
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Table 6.8. Atrial mitochondrial proteins grouped according to the presence or absence 

of ventricular dysfunction. 

 Normal ventricular function 

(n = 10) (a.u.) 

Ventricular dysfunction 

(n = 8) (a.u.) 

p value 

(2 – tailed) 

Citrate synthase 0.89 (0.60 - 1.32) 1.15 (0.79 - 2.04) 0.29 

αKGD 0.84 (0.53 - 1.26) 1.19 (1.04 - 1.25) 0.13 

ANT 0.91 (0.77 - 1.18) 1.16 (1.05 - 1.24) 0.09 

GLUT4 0.92 (0.61 - 1.15) 1.00 (0.83 - 1.31) 0.38 

MCAD 1.07 (0.86 - 1.33) 1.00 (0.87 - 1.20) 0.72 

ETC C1 0.98 (0.75 - 1.19) 1.16 (0.97 - 1.24) 0.25 

ETC C2 0.85 (0.57 - 1.14) 0.99 (0.84 - 1.38) 0.29 

ETC C3 0.97 (0.80 - 1.08) 1.17 (0.89 - 1.27) 0.17 

ETC C4 0.97 (0.81 - 1.14) 1.03 (0.92 - 1.20) 0.59 

ETC C5 1.00 (0.77 - 1.25) 1.06 (0.72 - 1.28) 0.99 

Data are presented as medians (IQR).  Medians compared using Mann-Witney U test. 

αKGD – alpha-ketoglutarate dehydrogenase, ANT – adenine nucleotide translocase, GLUT4 

– glucose transporter-4, MCAD – medium chain acyl-CoA dehydrogenase, ETC C – 

electron transport chain complex. 

  



- 195 - 

 

Table 6.9. Skeletal muscle mitochondrial proteins grouped according to the presence or 

absence of ventricular dysfunction. 

 Normal ventricular 

function (n = 10) (a.u.) 

Ventricular dysfunction 

(n = 8) (a.u.) 

p value 

(2 – tailed) 

Citrate synthase 1.16 (0.47 - 1.76) 0.72 (0.57 - 0.82) 0.12 

αKGD 1.14 (0.93 - 1.87) 0.51 (0.39 - 1.00) 0.02* 

ANT 1.13 (0.90 - 1.24) 0.62 (0.36 - 0.73) 0.02* 

GLUT4 1.24 (0.82 - 1.59) 0.94 (0.55 - 1.19) 0.41 

MCAD 0.82 (0.46 - 1.31) 0.35 (0.22 - 0.76) 0.03* 

ETC C1 0.72 (0.51 - 1.03) 0.80 (0.31 - 1.22) 0.99 

ETC C2 1.16 (0.76 - 1.59) 0.80 (0.60 - 0.91) 0.10 

ETC C3 1.01 (0.65 - 1.43) 0.87 (0.42 - 1.20) 0.47 

ETC C4 1.10 (0.76 - 1.51) 0.70 (0.29 - 0.99) 0.06 

ETC C5 0.79 (0.55 - 1.18) 1.16 (0.93 - 1.31) 0.07 

Data are presented as medians (IQR).  Medians compared using Mann-Witney U test. 

For GLUT4 analysis: normal ventricular function n = 8, ventricular dysfunction n = 7. 

* p < 0.05.   

αKGD – alpha-ketoglutarate dehydrogenase, ANT – adenine nucleotide translocase, GLUT4 

– glucose transporter-4, MCAD – medium chain acyl-CoA dehydrogenase, ETC C – 

electron transport chain complex. 
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Table 6.10. Skeletal muscle mitochondrial proteins grouped according to NYHA class. 

 NYHA 1 + 2 (n = 12) 

(a.u.) 

NYHA 3 (n = 6) 

(a.u.) 

p value 

(2 – tailed) 

Citrate synthase 0.81 (0.63 - 1.24) 1.00 (0.38 - 1.50) 0.96 

αKGD 0.92 (0.65 - 1.33) 1.27 (0.33 - 1.69) 0.95 

ANT 0.87 (0.50 - 1.14) 0.87 (0.47 - 1.38) 0.80 

GLUT4 1.05 (0.69 - 1.44) 0.90 (0.80 - 1.52) 0.95 

MCAD 0.53 (0.29 - 0.82) 0.70 (0.35 - 1.54) 0.42 

ETC C1 0.72 (0.55 - 0.95) 0.75 (0.28 - 1.46) 0.83 

ETC C2 0.87 (0.60 - 1.10) 1.24 (0.78 - 1.48) 0.34 

ETC C3 1.01 (0.74 - 1.09) 0.47 (0.37 - 0.47) 0.43 

ETC C4 0.81 (0.46 - 1.21) 0.99 (0.72 - 1.92) 0.53 

ETC C5 1.07 (0.55 - 1.21) 0.96 (0.77 - 1.52) 0.84 

Data are presented as medians (IQR).  Medians compared using Mann-Witney U test. 

For GLUT4 analysis: NYHA 1+ 2 n = 9, NYHA 3 n = 6. 

NYHA – New York Heart Association, αKGD – alpha-ketoglutarate dehydrogenase, ANT – 

adenine nucleotide translocase, GLUT4 – glucose transporter-4, MCAD – medium chain 

acyl-CoA dehydrogenase, ETC C – electron transport chain complex. 
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Mitochondrial proteins and energetics 

Atrial mitochondrial CS, ANT, MCAD, GLUT4, αKGD and ETC complex protein levels 

were not predictive of cardiac PCr/ATP ratio (data not shown).  Resting skeletal muscle high 

energy phosphorus metabolite concentrations were not predicted by skeletal muscle levels of 

CS, ANT, MCAD, GLUT4, αKGD and ETC complexes (data not shown).  Maximum rate of 

gastrocnemius PCr consumption during exercise, mean PCr consumption during exercise 

and PCr recovery rate following exercise were not predicted by skeletal muscle levels of CS, 

ANT, MCAD, GLUT4, αKGD and ETC complexes (data not shown).  Skeletal muscle 

GLUT4 levels predicted mean gastrocnemius oxygen consumption during exercise (β = -

0.58, p < 0.05) (Figure 6.7). 
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Figure 6.7. Scatter-plot showing mean gastrocnemius oxygen consumption during 

exercise plotted against skeletal muscle GLUT4 levels. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  Values of gastrocnemius mean oxygen consumption had a positively 

skewed distribution.  These were successfully transformed to statistical normality by taking 

logarithms (base 10). 

β = -0.58, p < 0.05 

GLUT4 - glucose transporter-4 
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Mitochondrial proteins and tissue respiration rates 

Atrial ANT levels were predictive of atrial tissue pyruvate respiration under conditions of: 

substrate alone (β = 0.49, p < 0.05) (data not shown), ADP-stimulation (β = 0.53, p < 0.05) 

(Figure 6.8) and oligomycin-inhibition (β = 0.52, p < 0.05) (data not shown).  There was no 

relationship to uncoupled maximal respiration rates with the addition of the chemical 

uncoupler FCCP (data not shown).  Atrial ANT levels were also predictive of atrial tissue 

palmitate oxidation rates under conditions of: substrate alone (β = 0.41, p < 0.05), ADP 

stimulation (β = 0.47, p < 0.05) (Figure 6.9), and oligomycin inhibition (β = 0.47, p < 0.05) 

(data not shown).  There was no relationship to maximal FCCP-stimulated respiration rates 

(data not shown).  Atrial ANT levels were not predictive of atrial glutamate respiration rates 

(data not shown).  Skeletal muscle ANT levels did not predict skeletal muscle tissue 

respiration with any combination of substrates or inhibitors (data not shown). 

Atrial ETC complexes did not predict atrial tissue respiration rates with any combination of 

substrate or inhibitor (data not shown).  Skeletal muscle ETC complex levels were not 

predictive of skeletal muscle tissue pyruvate, glutamate or palmitate respiration rates (data 

not shown). 
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Figure 6.8. Scatter-plot showing atrial ADP-stimulated pyruvate respiration plotted 

against atrial ANT levels. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  Permeabilised tissue was incubated with pyruvate as substrate and 

respiration was stimulated by the addition of ADP.  Respiration was measured as oxygen 

consumption and indexed to tissue wet weight.  

β = 0.53, p < 0.05 

ADP – adenosine diphosphate, ANT – adenine nucleotide transporter 
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Figure 6.9. Scatter-plot showing atrial ADP-stimulated palmitate respiration plotted 

against atrial ANT levels. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. Permeabilised tissue was incubated with palmitate as substrate and 

respiration was stimulated by the addition of ADP.  Respiration was measured as oxygen 

consumption and indexed to tissue wet weight.    

β = 0.47, p < 0.05 

ADP – adenosine diphosphate, ANT – adenine nucleotide transporter 
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Atrial citrate synthase levels were not predictive of atrial tissue pyruvate, palmitate or 

glutamate respiration rates (data not shown).  Skeletal muscle citrate synthase levels were 

predictive of skeletal muscle tissue pyruvate respiration rates under conditions of substrate 

only (β = 0.75, p < 0.001) (data not shown), ADP stimulation (β = 0.63, p < 0.01) (Figure 

6.10) and oligomycin inhibition (β = 0.84, p = < 0.001) (data not shown).  Skeletal muscle 

citrate synthase levels did not predict FCCP-uncoupled pyruvate respiration rates (data not 

shown), nor palmitate or glutamate respiration rates with any combination of substrate or 

inhibitor (data not shown). 

Atrial MCAD levels predicted the following atrial tissue palmitate respiration rates: substrate 

alone (β = 0.63, p < 0.01) (data not shown), ADP-stimulation (β = 0.57, p < 0.05) (Figure 

6.11) and oligomycin-inhibition (β = 0.55, p < 0.05) (data not shown).  Atrial MCAD levels 

were also predictive of the following atrial tissue pyruvate respiration rates: substrate alone 

(β = 0.67, p < 0.01), ADP-stimulation (β = 0.66, p < 0.01) (Figure 6.12) and oligomycin-

inhibition (β = 0.66, p < 0.01) (data not shown), but were unrelated to glutamate respiration 

rates (data not shown). 

Skeletal muscle MCAD levels negatively predicted skeletal muscle tissue palmitate 

oxidation rates: substrate alone (β = -0.77, p = < 0.01) (data not shown), ADP-stimulation (β 

= -0.73, p < 0.01) (Figure 6.13) and oligomycin-inhibition (β = -0.68, p < 0.01) (data not 

shown), but were not related to FCCP-uncoupled rates (data not shown).  Skeletal muscle 

MCAD levels were unrelated to skeletal muscle tissue pyruvate or glutatmate respiration 

rates (data not shown). 

 

  



- 203 - 

 

 
 

Figure 6.10. Scatter-plot showing skeletal muscle ADP-stimulated pyruvate respiration 

plotted against skeletal muscle citrate synthase levels. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  Values of skeletal muscle ADP-stimulated pyruvate respiration had a 

positively skewed distribution.  These were successfully transformed to statistical normality 

by taking logarithms (base 10).  Permeabilised tissue was incubated with pyruvate as 

substrate and respiration was stimulated by the addition of ADP.  Respiration was measured 

as oxygen consumption and indexed to tissue wet weight. 

β = 0.63, p < 0.01 

ADP – adenosine diphosphate  
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Figure 6.11. Scatter-plot showing atrial ADP-stimulated palmitate respiration plotted 

against atrial MCAD levels. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  Values of atrial MCAD level had a positively skewed distribution.  

These were successfully transformed to statistical normality by taking logarithms (base 10).  

Permeabilised tissue was incubated with palmitate as substrate and respiration was 

stimulated by the addition of ADP.  Respiration was measured as oxygen consumption and 

indexed to tissue wet weight. 

β = 0.57, p < 0.01 

ADP – adenosine diphosphate, MCAD – medium chain acyl-CoA dehydrogenase 
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Figure 6.12. Scatter-plot showing atrial ADP-stimulated pyruvate respiration plotted 

against atrial MCAD levels. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line.  Values of atrial MCAD level had a positively skewed distribution.  

These were successfully transformed to statistical normality by taking logarithms (base 10).  

Permeabilised tissue was incubated with pyruvate as substrate and respiration was stimulated 

by the addition of ADP.  Respiration was measured as oxygen consumption and indexed to 

tissue wet weight. 

β = 0.66, p < 0.01 

ADP – adenosine diphosphate, MCAD – medium chain acyl-CoA dehydrogenase 
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Figure 6.13. Scatter-plot showing skeletal muscle ADP-stimulated palmitate oxygen 

consumption plotted against skeletal muscle MCAD levels. 

The solid line is the regression line and the dashed lines are the 95% confidence intervals of 

the regression line. Permeabilised tissue was incubated with palmitate as substrate and 

respiration was stimulated by the addition of ADP.  Respiration was measured as oxygen 

consumption and indexed to tissue wet weight. 

β = -0.73, p < 0.01 

ADP – adenosine diphosphate, MCAD – medium chain acyl-CoA dehydrogenase 
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Atrial and skeletal muscle levels of UCP3 were not predictive of pyruvate, glutamate or 

palmitate (Figures 6.14 and 6.15) respiration rates from respective tissues, or oligomycin-

inhibition.  UCP3 levels did not negatively predict respiratory control ratios (an index of 

mitochondrial coupling, calculated as state 3 respiration/state 4 respiration - or in these 

experiments taken as ADP-stimulated respiration/substrate only respiration) (Table 6.11). 

 

Table 6.11 Table showing correlations between atrial and skeletal muscle UCP3 levels 

and mitochondrial respiration rates and respiratory control ratios 

 Atrial UCP3 level Skeletal muscle UCP3 level 

 Standardised β p n Standardised β p n 

Glu -0.25 0.19 17 -0.02 0.48 12 

Pyr -0.02 0.48 17 -0.32 0.13 15 

Palm 0.07 0.47 17 -0.48 0.08 12 

Glu + Oligo 0.22 0.23 17 -0.04 0.46 12 

Pyr + Oligo -0.14 0.31 17 -0.44 0.06 15 

Palm + Oligo 0.14 0.29 17 -0.55 0.05 12 

Glu RCR 0.73 0.002 17 0.09 0.41 12 

Pyr RCR 0.03 0.47 17 -0.11 0.35 15 

Palm RCR -0.13 0.32 17 0.35 0.16 12 

Glu – glutamate, Pyr – pyruvate, Palm – palmitate, Oligo – oligomycin, RCR – respiratory 

control ratio (state 3 respiration/state 4 respiration – in these experiments taken as (ADP 

stimulated respiration/substrate only respiration), UCP3 – uncoupling protein-3. 
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Figure 6.14. Scatter plots showing atrial palmitate, oligomycin-inhibited palmitate and 

palmitate RCR respiration plotted against atrial UCP3 levels. 

The lines are the regression lines for each variable. Values of atrial palmitate respiration had 

a positively skewed distribution.  These were successfully transformed to statistical 

normality by taking logarithms (base 10).  Permeabilised tissue was incubated with palmitate 

as substrate.  Respiration was measured as oxygen consumption and indexed to tissue wet 

weight. 

Atrial palmitate β = 0.07, p = 0.47 

Atrial oligomycin-inhibited palmitate β = 0.14, p = 0.29 

Atrial palmitate RCR β = -0.13, p = 0.32 

RCR - respiratory control ratio, UCP3 - mitochondrial uncoupling protein-3 
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Figure 6.15. Scatter plots showing skeletal muscle palmitate, oligomycin-inhibited 

palmitate and palmitate RCR respiration plotted against skeletal muscle UCP3 levels. 

The lines are the regression lines for each variable.  Permeabilised tissue was incubated with 

palmitate as substrate.  Respiration was measured as oxygen consumption and indexed to 

tissue wet weight. 

Skeletal muscle palmitate β = -0.48, p = 0.08 

Skeletal muscle oligomycin-inhibited palmitate β = -0.55, p = 0.05 

Skeletal muscle palmitate RCR β = 0.35, p = 0.16 

RCR - respiratory control ratio, UCP3 - mitochondrial uncoupling protein-3 
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6.5. Discussion 

This study did not show a relationship between heart failure severity and mitochondrial 

respiration or indices of mitochondrial coupling; furthermore, tissue levels of UCP3 were not 

related to the indices of mitochondrial coupling measured here.  The atrial expression of a 

number of mitochondrial proteins (ANT, α-KGD, CS and ETC complexes-1, -2 and -3) 

increased with increasing LV-EDV, perhaps a response to increased atrial work in the face 

of elevated ventricular end-diastolic pressure. 

The increased expression of ANT in the atrium was associated with an increase in 

mitochondrial oxygen consumption using pyruvate (Figure 6.8) and palmitate (Figure 6.9) as 

substrates but not with glutamate.  Increased respiration is an expected finding with 

increased ANT levels (Kholodenko, Zilinskiee et al 1987).  As ADP import and ATP export 

from the mitochondrial matrix is facilitated, ADP concentration is maintained at the ATP 

synthase (ETC complex-5), driving respiration.  The controlling influence of ANT is lost 

when the membrane potential is dissipated by FCCP which explains the absence of an 

association between ANT levels and FCCP-stimulated respiration.  It is not clear why atrial 

glutamate respiration rates were not related to atrial ANT levels but this may be secondary to 

an unmeasured variable, for example changes in glutamate dehydrogenase levels or activity.  

Skeletal muscle ANT levels, however, were unrelated to mitochondrial respiration rates, 

perhaps suggesting that changes in ANT expression in skeletal muscle in vivo have little 

overall influence on oxidative capacity.  

The subjects defined as having ventricular dysfunction, whilst not having decreased skeletal 

muscle mitochondrial respiration rates overall, demonstrated a decrease in the skeletal 

muscle levels of αKGD, MCAD and ANT compared to subjects with normal ventricular 
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function.  There were no differences, however, if subjects were divided into NYHA classes 1 

+ 2 and class 3, and none of the skeletal muscle mitochondrial proteins were predicted by 

6MWT distance, left ventricular end-diastolic volume, ejection fraction or E/E’ ratio, 

suggesting no clear relationship between skeletal muscle mitochondrial proteins and heart 

failure of the severity studied here. 

Work performed previously has not demonstrated gross changes in mitochondrial protein 

levels occurring in early heart failure.  In pigs, ANT levels are normal in the compensated 

remodelled ventricle following left anterior descending coronary artery ligation, but decrease 

in decompensated cardiac failure (Ning, Zhang et al 2000).  A recent proteomic study of rats 

that underwent aortic constriction showed no change in myocardial citrate synthase levels 

compared with controls (Bugger, Schwarzer et al 2009).  Atrial and skeletal muscle MCAD 

levels were found to be unrelated to heart failure severity in infarcted rat hearts (Morgan, 

Chandler et al 2006), indicating that gross changes in the fatty acid oxidation enzymes occur 

relatively late in heart failure. 

In this study, atrial ETC complexes-1, -2 and -3 were increased as LV-EDV increased, 

perhaps secondary to an increase in atrial work, as mentioned previously, although this 

interpretation is forwarded cautiously, as the the atrial proteins were measured in right atrial 

appendage tissue and end-diastolic volume was measured in the left ventricle.  Otherwise no 

associations were found between heart failure severity and ETC complex levels in atria or 

skeletal muscle.  Studies have previously shown no changes in ETC complex activity in 

heart failure induced by coronary artery microembolisation, but with an apparent defect in 

the electron transport chain found in isolated mitochondrial respiration experiments (Rosca, 

Vazquez et al 2008).  The suggestion has therefore been advanced that there may be an 
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abnormality in the supra-molecular architecture of the inner mitochondrial membrane, which 

would not be detected by experiments examining the level or activity of individual ETC 

complex proteins (Rosca, Vazquez et al 2008). 

Together with ANT, discussed earlier, MCAD levels appeared to relate to mitochondrial 

respiration rate.  Atrial MCAD levels were predictive of palmitate respiration rate.  In 

skeletal muscle, however, MCAD levels were negatively predictive of palmitate respiration, 

which was not expected, and implies the presence of a greater and unmeasured controlling 

influence on skeletal muscle palmitate oxidation rate in these patients. 

Citrate synthase levels were found to be related to pyruvate oxidation rates in skeletal 

muscle.  However, palmitate and glutamate respiration rates were unrelated to citrate 

synthase levels, perhaps implying greater defects upstream in the palmitate and glutamate 

metabolic pathways, rendering the influence of citrate synthase levels redundant. 

Limitations 

There are a number of limitations to the work described in this chapter.  Firstly, the 

respiration rates were measured on different tissue to that measured by the MRS studies: for 

example atrial respiration was compared to ventricular PCr/ATP ratio, and pectoralis major 

respiration was compared to gastrocnemius high energy phosphous metabolite 

concentrations and kinetics.  Ventricular biopsies were too small in this study to measure 

mitochondrial respiration and also perform Western blot analysis, so consequently the atrial 

biopsies alone were used to measure respiration rates from the heart.  The different tissues 

used may explain the lack of relationship between atrial mitochondrial respiration rates and 

cardiac PCr/ATP ratios, and between skeletal muscle respiration and PCr recovery rate or 

Qmax.  It may be, however, that the relationship between mitochondrial respiration and 
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cardiac PCr/ATP ratio is more complicated than a simple linear function, moreover, the 

cardiac PCr/ATP ratio is a global average of all sub-cellular compartments, and is perhaps 

not reflective of the ATP/ADP ratio in the mitochondrial matrix where oxidative 

phosphorylation takes place.  It would have been preferable to have acquired gastrocnemius 

biopsies with which to compare the MRS data.  This would have been possible from the 

patients having saphenous vein harvested as a coronary artery bypass graft, but more 

problematic from those not having coronary artery bypass grafting. 

The number of skeletal muscle respiration measurements was lower than for the atrium, 

which was a more consistent surgical biopsy.  It is possible that numbers were too low, 

resulting in type 2 statistical errors, however visual inspection of the scatter-plots showed no 

apparent linear relationship where none was reported.  Further work will be necessary to 

examine these relationships in greater detail. 

It would be useful to compare mitochondrial respiration and protein expression from patients 

with overt heart failure with normal control tissue to look for differences between the two, or 

as an adjunct to using regression with measurements of cardiac function as was performed 

here.  Due to the invasive nature of biopsies for skeletal muscle and heart in particular, it was 

not feasible to collect control tissue; and the numbers of patients undergoing heart surgery 

with overt heart failure is not substantial, even in centres offering cardiac transplantation.  

For these reasons it was decided to perform an observational-type study aiming to include a 

full range of cardiac function, and to look for relationships between variables.  Data were 

also analysed in this way to avoid having to use arbitrary points to delineate between 

normal/abnormal cardiac function, although for completeness of analysis, patients were 

divided into groups according to the presence/absence of objective evidence of cardiac 
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dysfunction.  However, the degree of heart failure in the cohort studied was mild-moderate 

and well compensated, and therefore perhaps not severe enough for overt changes in 

mitochondrial respiration or protein levels to be apparent. 

It was decided to define systolic dysfunction as a left ventricular ejection fraction of less 

than 55%, and this is somewhat arbitrary.  This value was chosen because the normal range 

for ejection fraction, measured by MRI, used locally (OCMR, John Radcliffe Hospital, 

Oxford), is 57-81%.  It could be argued that ejection fraction is not a completely 

representative measure of systolic function, and is not reflective of subtle systolic 

dysfunction which might involve changes in torsion, longitudinal shortening and strain rates, 

for example, but it is widely clinically used and has been shown to be prognostically 

important (Dickstein, Cohen-Solal et al 2008). 

This study also used the NYHA classification of functional capacity as one way of 

classifying the severity of heart failure.  This is a subjective method of classifying the degree 

of functional capacity and severity of heart failure, relying on patients’ reporting of 

symptoms.  The use of the NYHA classification, however, is also a widely clinically 

accepted means to classify heart failure severity (Dickstein, Cohen-Solal et al 2008), and is 

consistent with previous work examining the relationship between heart failure severity and 

cardiac PCr/ATP ratio (Neubauer, Krahe et al 1992; Neubauer, Horn et al 1997).  The 

6MWT was used as a more objective method to assess functional capacity, albeit in the 

context of subjects with angina, but the most objective method of assessing heart failure, 

cardiopulmonary exercise testing, was not performed for reasons previously discussed in 

Chapters 4 and 5.  
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Lastly, no evidence for mitochondrial uncoupling was observed, but the in-situ tissue 

permeabilisation technique does not allow for the measurement of ADP/O ratios because of 

the presence of functioning ATPases within the tissue.  This would have been the preferred 

method of quantifying mitochondrial coupling.  Instead, uncoupling was inferred by either 

increased oxygen consumption in the presence of oligomycin (an ATP synthase inhibitor), 

substrate alone, or by a decrease in respiratory control ratio.  The respiratory control ratios 

were all quite low in these experiments and this may have been because of the use of a 

submaximal ADP stimulus.  In the present experiments 0.1 mM ADP was used, whereas 

Kuznetsov and colleagues suggest 1 mM (Kuznetsov, Veksler et al 2008).  This may result 

in low apparent “state 3” respiration and low RCR, however RCR should still be 

proportional to the degree of coupling.  Tissue levels of UCP3 were not predictive of any of 

these measures of mitochondrial coupling which is an interesting finding.  This could be 

because the presence/absence of activators of UCP3 are more important than the quantity of 

protein itself, although in the presence of fatty acid, a known activator of UCP3 (Echtay, 

Winkler et al 2001), as was the case in the palmitate respiration experiments, there were still 

no relationships between UCP3 levels and mitochondrial coupling.  The possibility cannot 

be excluded that, despite every effort to keep the tissue samples on ice and to carry out the 

experiments as quickly as possible following biopsy collection, either the mitochondria 

became partly disrupted, resulting in uncoupling to an extent rendering an effect through 

UCP3 insignificant, or that the UCP3 protein itself was damaged/denatured in some way 

during the experimental protocol. 
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Further research 

It would be interesting to investigate the relationship between ventricular function, ANT 

levels and myocardial PCr/ATP ratio, as ANT levels appear to predict mitochondrial 

respiration rate (at least for pyruvate and palmitate in atrial tissue).  There is evidence in 

animal studies for improvements in cardiac energetics with increased ANT levels: ANT 

overexpressing mice showed improved cardiac function six weeks following the induction of 

type 1 diabetes mellitus by streptozotocin compared with controls (Wang, Ebermann et al 

2009). 

To further investigate the role that UCP3 might play in altering mitochondrial function, 

further experiments could use a wider range of the known activators and inhibitors of UCP3 

to delineate the precise effect of UCP3 on mitochondrial respiration rate.  The results could 

be related to measurements of the membrane potential (ΔΨ) itself. 

 

6.6. Conclusions 

In heart failure of mild-moderate severity there were no significant changes in atrial or 

skeletal muscle mitochondrial respiration rates, and no associations were found between 

atrial and skeletal muscle UCP3 levels and indices of mitochondrial coupling; however, 

given the low numbers studied, this will require confirmation.  These findings suggest that 

mitochondrial uncoupling is not a major influence on mitochondrial function in heart failure 

of the severity studied presently; and moreover, that UCP3 levels are not related to the 

degree of mitochondrial uncoupling. 
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CHAPTER 7 

 

 

GENERAL SUMMARY AND CONCLUSIONS 
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7.1. Summary of findings 

The aim of the work in this thesis was to investigate the hypothesis that heart failure is 

accompanied by increased plasma non-esterified fatty acid (NEFA) concentration, which in 

turn increases mitochondrial uncoupling protein-3 (UCP3) expression via peroxisome 

proliferator-activated receptor α (PPARα) activation in the heart and skeletal muscle.  The 

increased UCP3 impairs the ability of mitochondria to synthesise adenosine triphosphate 

(ATP) by oxidative phosphorylation, and perhaps underlies the decreased cardiac 

phosphocreatine (PCr)/ATP ratio previously demonstrated in heart failure patients.  In 

skeletal muscle, the increased expression of UCP3 provides a possible explanation for the 

decreased exercise capacity in heart failure patients and the apparent mitochondrial 

dysfunction observed. 

The main findings of this work were that fasting plasma NEFA concentrations increased 

with increasing heart failure severity (Chapter 4), showing a negative relationship with left 

ventricular ejection fraction (LVEF), a positive relationship to New York Heart Association 

(NYHA) class, and were increased in patients with objective ventricular dysfunction 

(defined as LVEF <55% and/or diastolic dysfunction).  Cardiac PCr/ATP ratio was also 

related to NYHA class and the presence of objective ventricular dysfunction, but not six-

minute walk test distance (6MWT) (Chapter 4).  Skeletal muscle energetic abnormalities 

were related to the severity of heart failure, with initial skeletal muscle PCr consumption at 

exercise onset and PCr consumption during exercise relating negatively to LVEF, and PCr 

consumption was increased in patients with ventricular dysfunction compared to those with 

normal ventricular function (Chapter 5).  The maximal rate of skeletal muscle ATP synthesis 

(Qmax) was found to be related to NYHA functional class and 6MWT test distance, as was 
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the dissociation between PCr recovery and muscle reoxygenation following exercise, but 

was unrelated to objective measures of ventricular dysfunction, suggesting a peripheral cause 

for exercise limitation in heart failure (Chapter 5). 

Fasting plasma NEFA concentrations were also found to relate to resting skeletal muscle 

PCr/ATP ratio, ADP concentration and skeletal muscle Qmax (Chapter 5), but were unrelated 

to the cardiac PCr/ATP ratio (Chapter 4).  Fasting plasma NEFA concentrations did not 

predict ventricular (Chapter 4) or skeletal muscle (Chapter 5) UCP3 levels, but were 

moderately predictive of atrial UCP3 levels (Chapter 4).  No associations were found 

between ventricular UCP3 levels and cardiac PCr/ATP ratio (Chapter 4), or with skeletal 

muscle UCP3 levels and skeletal muscle high energy phosphate concentrations or PCr 

kinetics during exercise (Chapter 5).  Moreover, no associations were found between atrial 

and skeletal muscle UCP3 levels and indices of mitochondrial coupling measured directly in 

mitochondrial respiration experiments (Chapter 6). 

Ventricular UCP3 levels were related to NYHA class (Chapter 4), as were skeletal muscle 

UCP3 levels (Chapter 5), but only skeletal muscle UCP3 levels were related to objective 

measurements of ventricular dysfunction, being weakly predicted by LVEF (Chapter 5). 

Notwithstanding the small sample size, no relationship was found between heart failure 

severity and mitochondrial respiration rates (Chapter 6).  The skeletal muscle expression of 

adenine nucleotide transporter, α-ketoglutarate dehydrogenase and medium chain acyl-CoA 

dehydrogenase was decreased in patients with objective ventricular dysfunction, but this did 

not result in apparent mitochondrial dysfunction (Chapter 6). 
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7.2. Limitations 

There are a number of limitations to the work presented in this thesis.  Firstly, the study was 

designed as an observational study and had no control group.  This was because it was 

considered impractical to obtain reliable myocardial control tissue.  The only option for 

obtaining normal control myocardial biopsies comes from unused normal donor hearts.  

These are kept on ice for a number of hours whilst delivered to the transplant centre before 

the decision not to transplant is made.  The effect of this cold ischaemic time on UCP3 

protein levels is unknown, but the half life of UCP3 is known to be relatively short for a 

mitochondrial protein (Azzu, Jastroch et al 2010).  The control hearts are also very unlikely 

to be age matched – the majority coming from young trauma victims as opposed to the older 

patients presenting for cardiac surgery.  However, within the cohort studied it was possible 

to divide patients into those with ventricular dysfunction and those without ventricular 

dysfunction, based upon LVEF and E/E’. 

Systolic dysfunction was defined as a left ventricular ejection fraction of less than 55%, and 

this was somewhat arbitrary.  This value was chosen because the normal range for ejection 

fraction, measured by MRI, used locally (OCMR, John Radcliffe Hospital, Oxford), is 57-

81%.  It could be argued that ejection fraction is not a completely representative measure of 

systolic function, and is not reflective of subtle systolic dysfunction, but it is widely 

clinically used and has been shown to be of prognostic importance in heart failure 

(Dickstein, Cohen-Solal et al 2008). 

One of the ways in which this study classified heart failure severity was using the NYHA 

classification of functional capacity.  This is a subjective method of classifying the severity 

of heart failure, relying on patients’ reporting of symptoms.  The use of the NYHA 
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classification, however, is also a widely clinically accepted means to classify the severity of 

heart failure (Dickstein, Cohen-Solal et al 2008), and is consistent with previous work 

examining the relationship between heart failure severity and cardiac PCr/ATP ratio 

(Neubauer, Krahe et al 1992; Neubauer, Horn et al 1997).  The 6MWT was used in the 

studies presented here, as a more objective method to assess functional capacity, albeit in the 

context of subjects with angina, but the most objective method of assessing heart failure, 

cardiopulmonary exercise testing, was not performed, partly because of concerns over 

exercising patients with left main coronary artery disease or critical aortic stenosis, and also 

because of the lack of local expertise in performing this test.  There was also concern over 

recruiting sufficient numbers to adequately power the principle findings, so the protocol was 

prevented from becoming too arduous for patients. 

Furthermore, in order to obtain myocardial tissue biopsies, the cohort studied comprised 

patients undergoing cardiac surgery.  Particularly in the case of valvular pathology, one of 

the aims of surgery is to prevent heart failure from occurring, so there were few patients with 

severely impaired ventricular function, as could have been the case if patients with dilated 

cardiomyopathy, for example, were studied.  This is perhaps why no associations were found 

between ventricular function and mitochondrial respiration rates.  On the other hand, the 

advantage of not only selecting patients with impaired ventricular function, was that there 

was a wide range of ventricular function in the cohort, making regression analyses more 

likely to be successful. 

The ventricular biopsies were taken from the epicardial layer which may have a different 

metabolic profile to the endocardium.  It would have been preferable for full thickness 

biopsies to be taken from the ventricle, but the provision of ventricular biopsies was left to 
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the judgement of the operating surgeon and the techniques with which they were familiar, in 

order to avoid exposing patients to undue risk.  The skeletal muscle biopsies were also taken 

from a different muscle than the muscle on which NIRS and 
31

P MRS were performed.  It 

would have been preferable to have acquired gastrocnemius biopsies with which to compare 

with MRS/NIRS data.  This may have been possible from those patients having saphenous 

vein harvested as a coronary artery bypass graft, but more difficult from those not having 

coronary artery bypass grafting.  It was felt that, as the proposed mechanism was not specific 

to a particular muscle group, and as a general mechanism would be expected to occur 

throughout all skeletal muscle, it was preferable to avoid the inclusion of a separate invasive 

muscle biopsy, and instead use the readily accessible pectoralis major muscle as a metabolic 

surrogate for gastrocnemius. 

The skeletal muscle expression of UCP3, however, is fibre-type dependant (Hesselink, 

Keizer et al 2001), and the fibre-type composition of the two muscles could have been 

different.  The patient population is that of relatively elderly, sedentary people with cardiac 

disease, who are not athletically trained.  It was therefore felt unlikely that the fibre-type 

expression between gastrocnemius/soleus (NIRS/MRS) and pectoralis major (UCP3 levels) 

would be dissimilar, secondary to a specific training effect on one or other muscle group.  

The human skeletal muscle fibre-type composition of gastrocnemius and parasternal 

intercostal muscle has been shown to be similar (Gollnick, Sjödin et al 1974; Mizuno and 

Secher 1989). 

The patients studied in the cohort had differing pathology.  The cardiac energetic 

abnormalities in heart failure, measured using 
31

P MRS, appear to be similar regardless of 

the aetiology of the failure (Shivu, Abozguia et al 2010; Conway, Allis et al 1991; de Roos, 
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Doornbos et al 1992; Neubauer, Krahe et al 1992; Conway, Bottomley et al 1998; 

Beyerbacht, Lamb et al 2001), therefore a study such as this, testing a unifying hypothesis, 

would need to include different aetiologies.  It is not as clear whether the skeletal muscle 

energetic abnormalities in heart failure are independant of the aetiology, so it may have been 

preferable to enrol equal numbers of patients into different groups: comprising aortic 

stenosis, coronary artery disease and mitral regurgitation, each with sufficient numbers to be 

powered to detect effect sizes of a moderate magnitude.  The paucity of local patients 

undergoing valve surgery meant that this approach was not feasible, and it was decided that, 

in order to enrol sufficient numbers within a reasonable time frame, all surgical pathology 

would be recruited and treated as a single group. 

It was only possible to measure relative concentrations of high energy phosphorus 

metabolites using 
31

P MRS.  A “normal” ratio of PCr/ATP therefore may be misleading if 

ATP concentration is decreased as well as PCr.  This does occur in heart failure, but is 

thought to be a relatively late phenomenon (Shen, Asai et al 1999; Beer, Seyfarth et al 

2002), and therefore the patients in this cohort were assumed to have normal ATP 

concentrations. 

The hypothesised sequence of events, following ventricular dysfunction, begins with an 

increase in sympathetic tone, but this was not directly measured in this study.  There is an 

established relationship between ventricular function and plasma noradrenaline 

concentration, so it was felt unnecessary to repeat this (Thomas and Marks 1978; Francis, 

Goldsmith et al 1982; Levine, Francis et al 1983). 

The measurement of plasma NEFA concentration is known to vary considerably, depending 

on the dietary state and prevailing sympathetic tone (Frayn 1998).  In the present studies, 



- 224 - 

 

plasma NEFA concentrations were always measured in the fasting state, and at the same 

point within the protocol, therefore trying to minimise diurnal or contextual variation.  

Plasma NEFA concentrations measured on the day of surgery were again taken in the fasting 

state, although from arterial blood on this occasion.  These measurements were only related 

to Western blot results from the biopsies taken on the same day, and not to the pre-operative 

investigations carried out previously, which were compared with the venous NEFA 

concentration taken contemporaneously. 

The pre-operative investigations were necessarily carried out on a separate day to the biopsy 

collection.  This resulted in cardiac PCr/ATP being related to ventricular UCP3 levels, for 

example, measured on a different occasion.  This was unavoidable due to protocol length 

and the consequent time required for collection of all the necessary pre-operative data.  It 

was felt that disease progression would be minimal in the interval between the pre-operative 

tests and the biopsies being taken.  It is possible however, that patients’ anxiety levels 

concerning impending major surgery were different on the day of surgery, resulting in 

differing degrees of sympathetic stimulation and hence UCP3 expression.  All patients 

received sedative premedication in order to limit pre-operative anxiety; however, as 

demonstrated in Chapter 4, plasma NEFA concentrations were higher in those samples taken 

immediately pre-anaesthetic induction, compared with those samples taken at the pre-

operative tests.  This finding does suggest increased sympathetic tone was present 

immediately pre-operatively, as the samples were again taken in the fasting state.  Any effect 

this may have had on changes in cardiac UCP3 levels is not known. 

The studies presented in this thesis measured only absolute protein levels and not activity.  

Particularly in the case of UCP3 this could be of relevance, as UCP3 has been shown to 
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modulate an inducible proton leak rather than a basal leak (Brand, Pakay et al 2005), and its 

magnitude is related to the presence/absence of specific activators (Boudina, Sena et al 

2007).  Known activators of UCP3 (superoxide, hydroxynonenol and fatty acids) were not 

measured in this study.  The plasma concentration of non-esterified fatty acids was 

measured, but it is the concentration of fatty acids within the mitochondria which would be 

relevant in this context.  There may also be other activators of UCP3, of importance in heart 

failure, yet to be discovered. 

The number of subjects in Chapter 6, particularly for skeletal muscle respiration 

experiments, was relatively low, and consequently may have resulted in type 2 statistical 

errors i.e. falsely accepting the null hypothesis.  All scatterplots were inspected visually for 

emerging linear relationships, and none were present in these data, suggesting that the 

inclusion of greater numbers would probably have made no difference to the interpretation. 

 

7.3. Clinical relevance 

The results of this thesis have suggested abnormalities in cardiac and skeletal muscle high 

energy phosphate metabolism associated with ventricular dysfunction and heart failure.  

Therapeutic attempts to support mitochondrial function and enhance ATP synthesis may, 

particularly in the case of skeletal muscle, be beneficial in terms of symptoms, and may even 

improve cardiac function.  Carnitine palmitoyl transferase-1 inhibitors such as etomoxir and 

perhexiline have been studied in humans with heart failure (Lee, Campbell et al 2005; 

Holubarsch, Rohrbach et al 2007), with the aim of preventing fatty acid entry into the 

mitochondrion, thereby increasing glucose oxidation and consequently optimising the 

oxygen efficiency of ATP synthesis.  Results have demonstrated improvements in left 
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ventricular systolic function, symptoms, maximal oxygen uptake and gastrocnemius PCr 

recovery times following exercise (Lee, Campbell et al 2005), but safety concerns remain 

over the potential side-effects of CPT1 inhibition (Holubarsch, Rohrbach et al 2007).  

Similarly, trimetazidine, purported to be a ketoacyl-CoA thiolase antagonist (and hence a 

partial inhibitor of β-oxidation), has been studied in heart failure patients, where it increased 

left ventricular ejection fraction (LVEF) and cardiac PCr/ATP ratio (Fragasso, Perseghin et 

al 2006). 

Exercise training has been found to improve functional capacity in heart failure patients 

(Belardinelli, Georgiou et al 1999).  Whilst a complete understanding of the mechanisms 

underlying this result is not known, exercise improves skeletal muscle oxidative capacity 

(Forbes, Slade et al 2008), which may well account for some of the functional improvements 

seen in heart failure patients. 

 

7.5. Future directions 

The cohort studied in this thesis comprised of patients with only mild-to-moderate 

ventricular dysfunction and consequently may be one reason why no associations were 

found between UCP3 levels and cardiac and skeletal muscle energetics.  At the level of 

dysfunction studied, mild mitochondrial uncoupling may make mitochondria less efficient, 

but perhaps not to the extent where ATP synthesis is grossly impaired.  Provided substrate 

(including oxygen) supply is not limited, then inefficient mitochondria will use more 

substrate, but still be able to maintain stable ATP supply.  It would be of interest to perform 

similar experiments on patients with end-stage or severe heart failure, when mitochondrial 

substrate supply is perhaps limited.  It may be possible to obtain myocardial biopsies of 
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sufficient size from patients undergoing cardiac catheterisation.  If no asssociation between 

ventricular UCP3 levels and cardiac PCr/ATP ratio and skeletal muscle UCP3 levels and 

PCr recovery rates following exercise were found with the inclusion of patients with severe 

heart failure, then it could be concluded that UCP3 is not adversely affecting mitochondrial 

function in heart failure.  Indeed, recent studies suggest that despite increased mitochondrial 

uncoupling, UCP3 may preserve mitochondrial function, through protection against free-

radical induced mitochondrial damage (Bugger, Guzman et al 2011). 

It is starting to become clear that metabolic interventions may be beneficial in a multitude of 

clinical settings, from acute myocardial infarction to the peri-operative cardiac surgical 

setting, and also perhaps in chronic cardiac failure.  Further studies will be required to 

ascertain optimal dosing, timing of intervention, and side-effect profiles of these emerging 

therapeutic strategies. 

 

7.4. Conclusions 

This work has shown that in patients presenting for cardiac surgery, fasting plasma non-

esterified fatty acids are increased in those with poorer ventricular function, and are 

associated with impaired skeletal muscle high energy phosphate metabolism, but not to 

cardiac PCr/ATP ratios.  The cardiac PCr/ATP ratio was decreased in patients reporting 

worse heart failure symtoms, but was unrelated to objective measurements of ventricular 

function.  Skeletal muscle PCr kinetics were impaired in those with ventricular dysfunction 

and related to functional capacity.  No evidence was found to support mitochondrial 

uncoupling, mediated through UCP3, as a cause of the abnormalities in cardiac and skeletal 

muscle high energy phosphate metabolism. 
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Appendix 1: New York Heart Association Classification 

 

Table A1.1. The New York Heart Association classification of Functional Capacity. 

Class Patient Symptoms 

 

Class I (Mild) No limitation of physical activity. Ordinary physical activity does 

not cause undue fatigue, palpitation, or dyspnoea (shortness of 

breath). 

 

Class II (Mild) Slight limitation of physical activity. Comfortable at rest, but 

ordinary physical activity results in fatigue, palpitation, or dyspnoea. 

 

Class III 

(Moderate) 

Marked limitation of physical activity. Comfortable at rest, but less 

than ordinary activity causes fatigue, palpitation, or dyspnoea. 

 

Class IV (Severe) Unable to carry out any physical activity without discomfort. 

Symptoms of cardiac insufficiency at rest. If any physical activity is 

undertaken, discomfort is increased. 
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Appendix 2: Cardiac 
31

P MRS acquisition 

 

The 3D-CSI acquisition is run with the following parameters: 

Field of view 240x240x200 mm, acquisition matrix 16x16x8, output matrix 16x16x8, Free 

Induction Decay (FID) size 1024 pts, bandwidth 4000 Hz. 

The sequence is acquisition weighted with 10 averages in the centre of k-space.  TR = 1 

ECG R-R interval with a 400 ms acquisition delay from trigger.  The pulse programme 

incorporates an ultra-short echo time to minimize baseline roll.  The centre frequency is 

positioned between the gamma and alpha ATP peaks to ensure that all resonances of interest 

are equally excited to allow use of all three ATP peaks in calculation of the PCr/ATP ratio.  

To achieve the desired flip angle and bandwidth the pulse is 2.4 ms long and is set to coil 

voltage of 262 V. 

Nuclear Overhauser effect (NOE) is employed by the use of 5 NOE pulses (length 2.5 ms, 

inter-pulse delay 80.5 ms, flip angle 500˚).  Two saturation bands are used to eliminate as 

much of the skeletal muscle signal as possible from the anterior chest wall (width 25 mm, 

scaling factor 2.4 x excitation pulse). 
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Appendix 3: Skeletal muscle 
31

P MRS acquisition 

 

A series of gradient-echo images were acquired in the transverse, sagittal and coronal planes 

to ensure correct positioning of the subject’s leg, and to allow for localized shimming of the 

region of interest (ROI).  This increased the local magnetic field homogeneity and reduced 

the line-widths in the acquired spectra. 

Prior to the acquisition of the 
31

P spectra during the leg exercise protocol, a series of three 

baseline scans were acquired to allow calculation of correction factors for partial saturation, 

caused by the short repetition time (TR) used in the spectral acquisition, and nuclear 

Overhauser effect (NOE).  The first baseline scan was acquired with a long TR to ensure 

complete relaxation of all resonances between subsequent excitations. The scan parameters 

were as follows; TR: 30 s, TE: 0.35 ms, bandwidth: 2000 Hz, 8 averages, acquired data 

points: 512, excitation flip angle: 90° and no NOE pulses. The second baseline scan was run 

with scan parameters of TR: 500 ms, TE: 0.35 ms, bandwidth: 2000 Hz, 60 averages, 

acquired data points: 512, excitation flip angle 25° and 10 rectangular NOE pulses, with a 

pulse duration of 10 ms, an inter-pulse delay of 10 ms and an excitation flip angle of 180°.  

The third baseline scan was run with identical parameters to the second with the exception of 

no excitation flip angle on the NOE pulses.  The ratio of the resonance areas in the first and 

third scans were used to calculate a correction factor for the effects of partial saturation and, 

in the same way, the second and third baseline scans were used to calculate a NOE 

correction factor. 

The data acquisition protocol consisted of the acquisition of a series of individual 
31

P spectra 

acquired throughout the exercise protocol with a temporal resolution of 5 s.  The acquisition 

parameters were as follows; TR: 500 ms, TE: 0.35 ms, bandwidth: 2000 Hz, 10 averages, 
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excitation flip angle 25° and 10 rectangular NOE pulses, with a pulse duration of 10 ms, an 

inter-pulse delay of 10 ms and an excitation flip angle of 180°. 
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Appendix 4: Western blotting solutions 

 

Table A4.1. Resolving gel buffer 

Solute Concentration (mmol.L
-1

) 

Tris base 

 

1500 

SDS 

 

14 

Tris base – 2-amino-2-(hydroxymethyl)propane-1,3-diol, SDS – Sodium dodecyl sulphate 

pH 8.8 

 

Table A4.2. Stacking gel buffer 

Solute Concentration (mmol.L
-1

) 

Tris HCl 

 

500 

SDS 

 

14 

Tris HCl – 2-amino-2-(hydroxymethyl)propane-1,3-diol hydrochloride, SDS – Sodium 

dodecyl sulphate 

pH 6.8 

 

Table A4.3. Sample buffer 

Solute Concentration (mmol.L
-1

) 

Tris HCl 

 

187.5 

SDS 

 

209 

Glycerol 

 

4 

Tris HCl – 2-amino-2-(hydroxymethyl)propane-1,3-diol hydrochloride, SDS – Sodium 

dodecyl sulphate 

pH 6.8 
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Table A4.4. Lysis buffer 

Solute Concentration (mmol.L
-1

) 

Tris HCl 

 

75 

SDS 

 

125 

Urea 

 

4000 

Glycerol 

 

2.7 

Tris HCl – 2-amino-2-(hydroxymethyl)propane-1,3-diol hydrochloride, SDS – Sodium 

dodecyl sulphate 

pH 6.8 

 

Table A4.5. SDS transfer buffer 

Solute Concentration (mmol.L
-1

) 

Tris base 

 

48 

SDS 

 

1 

Glycine 

 

39 

Methanol 

 

4938 

Tris base – 2-amino-2-(hydroxymethyl)propane-1,3-diol, SDS – Sodium dodecyl sulphate 

pH 8.5 

 

Table A4.6. TBS-Tween 

Solute Concentration (mmol.L
-1

) 

Tris base 

 

10 

NaCl 

 

154 

Tween 

 

0.45 

Tris base – 2-amino-2-(hydroxymethyl)propane-1,3-diol, NaCl – sodium chloride, Tween – 

polyethylene glycol sorbitan monolaurate 

pH 7.4 
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Table A4.7. Composition of resolving gel 

 Volume per gel (ml) 

30% acrylamide bis-acrylamide 

 

3.75 

Resolving gel buffer 

 

3.13 

Water 

 

2.5 

10% ammonium peroxodisulphate 

 

0.13 

Tetramethylethylenediamine 

 

0.01 

 

 

Table A4.8. Composition of stacking gel 

 Volume per gel (ml) 

30% acrylamide bis-acrylamide 

 

0.85 

Stacking gel buffer 

 

1.25 

Water 

 

1.88 

10% ammonium peroxodisulphate 

 

0.02 

Tetramethylethylenediamine 

 

0.01 
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Appendix 5 

 

Table A5.1. Antibody concentrations used for Western blotting. 

Protein Primary antibody 

Concentration            Dilution (v/v)    Manufacturer 

Secondary antibody 

Dilution (v/v) 

UCP3 

 

1 mg.ml
-1

 1:2500 Abcam 1:2500 

CS 1 mg.ml
-1

 1:2000 Alpha Diagnostic 

 

1:5000 

ANT 200 μg.ml
-1 

1:1000 Santa Cruz 

 

1:2000 

MCAD 200 μg.ml
-1 

1:500 Santa Cruz 

 

1:2000 

αKGD 200 μg.ml
-1 

1:1000 Santa Cruz 

 

1:2000 

GLUT4 

 

Gift from G Holman, University of Bath, UK  

 

1:2500 

ETC 

 

1.5 mg.ml
-1 

1:200 Mitosciences 1:2500 

UCP3 – mitochondrial uncoupling protein-3, CS – citrate synthase, ANT – adenine 

nucleotide transporter, MCAD – medium chain acyl-CoA dehydrogenase, αKGD – alpha-

ketoglutarate dehydrogenase, GLUT4 – glucose transporter-4, ETC – electron transport 

chain. 

Secondary antibodies were from Santa Cruz Biotechnology, supplied at a concentration of 

200 μg.ml
-1

. 

Abcam (Cambridge, UK) 

Alpha Diagnostic (San Antonio, Texas, USA) 

Santa Cruz Biotechnology (Santa Cruz, California, USA) 

Mitosciences (Eugene, Oregon, USA) 
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Appendix 6: The Borg Scale 

 

0 - Nothing at all 

0.5 - Very, very slight (just noticeable) 

1 - Very slight 

2 - Slight (light) 

3 - Moderate 

4 - Somewhat severe 

5 - Severe (heavy) 

6 

7 - Very severe 

8 

9 

10 - Very, very severe (maximal) 

 

 

 

 


